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Introduction

The multi-cycle fatigue of three-layer
plates with honeycomb structure,
which was manufactured using addi-
tive FDM technologies from polylac-
tide, is considered. Carbon fiber
based on the SIGRAPREG C
U200-0/NF-E310/30% pre-preg is
chosen as a material for the upper
and lower covers. Fatigue analysis of
three-layer plates with honeycomb
structure is based on their vibration
tests. To study the fatigue character-
istics of honeycomb structures, spe-
cial samples were made. Fatigue
characteristics of structures are stud-
ied on three-layer samples using
carbon-plastic sheathings. The ex-
periment was accompanied by finite
element simulation of fatigue tests in
the ANSYS software complex. The
fatigue properties of three-layer
plates are studied.

Keywords:  honeycomb  structure,
additive  FDM technology, three-
layer plates, fatigue tests, S-N curve.

The use of multi-layer thin-walled constructions with honeycomb structures is gaining popularity due
to their rigidity, strength, and low weight. Such structural elements are used in satellites, rockets, airplanes,
ships [1, 2]. Honeycomb structures have recently begun to be manufactured using additive technologies [3-5].

Several papers devoted to the fatigue characteristics of multi-layer samples have been published in

the scientific literature. The paper [6] gives the results of the experimental analysis of three-layer plates with
honeycomb structure and artificial defects. Fatigue characteristics of three-layer beams with honeycomb
structures were experimentally studied using a four-point flexural test [7], and two types of samples (initially
intact and damaged by delamination) were studied in this paper. The static and fatigue behavior of three-
layer plates with front sides reinforced with aramid fibers and aluminum honeycomb structure was consid-
ered in the paper [8]. The effect of adhesion between front layers and honeycomb structure on the fatigue
strength of a three-layer beam with aluminum honeycomb structure was studied in [9]. From the experi-
ments, it follows that with an increase in adhesion, the fatigue strength increases. The paper [10] presented
experimental studies of the fatigue of aluminum honeycomb structure. A block for shear tests was used for
fatigue analysis, and a four-point test was used for the fatigue strength of three-layer beams with aluminum
honeycomb structure [11]. Delamination between the beam layers was identified as the main type of destruc-
tion. Experimental studies showed that fatigue strength decreases with temperatures increase [12]. The fa-
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tigue properties of pyramidal honeycomb structures were studied in [13], and the fatigue characteristics of
multi-layer beams under the action of shear loads were studied experimentally using vibration tests in [14].

The model of fatigue characteristics was based on the concept of stiffness degradation in the paper
[15]. The paper [16] studied the evolution of stiffness degradation of a multi-layer plate under the influence
of fatigue loads and proposed a model for its analysis. The paper [17] showed that the stiffness degradation
with increasing number of cycles was characterized by three different phases.

This paper examined the manufacturing technology of three-layer plates with honeycomb structure
manufactured by additive FDM technologies. To verify the mathematical model of deformation of a three-
layer plate, static experimental studies were conducted, the results of which were compared with calculated
data. The obtained mathematical model was used in the simulation of fatigue tests.

In addition, a methodology for conducting fatigue tests of three-layer plates with honeycomb struc-
ture made by using additive FDM technologies was proposed. A combination of fatigue tests and numerical
simulation of a three-layer plate in the ANSYS software package was implemented. As a result of calcula-
tions and experimental analysis, a S-N curve was constructed, and it was established that cracks in honey-
comb structure were the cause of fatigue failure.

2 Methodology of fatigue tests

The purpose of this paper was to study the fatigue characteristics of three-layer plates with honey-
comb structure made by using additive FDM technologies from polylactide (PLA). Fatigue properties of
PLA samples made by using additive FDM technology were studied separately. The results of the study of
their fatigue characteristics were used in the analysis of the fatigue characteristics of three-layer plates. It is
sufficient to note that the upper and lower front layers were made of four layers of carbon fiber with stacking
angles of 0, 90, 0, 90.

It is worth to add that in the following, the term "fatigue" refers to multi-cycle fatigue.

1.1 Approach to making samples 34

1.1.1 Samples from PLA
The design of the PLA sample is shown in Fig. 1. All o —[37

dimensions in the figure are given in mm. The thickness of all _ 90 -

samples is 6.55 mm. The samples were made using additive . T J

FDM technologies. Printing was done with PLA threads with a o

diameter of 0.2 mm. The printing temperature was 215 °C, and 203

the table temperature was 60 °C. When printing, the threads

were arranged in layers at an angle +45° to the longitudinal | Fig. 1. Samples sketch (all dimensions are in mm)

axis of the sample.

1.1.2 Production of three-layer plates with honeycomb structure

The manufacturing technology of three-layer plates for fatigue tests consists of the following stages.

— production of honeycomb structures from PLA material using additive FDM technologies;

— production of sheathing from carbon fiber;

— gluing of a three-layer plate;

— mechanical processing of the obtained three-layer plate.

Honeycomb structure blanks with dimensions of 200x180%10 mm were made.

