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Abstract: With the continuous innovation of UAV technology, composite honeycomb sandwich
structures are used more and more in the fuselage structure of UAVs, and their anti-high-speed
fragment impact performance has become a concern. In order to study the influence of fragments on
the damage degree of composite honeycomb structures and analyze the damage difference of different
initial velocity fragments on different composite honeycomb structures, based on the numerical
simulation results of high-speed impact, the energy absorption characteristics of different honeycomb
sandwich structures are analyzed, and the honeycomb structure with better energy absorption is
selected for 24 impact experiments. The velocity range of fragment impact is 141-368 m/s. The
typical damage of the upper core layer and the lower core layer in each structure is analyzed, and
the energy absorption theory is used to compare the conditions of each group. The results show that
ST-3-3 has the best energy absorption characteristics. Under different velocity impacts, the energy
absorption per unit volume of the ST-3-3 structure reaches 521.6~659.6 x 103 J/m3, which is about
30.6% higher than that of the same design structure. The four groups of composite honeycomb
sandwich structures designed in the experiment have obvious deformation in the process of impact,
except that the deformation of the bottom skin of the ST-6-6-1 structure is not obvious, and the
deformation of the other three groups is more obvious with the increase in structural resistance.
This research shows that the reasonable arrangement of the structure and material of the composite
honeycomb sandwich can better cope with the impact of high-speed fragments and reduce the
damage to the structure.

Keywords: honeycomb sandwich; fragments; energy absorption characteristics; damage characteristics

1. Introduction

After experiencing the war in the Middle East, the war in Iraq, and the war in Asia,
military drones have developed into two categories encompassing sixteen types [1-3]. With
the continuous integration of cutting-edge scientific and technological achievements, mili-
tary UAVs have greatly improved in terms of flight control, detection, stealth, penetration,
and fire strike.

In recent years, this research on UAVs has made great progress in the direction of
lightweight design. Nowadays, many structural parts of military UAVs, including parts,
basically adopt lightweight honeycomb sandwich structures and composite materials. The
‘Predator” UAV fuselage developed by General Atomics uses a large number of carbon
fiber unidirectional prepregs and honeycomb sandwich structures. At the same time,
carbon fiber beams and ribs are added to reduce the overall fuselage weight while ensuring
strength. Its improved ‘Death’ uses the same fuselage structure but adds a new hybrid
fiber prepreg. The ‘Shadow’ UAV produced by the AAI company uses a large number
of reinforced epoxy resin structure skins and honeycomb sandwich structures, and the
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total application amount exceeds 95% of the body structure. More than 90% of the body
structure of the X-45 UAV developed by Boeing Company uses a low-temperature curing
prepreg and foam sandwich structure [4-9].

At present, the weapons for typical targets in the air mainly include blast weapons,
discrete rod warhead weapons, shaped charge warhead weapons, laser weapons, etc. The
damage elements are mainly fragments, explosively formed projectiles, shaped charge jets,
shaped charge rod penetrators, discrete rods, and other high-speed penetrators. Fragment
penetration experiments are one of the main means to test the damage performance of
composite structures and composites. Due to the different penetration speeds, it is generally
divided into low speed, high speed, and ultra-high speed. The high-speed fragment
penetration experiment is a common method for range testing. The initial velocity of the
fragment is between 50 m/s-5000 m/s, which is used to analyze the flight attitude of the
fragment, the power of the fragment, the failure mode, and the anti-elastic performance of
the structure.

From this research on the composite honeycomb sandwich structure, the commonly
used methods are static compression and low-speed collision. However, there are few
studies on the energy absorption characteristics and damage modes of the structure under
high-speed conditions. With the different application scenarios, the structural protection
requirements are also different. In particular, it is necessary to analyze the damage charac-
teristics of high-speed fragment penetration structures. The progress of theoretical analysis
has promoted this research on honeycomb structure from the whole to the micro [10].
In the past, the commonly used theoretical analysis was to equivalentize the composite
honeycomb sandwich structure into a laminated plate and then carry out the relevant
theoretical damage calculation according