Carbon fiber based on SIGRAPREG C U200-0/NF-E310/30% pre-preg was chosen as the material for
the sheathings. The thickness of one layer of unidirectional fabric is 0.1875 mm. The upper and lower sheath-
ings consist of four layers of carbon-plastic with stacking angles of 0, 90, 0, 90. The layers were stacked layer-
by-layer according to the scheme in the lodgment, which was vacuumed under the film, installed in the furnace
and underwent polymerization. A fabric was laid on the inner and outer surfaces of the plate layer, which al-
lowed to make the outer surface smooth, and the inner one — rough. Roughness provided increased adhesion
during gluing. Plates for sheathings with dimensions of 1000%1000x0.75 mm were produced. Before the pro-
duction of three-layer panels, the plate was cut on blanks with dimensions of 200x200 mm.

The gluing of the honeycomb structure with the sheathings was done with 3M™ Scotch-Weld™
DP190B/A two-component epoxy glue. The glue, the consumption of which is 450 g/m’, was applied to the
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sheathings’ plates. The obtained blanks were placed
in a vacuum bag on a fabric backing by the plates
with the adhesive seam down, preventing the glue
from flowing and ensuring the formation of grooves.
The assembly was vacuumed with uniform pressing
of the structure at a pressure of -0.95 atmospheres
for 22 hours until strength was reached. The honey-
comb structure with glued sheathing is shown in
Fig. 2, a. The lower sheathing was glued similarly to
the upper one. A fully glued plate is shown in
Fig. 2, b. Mechanical processing was carried out

T T T T
r"f'-"f'f" e e B

a b

Fig. 2. Gluing of a three-layer panel:
a — honeycomb structure with one sheathing;

using a cutting machine and a JET JSG-64 grinding b — three-layer pancl

machine to adjust the ends of the samples.

1.2 Methods of conducting fatigue tests

During the fatigue tests, two goals were
set: the first (main one) was to investigate the fa-
tigue of sandwich plates with honeycomb struc-
ture, which was made from PLA material using
FDM technologies; the second was to study the
fatigue of samples made of PLA material printed
by additive FDM technologies. It is worth to em-
phasize that the achievement of the second goal is
extremely important to achieve the first one.

Fatigue tests of three-layer plates and PLA
samples were carried out using electrodynamic

Fig. 3. Photos of the samples fixed on the shaker:
a—sample from PLA; b — a three-layer plate

3-————ﬂ 5( .

shakers (Fig.3). Fig. 3,a shows a PLA sample ACOS((W)] | !
fixed in a shaker, Fig. 3,b — a three-layer plate LA . 3
fixed in a shaker. The shaker reproduces periodic 4

harmonic vertical vibrations in a wide range of 1 9

excitation frequencies and amplitudes. These har-
monic motions of the shaker kinematically excite
elastic vibrations of three-layer plates and

Fig. 4. Schematic diagram of the installation for fatigue tests

PLA samples. Fatigue tests are based on forced resonance vibrations of the plate. As can be seen from the ex-
perimental results below, the vibrations of three-layer plates and samples are harmonic.

Photos of the shaker for fatigue tests along with the samples are shown in Fig. 3. Samples are cantile-
vered. The platform of the shaker (Fig. 3) reproduces vertical harmonic vibrations, exciting the bending vibra-
tions of the samples. Samples were fixed in this platform. During the fatigue tests, resonant vibrations of the
samples were excited with the help of harmonic vibrations of fixation. A weight was attached to the free end of
the three-layer plate (Fig. 3) in order for the stresses in the honeycomb structure to reach the required values.

The schematic diagram of the installation for fatigue tests is shown in Fig. 4. Its main elements are num-
bered. Shaker for reproduction of vibrations is indicated as 1; platform for cantilevered fixed support of the sam-
ple — 2. It is worth to emphasize that this platform carries out harmonic vibrations Acos(w?). The sensor mounted
on the vibrator platform to measure the vibration acceleration of the fixed support is marked as 3. The tested sam-
ple is marked with the number 4, and the sensor measuring the vibration acceleration of the sample end is 5, the
shaker that measures the platform vibrations is marked 6, and the free end of the sample — 7. The counter, which
measures the number of cycles before the destruction of the part, is marked 8, the frequency counter, which meas-
ures the frequency of the part vibrations, is 9. At the end of the three-layer plate, a weight with a vibrator with a
total mass of 257 g was installed. Firstly, it registered vibration acceleration, and secondly, its mass was selected
in such a way as to obtain the required level of dynamic stresses in the honeycomb structure.

The samples were tested before their destruction. The number of vibration cycles before sample de-
struction was recorded. It was established that all three-layer plates were destroyed by the honeycomb structure.
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For example, Fig. 5 shows a photo of the three-layer
plate with a crack in the honeycomb structure, which
was formed as a result of fatigue tests.

In the process of fatigue tests of a three-
layer plate, there always was a change in the natural
frequency of vibrations due to a decrease in the ri- Fig. 5. Ruined honeycomb plate with a crack in the
gidity of the three-layer plate when fatigue damage honeycomb structure
occurred [17].

Fatigue tests of PLA samples (Fig. 1) were performed until complete destruction. At the same time,
the amplitudes of vibrations of three-layer plates and PLA samples were recorded. The stress-strain state in
three-layer plates and PLA samples was determined by the finite element method. Approaches to calculating
the stress-strain state of structures will be considered in the following sections of the paper. According to the
results of fatigue tests, S-N curves were constructed.

2 Approach to static tests

An approach to the experimental analysis of static deformation of three-layer plates with the honey-
comb structure made by using additive FDM technologies was considered. The deformation of a cantilevered
plate with one fixed edge was experimentally studied. The resulting mathematical model of the stress-strain
state was used in the simulation of fatigue tests. The results of the experimental analysis will be compared.

For the tests, the TiraTest 2300 tensile machine, which allows to conduct tension and compression
tests with a given traverse speed, was used. The image of the experimental stand is shown in Fig. 6, a. A
wheel, which is a cylinder with a diameter of 30mm, was used to apply loads to the sample. The point of
contact of the wheel was shifted from the sample edge by 15 mm. The line of contact is shown in Figure 6b.
In addition, Figure 6b shows the placement scheme of deformation sensors. Strain gauges BF200-10AA-
A(11)-BX30 were used to register deformation. 12 sensors were installed on each sample (Fig. 6, b).

_ Reller-spectmen conlael ans

Universal testing machine

wraTest2 300 Roller sabe

20 mm
L2 P

20 1mm Strain sensors

55.3 mm

125 mm

Fig. 6. Experimental stand for carrying out static bending tests:
a — photo of the installation; b — diagram of deformation sensors fastening

3 Finite element modeling of experiments

When conducting fatigue tests of three-layer plates and PLA samples, a numerical analysis of the
stress-strain state was carried out using finite element modeling in the ANSYS Workbench environment. The
initial data for such modeling were the displacements of sample points obtained experimentally.

3.1 Modeling fatigue tests of PLA samples

To assess the stress-strain state of the samples, a dynamic finite element model was built in the
ANSYS Workbench environment, which is based on a geometric model (Fig. 1). In the process of 3D print-
ing, an edging layer with a thickness of one thread (0.2 mm) was laid along the edge of the sample. The rest
of the printing area was filled layer by layer with threads at the angles +45° relative to the longitudinal axis
of the sample. As a result, the sample model consists of an edge (boundary layer) and a main part.
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Orthotropic properties of materials were taken into
account in the model. To model the edging layer, the orienta-
tions of the local coordinate systems of the finite elements
were specified. The X axes of the local coordinate systems
were directed along the tangent to the border (Fig. 7, a), the z
axis was orthogonal to the print plane, and the y axis was
orthogonal to the border surface.

The physical model of the sample included the prop-
erties of the materials it was made of. In particular, the edge
of the sample consisted of an unidirectional layer of PLA
material, the mechanical characteristics of which were as
follows: density p=1122 kg/m’; Young's moduli along the
x,y,z axes: E,=3.58 GPa; E,=3.0 GPa; E.=3.81 GPa; shear
moduli G,,=1.07 GPa; G,.=1.41 GPa; G,.=1.4 GPa; Poisson's b

+ Asin{ex)

ratio v,,=0.289; v,.=0.224; v,.=0.206. The x axis of the plas-
tic was directed along the printing direction, the y axis was
perpendicular to the x axis and lied in the printing plane, the

Fig. 7. Orientation of the local coordinate
systems of the finite element model:
a— on the edge of the sample; b — on the main part

z axis was perpendicular to the printing plane.

To evaluate the mechanical properties of the main part of the sample, the approach proposed in [18]
was used. The sample was printed layer by layer, so it could be considered as a 35-layer composite structure
consisting of orthotropic layers with an axis orientation of 45° in odd layers and -45° in even layers. All layers
have the same thickness and consist of unidirectional PLA material, the properties of which are given above.

The method of determining the effective elastic characteristics of the sample from the described
multi-layer material was considered. Hooke's law had the following form:

O Gy Gy Gy |en
G, |= C, Gy Cu €y |5 (D
O Cy Gy Gy e

Gyz = 448yz 5 ze = C558xz 5 ny = C668xy H

where C is the elasticity matrix of the material. Values of matrix elements C for a multi-layer sample from
one material with layer orientation £45° were defined as follows [17]:

N N

- Z .. _ 1 v,

cjj = I/kcl(jk);(lv.]) = 1727376; C'pp = X E A_kc‘g‘;),p =4.5 (2)
k=1 k=1 =k

where N=35 is the number of layers in the composite; V;=1/35 is the volumetric part of the k-th layer of the
composite; C,;k ) — i, j-th element of the elasticity matrix of the k-th layer;

A, = CICE — R,
N N N 2
V, V, V,

s S S e S ikew].

The elasticity matrix of the k-th layer in the axes of the sample was calculated for the considered
composite as follows [17]:

Cc® — (@Y Y0 3)
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(0.5 05 0 0 0 +0.5]
05 05 0 0 0 +05
where 70| 0 0 10 0 0 |
0 0 0 405 =405 o0 |
0 0 0 +405 05 0
£1 #1 0 0 0 0

superscript for k=1, 3, 5, ..., and subscript for k=2, 4, 6, ...; Y® is elasticity matrix of A-th layer of the material
in axes (¥, y, z); the x-axis was placed along the direction of printing; the y axis lied in the printing plane per-
pendicular to the x axis; z axis was perpendicular to the printing plane. The values of the matrix components
Y® could be calculated from the mechanical characteristics of the PLA material. The mechanical characteris-
tics of the entire printed orthotropic sample, which are included in equation (1), were as follows: p=1122 kg/m’;
E=E,=3.016 GPa; E.=3.809 GPa; G,,=1.232 GPa; G,.=G.=1.405 GPa; v,=0.384; v,.=v,.=0.197.

The forced vibrations of the sample under the influence of the kinematic excitation of the anchoring
were simulated (Fig. 7, b). The frequency of the kinematic excitation was equal to the resonant frequency of
the sample, the amplitude of the kinematic excitation was equal to the amplitude of vibrations of the shaker
platform. The Harmonic Response subsystem of the ANSYS Workbench environment was used for calcula-
tions. To obtain the correct values of sample deformations, the internal friction of the material was taken into
account in the model. The value of the damping factor was identified by the correspondence of the amplitude
of the weight center vibrations to the values measured experimentally.

As a result of the simulation of the stress-strain state during forced vibrations, the amplitude values of the
equivalent stresses according to Mises at the point of change in the curvature of the sample, at which the fracture
was experimentally obtained, were calculated. As it follows from the calculations, this is the most loaded section
of the sample. Based on the found amplitude values of the equivalent stresses and the experimentally obtained
values of the number of cycles to destruction, the S-V diagram of PLA material samples was constructed.

3.2 Computational analysis of fatigue tests of three-layer plates

For the numerical simulation of the stress-strain state of sandwich plates with honeycomb structure,
a finite element model that allows to calculate the stress-strain state of the plate was built. As already empha-
sized, the honeycomb structure was made of PLA material using additive FDM technology. To study the fa-
tigue properties of honeycomb structure, its homogenized model was obtained, for which effective mechani-
cal characteristics were determined [18]. This procedure is based on the finite element analysis of the static
stress-strain state of the quarter cell of the honeycomb. As a result, the honeycomb structure can be replaced
by a dense layer with effective elastic characteristics.

e

Calculation schemes of a sandwich plate with a weight
are shown in Fig. 8. In particular, Fig. 8, a shows the calculation
scheme, which takes into account the entire structure of the hon-
eycomb structure (without homogenization). A sketch of the hon-
eycomb structure is shown in Fig. 8, b. The wall thickness of the
structure is equal to the double thickness of the threads (0.4 mm),
that is, the wall is created in two passes of the extruder.

Finite element modeling of the three-layer plate was
carried out in ANSYS Workbench. The finite element mesh
includes 337505 nodes and 298961 elements. The weight was
modeled as a completely rigid body, so its finite element mesh
is limited by the surface of contact with the sample.

To take into account the orthotropic properties of the
sheathing materials and honeycomb structure, the orientation of
the local coordinate systems of the finite elements was speci-
fied. The x-axis was directed along the walls of the honeycomb
structure; the y axis was perpendicular to this wall; the z axis
was directed perpendicular to the printing direction.

\'\"tig,'lkﬁ

Asinfef)
L ]

Fig. 8. Sketch of a sandwich plate with a weight:
a— plate; b — a sketch of a honeycomb structure
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The honeycomb structure (Fig. 8, b) consisted of unidirectional PLA material. The sheathings con-
sisted of a four-layer composite material SIGRAPREG C U200 with alternating layer orientation 0/90/0/90.
The mechanical characteristics of the sheathings were as follows: p=1400 kg/mB; E.=E,=35 GPa; E.=8 GPa;
G,,=6 GPa; G,.=G.=30 GPa; v,,=0.01; v,,=v,.=0.09.

The mechanical characteristics of the homogenized dense layer of the honeycomb structure were ob-
tained using finite element modeling according to the method described in [18]. The mechanical characteris-
tics of the homogenized orthotropic layer were as follows: p=89 kg/mB; E=E=2.16 MPa; E=272.67 MPa;
G,,=0.84 MPa; G,.=G,.=52.28 MPa; v,,=0.98; v,.=0.00166; v,.=0.00184.

The analysis of the harmonic response of the finite element model of the three-layer plate was carried out
under the influence of the kinematic excitation of the anchoring (Fig. 7, b). The frequency of the disturbing load ®
was equal to the natural frequency of the structure of 124.59 Hz. Amplitude 4 was equal to the amplitude of vibra-
tions of the shaker. In the finite element model of vibrations, material damping according to the Rayleigh model
was taken into account. The value of the damping factor was identified from the condition of matching the ampli-
tudes of the weight center vibrations obtained by calculation and in the experimental study. As a result of the cal-
culation of linear forced vibrations, the amplitudes of vibrations of equivalent stresses were determined.

Based on the amplitude values of the equivalent stresses found from the homogenized model and the
experimentally obtained values of the number of cycles to destruction of the three-layer plates, a S-N curve was
constructed.

4 Test results

The calculation of the static deformation of three-layer plates was carried out on the basis of the
computer models described in section 4.2. A force was applied to the upper sheathing of the plate, which de-
scribes the action of the wheel (Fig. 6, b). The value of force F was determined from experimental data.

A comparison of the results of calculation of deformations at the points of placement of strain gauges
and the sensors readings was made. Based on these results, conclusions were made about the correspondence of
the calculation model of the three-layer plate to its static behavior, and the properties of the plate's static defor-
mation were analyzed. In the stressed state of the plate, longitudinal deformations &, prevail.

In Fig. 9, the solid line shows the results of calculating the | o0
static deformations of the plate depending on the applied transverse | **
force F. In the same figure, the experimental values of the longitu- | ',
dinal deformations of the plate are shown in dots. In the experi- | o2
ments, brittle destruction of the samples was observed. To calcu- | "'
late the longitudinal deformations shown in Fig. 9, a finite element ::“:
model of honeycomb structure without homogenization was used. | o
Immediately after the last point with maximum deformations | 0 i
(Fig. 9), brittle destruction of the sample was observed. b0, ) 77 5 5 5

Thus, a comparison of the experimental static response
and the results of finite element modeling showed that both the
sandwich plate model with an accurate finite element description

E ot 10

(1N 1)

Fig. 9. Longitudinal static deformations
of three-layer plates

of the honeycomb structure and the homogenized model adequately describe the behavior of the sample.

16 samples were made for fatigue tests. Fig. 1 shows a sample sketch. Fatigue tests were carried out
according to the methodology given in section 1.2.

For each sample, the resonance frequency was determined by experimental obtaining of the fre-
quency response. For this, the frequency of the external influence (frequency of vibration of the shaker plat-
form) was changed with a constant amplitude of this influence. The natural frequencies of vibrations of the
samples are given in the second row of the Table 1 in Hz. The serial number of the sample is indicated in the
first line of this table. As follows from this table, all natural frequencies are in the range 30-32 Hz. Samples
no. 1 and 5 are not considered because they were found to be defective before the fatigue tests began.

During the fatigue tests, the number of cycles before destruction of the samples N was recorded. The
destructions were observed in the most loaded place in the section of the circular transition. Finite element
modeling was used to determine the value of the amplitude of vibrations of the equivalent stresses in this
area. For this, the approach discussed in section 3.1 was applied. Amplitudes of equivalent stresses in the
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sample are given in the fourth row of the Table 1. The number of cycles before sample failure is indicated in
the third line. It should be noted that the third and eighth samples did not collapse (Table 1) due to the fact
that the amplitude stress values are smaller than the endurance limit.

Table 1. Sample destruction parameters

Sample number | 1 2 3 4 5 6 7 8 9 10 | 11 12 | 13 | 14 | 15 | 16

The value
f the natural  (30.0{ 32.0| 31.0 |30.0|31.0/31.5|31.9| 30.2 |31.2|31.0{30.0{30.0|32.0|32.6{31.6|31.8
frequency, Hz

Number of cycles
to destruction, | — | 327 |[>11000| 238 | — [2283]4930|>11000| 62 | 63 [2068| 257 | 865 |5670| 73 (2520
N-107

The amplitude
of the equivalent | — [15.62| 7.52 [16.95| — [13.11{11.27| 8.47 |24.87|25.57|13.26]19.80(16.20{10.21|21.59{10.78
stress, Omax, MPa

The use of a vibrometer in the experimental scheme of fatigue tests (Fig. 4) made it possible to study
the spectral densities of vibrations of the cantilevered end of the samples. A characteristic view of the ampli-
tude spectra of the dynamic response of the sample is shown in Fig. 10, a. As can be seen from this figure,
the vibrations of the end of the samples are monoharmonic.

The Table 1 was used to construct a S-N curve. The results of the experimental analysis that are given in
the Table 1, are shown in Fig. 10, b with points. The figure shows the dependence of the amplitude of the equiva-
lent stresses in the most loaded section of the sample on the number of cycles to failure. The obtained points were
approximated by the method of least squares. The following equation was used to approximate the S-N curve. The
Table 1 was used to construct a S-N curve. The results of the experimental analysis that are given in the Table 1,
are shown in Fig. 10, b with points. The figure shows the dependence of the amplitude of the equivalent stresses

in the most loaded section of the sample on | =™  oupceneotanpice, un g, MPa
the number of cycles to failure. The obtained | | .
points were approximated by the method of (l A
least squares. The following equation was | " H
used to approximate the S-N curve: a b

1000 [ 16] .\
oV =C, @| /| W\

where m and C are fatigue curve parame- [\ 12 ~—_ . N

ters. The application of the method of least lesss e = R T TR S

squares made it possible to find the parame- a b

ters m and C: m=5.166; logC=42.91. Curve

(4) is shown in Fig. 10, b with a solid line. Fig. 10. ?haracteristics 0f fatigue tests:

The endurance limit of the material was a — spectral densities of the dynamic response of the end

found experimentally: .,=11 MI1a. of the PLA sample; b - 5-I curve

Fatigue tests of sandwich plates were carried out on 12 samples. The geometry of sandwich plates is
shown in Fig. 8a. The entire honeycomb structure is shown in Fig. 8, b.

Resonance vibrations of sandwich plates were studied. With the use of frequency responses, the
natural frequencies of bending vibrations of all sandwich plates, which are listed in the Table 2, were found;
the first natural frequency was in the frequency range of 109-138 Hz. A finite element calculation of natural
frequencies of the considered sandwich plate was carried out. From the calculation of natural frequencies
taking into account the exact model of the honeycomb structure (without homogenization), it follows that the
first natural frequency was equal to 124.59 Hz. From the calculation of a sandwich plate with homogenized
structure, the first natural frequency of 123.89 Hz was obtained. These natural frequencies correspond well
to the experimental data (Table 2).

With the help of a shaker, which is included in the scheme of fatigue tests, the spectral densities of
the dynamic response of the end of the cantilevered plate were studied. For example, Fig. 11, a shows the
spectral densities of the dynamic response of sample no. 9. Thus, the vibrations of the end of the sandwich
plate were close to monoharmonic.
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Table 2. Natural frequencies of 12 sandwich plates

Sample number 1 2 3 4 5 6 7 8 9 10 11 12
The value of the natural frequency, Hz| 128 |138| 136 | 130 | 125 | 122 |121.6|120| 109 | 110 | 129 | 133
Natural frequency after the occurrence| ¢ 1 1134 01129.0(123.0[119.0] 105.0| — |107.0|108.0{ 126.0|131.0
of the first defect

During the fatigue tests, two values of the number of vibration cycles were recorded: the number of vi-
bration cycles before sample destruction &, and the number of cycles before the first change in natural fre-
quency N.. The latter is associated with a decrease in the stiffness of the sandwich plate, which is due to the
occurrence of fatigue damage. The values of natural frequencies after their first changes are shown in the bot-
tom row of the Table 2.

The destruction of |
sandwich plates occurred only | =
in the layer of honeycomb
structure. The stress values in
the honeycomb structure were | « H
estimated according to the | *

Amplitude of the
sensor displacement, um

140 L0, Hz

130 '—%.\"H 3

iz[l L ‘h“"* ]

e -\‘
100 4 7
90 1
80

, i0 70 4 N, x10°
computational method de-| | ;. |l Frequency, He ) ; ! :
scribed in section3.2. Table3 | * = ™ w0 w0 om0 w0 0 2 4 6 8
shows the results of the ex- a b

perimental analysis of the sam-
ples and the calculation of the
amplitudes of the equivalent

Fig. 11. Vibrations characteristics of sandwich plates
a — spectral densities of the sample response;
b — dependence of the first natural frequencies of the samples on the number of cycles

stresses in the honeycomb structure. The first column of the table shows the sample number, the second column
shows the number of cycles before sample destruction N, the third column shows the amplitudes of the equivalent
stresses in the honeycomb structure G, ., obtained according to the homogenized model, the fourth column

shows the number of cycles of fatigue tests before the first change in natural frequency N,, fifth one - the equiva-
lent stresses obtained from the exact model of the honeycomb structure. The results of the finite element analysis
showed that the longitudinal walls of the structure were mostly loaded. The distribution of equivalent stresses was
extremely uneven. Many cycles passed from the change of the natural frequency of vibrations to the destruction of
the sample. The values of natural frequencies before and after their changes are given in the Table 3. For most
samples, the natural frequency changed by 2—3 Hz. An exception is sample no. 7, in which a significant change in
natural frequency was observed.

Table 3. Results of fatigue tests of sandwich plate samples

Sample number | N,107 G ux » MPa N, 107 GTnax , MPa Defects in the destroyed sample

1 2130 0.223 800 6.815 The sample has a crack in the honeycomb

2 >11000 0.155 >11000 2.730 Sample without defects

3 6470 0.148 2400 4.567 The sample has a crack in the honeycomb
The sample has a crack in the honeycomb

4 316 0.288 %6 8.937 and folding of the honeycomb wall
The sample has a crack in the honeycomb

> 1090 0.236 400 6.318 and folding of the honeycomb wall

6 86 0.542 64 13.400  |The sample has a crack in the honeycomb

7 8900 0.203 4400 4.920  |The sample has a crack in the honeycomb

8 >11000 0.143 >11000 2410 Sample without defects

9 102 0.449 40 11.504 The sample has a crack in the honeycomb

10 124 0.309 50 8.302 The sample has a crack in the honeycomb
The sample has a crack in the honeycomb

1 3710 0.217 1500 6.605 and delamination of the carbon fiber

12 8650 0.194 3500 4.713 The sample has a crack in the honeycomb
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It should be noted that a change in the natural frequency of the sample during fatigue tests shows the
occurrence of a defect in the sample. As it was emphasized, it was observed in all studied samples. Fig. 11, b
shows the dependence of the first natural frequencies of sandwich plate samples 1, 3, 7 on the number of cy-
cles. After the first change, a further decrease in natural frequencies, which was accompanied by an increase in
the defectiveness of the samples, was observed.

The S-N diagram, in which the |
number of cycles before the change of the [ | ™ 03| Omax, MPa
natural frequency N, was laid along the | "5 0.28)|
abscissa axis, was considered. This dia- 2 o s "'.\
gram was calculated using the S-N dia- | s \ i N
gram of PLA material (Fig. 10, b). After | |, E———,—___.___ 0zd '\\
calculating the maximum stresses in the _ 0.22 M
honeycomb structure of the sandwich ’ % 02 X"““%--u.m_Hj'Yr_ :
plate according to the diagram = | I S R R T
(Fig. 10, b), the number of cycles N, was a b
determined. The results of such analysis
are shown by a solid line in Fig. 13, a. Fig. 13. S-N curves of plates:
The dots show the experimental results | 2~ the number Qf cycle?s until the first change in natura}l frequency ig laid
from Table 3. The calculated and experi- along the abscissa axis; b — the numbe.r of cycles until the dest.ructlon
mental results are close. of the honeycomb structure is laid along the abscissa axis

The S-N diagram, in which the number of cycles before the destruction of the sample will be given
along the abscissa axis, was considered. Amplitudes of equivalent stresses were determined from the ho-
mogenized model of the honeycomb structure. The method of calculating equivalent stresses is considered in
section 3.2. The S-N diagram of honeycomb plates is shown in Fig. 13, b. The solid line in the figure shows
the approximation in the form (4) of the S-N diagram. This approximation was obtained by the method of
least squares. The constants m and C acquire value for it: m=9.21; log(C)=55.67.

After the destruction of the sandwich plates, the defects were analyzed. Ultrasonic control and X-ray
were applied. With the help of ultrasonic control, delamination between layers of carbon fiber, lack of gluing
between the honeycomb and sheathing and cracks in the walls of the structure could be detected, which is
possible only if their characteristic size was greater than 20 mm. X-ray method is more sensitive. It allows to
detect internal cracks in the walls of the structure and the absence of gluing of much smaller sizes. An X-ray
also allows to register the crumpling of the cells. At the same time, it is necessary to carry out a special
analysis of X-ray images, which have previously been digitized and subjected to binary transformation.

The results of the analysis of defects in the samples are given in the last column of the Table 3. It should
be noted that no defects were found in the samples that were not destroyed. In most of the samples, only cracks in
the walls of the structure were found. In two samples, in addition to cracks in the structure, crumpling of the cells
was found, in one sample - both cracks in the structure and delamination between the layers of carbon fiber.

Conclusions

The paper studies the fatigue of composite sandwich plates with honeycomb structure made of PLA,
manufactured using additive FDM technologies. The upper and lower layers of the sandwich plates are made
of four-layer composite material SIGRAPREG C U200 with alternating layer orientation 0/90/0/90.

An approach to the study of sandwich plate fatigue based on resonant vibration tests of sandwich plates
is proposed. During the test, the plate performs forced linear bending monoharmonic resonant vibrations. The
vibration acceleration of the free end of the cantilevered plate is analyzed and the number of cycles before the
destruction of the honeycomb structure is determined. The S-N diagram is studied. It is shown that it is de-
scribed by a typical power dependence, which is used for S-N diagrams of metals such as steel and aluminum.

Fatigue tests of sandwich plates are accompanied by a change in natural frequencies due to the occur-
rence of defects in the plate. After that, the plate does not break and withstands a significant number of cycles
before breaking. With an increase in the number of cycles, a gradual decrease in the first natural frequency of
sandwich plates is observed due to a decrease in rigidity and accumulation of defects in the samples.
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The S-N diagram of sandwich plates before changing their natural vibration frequency is studied. It is
shown that such a diagram can be predicted by a numerical calculation based on the S-N diagram of the PLA
material.

Financing
The research was funded by the National Research Fund of Ukraine (grant 128/02.2020).

References

1. Matthews, N. (2018). Additive metal technologies for acrospace sustainment. Aircraft Sustainment and Repair,
pp. 845-862. https://doi.org/10.1016/B978-0-08-100540-8.00015-7.

2. Boparai, K. S. & Singh, R. (2017). Advances in fused deposition modeling. Reference Module in Materials
Science and Materials Engineering. https://doi.org/10.1016/B978-0-12-803581-8.04166-7.

3. Xu, M., Liu, D., Wang, P., Zhang, Z., Jia, H., Lei, H., & Fang, D. (2020). In-plane compression behavior of
hybrid honeycomb metastructures: Theoretical and experimental studies. Aerospace Science and Technology,
vol. 106, paper ID 106081. https://doi.org/10.1016/j.ast.2020.106081.

4. Chen, Y., Li, T, Jia, Z., Scarpa, F., Yao, C., & Wang, L. (2018). 3D printed hierarchical honeycombs with shape
integrity under large compressive deformations. Materials and Design, vol. 137, pp.226-234.
https://doi.org/10.1016/j.matdes.2017.10.028.

5. Parsons, E. M. (2019). Lightweight cellular metal composites with zero and tunable thermal expansion enabled
by ultrasonic additive manufacturing: Modeling, manufacturing, and testing. Composite Structures, vol. 223,
paper ID 110656. https://doi.org/10.1016/j.compstruct.2019.02.031.

6. Abbadi, A., Tixier, C., Gilgert,J., & Azari,Z. (2015). Experimental study on the fatigue behaviour of
honeycomb sandwich panels with artificial defects. Composite Structures, vol. 120, pp.394-405.
https://doi.org/10.1016/j.compstruct.2014.10.020.

7. Belingardi, G., Martella, P., & Peroni, L. (2007). Fatigue analysis of honeycomb-composite sandwich beams.
Composites  Part A: Applied Science and Manufacturing, vol.38, iss.4, pp.1183—-1191.
https://doi.org/10.1016/j.compositesa.2006.06.007.

8. Belouettar, S., Abbadi, A., Azari, Z., Belouettar, R. & Freres, P. (2009). Experimental investigation of static and
fatigue behaviour of composites honeycomb materials using four point bending tests. Composite Structures,
vol. 87, iss. 3, pp. 265-273. https://doi.org/10.1016/j.compstruct.2008.01.015.

9. Jen, Y.-M,, Ko, C.-W., & Lin, H.-B. (2009). Effect of the amount of adhesive on the bending fatigue strength of
adhesively bonded aluminum honeycomb sandwich beams. International Journal of Fatigue, vol. 31, iss. 3,
pp. 455-462. https://doi.org/10.1016/j.ijfatigue.2008.07.008.

10. Bianchi, G., Aglietti, G. S., & Richardson, G. (2012). Static and fatigue behaviour of hexagonal honeycomb cores under
in-plane shear loads. Applied Composite Materials, vol. 19, pp. 97-115. https://doi.org/10.1007/s10443-010-9184-5.
11.Jen, Y.-M. & Chang, L.-Y. (2008). Evaluating bending fatigue strength of aluminum honeycomb sandwich beams
using local  parameters. International — Journal of  Fatigue, vol.30, 1iss.6, pp.1103-1114.

https://doi.org/10.1016/].ijfatigue.2007.08.006.

12.Jen, Y.-M. & Lin, H.-B. (2013). Temperature-dependent monotonic and fatigue bending strengths of adhesively
bonded aluminum honeycomb sandwich beams. Materials and Design, vol.45, pp.393—-406.
https://doi.org/10.1016/j.matdes.2012.09.028.

13. Cote, F., Fleck, N. A., & Deshpande, V. S. (2007). Fatigue performance of sandwich beams with a pyramidal core.
International Journal of Fatigue, vol. 29, iss. 8, pp. 1402—1412. https://doi.org/10.1016/j.ijfatigue.2006.11.013.

14. Burman, M. & Zenkert, D. (2000). Fatigue of undamaged and damaged honeycomb sandwich beams. Journal of
Sandwich Structures and Materials, vol. 2, iss. 1, pp. 50—74. https://doi.org/10.1177/109963620000200103.

15. Abbadi, A., Azari, Z., Belouettar, S., Gilgert,J., & Freres, P. (2010). Modelling the fatigue behaviour of
composites honeycomb materials (aluminium/aramide fibre core) using four-point bending tests. International
Journal of Fatigue, vol. 32, iss. 11, pp. 1739-1747. https://doi.org/10.1016/j.ijfatigue.2010.01.005.

16. Whitworth, H. A. (1998). A stiffness degradation model for composite laminates under fatigue loading.
Composite Structures, vol. 40, iss. 2, pp. 95-101. https://doi.org/10.1016/S0263-8223(97)00142-6.

17. Boukharouba, W., Bezazi, A., & Scarpa, F. (2014). Identification and prediction of cyclic fatigue behavior in
sandwich panels. Measurement, vol. 53, pp. 161-170. https://doi.org/10.1016/j.measurement.2014.03.041.

18. Catapano, A. & Montemurro, M. (2014). A multi-scale approach for the optimum design of sandwich plates with
honeycomb core. Part I: homogenisation of core properties. Composite Structures, vol. 118, pp. 664-676.
https://doi.org/10.1016/j.compstruct.2014.07.057.

Received 11 May 2022

26 ISSN 2709-2984. Journal of Mechanical Engineering — Problemy Mashynobuduvannia, 2022, vol. 25, no. 3



JMHAMIKA TA MILIHICTb MAIIINH

bararouuk/jioBa BToMa KOMIO3UTHUX TPUHIIAPOBUX IVIACTUH 3i CTIILHUKOBUMH 3anoBHIOBa4YaMHu,

fIKi BUTOTOBJICHO AIUTHBHUMH TexHoJorismu FDM

'B. B. Ycenenchkwii, 2. L. Jlepessinko, % * K. B. Aspamos, ' O. ®. Ioximyk, * O. ®. Canenxo

' THcTHTYT Ipo6nem MammHOGYayBaHHs iM. A. M. ITizroproro HAH Ykpainu,
61046, Ykpaina, M. Xapkis, By. [loxkapcekoro, 2/10

* IlepsxaBre mianpuemctBo «KoncTpykTopeske 61opo «IliBaenne» im. M. K. Surems»,
49008, Ykpaina, M. J{ninpo, Byn. Kpusopisbka, 3

? XapkiBchKHil HALIOHATBHAH YHIBEPCUTET PaioeeKTPOHIKH, 61166, Ykpaina, M. Xapkis, np. Hayku, 14

4 . o . o . . o el o - .
HaL[lOHaJ'IBHI/II/I ACPOKOCMIYHHHU YHIBEPCUTECT «XapKlBCBKI/II/I aBlallIMHUU THCTUTYT) 1M. M. €. }KYKOBCBKOFO,

61070, m. Xapkis, Byn. Ukanosa, 17

> HarfioHanbHUi TexHiUHMI yHIBepcuTeT YKpainn « KHIBChKHiT MO TeXHIYHIMIT iHCTHTYT
imMeHi Iropst Cikopcbkoroy, 03056, Vkpaiuna, M. Kuis, np. ITepemoru, 37

P03a/1;mym0 6612(1"’101414}(./206_)/ 6MOMY mpumulaposux niacnmux 31 CMITbHUKOBUM 3AN0BHIOBAUEM, AKULL 8UCOMOG-
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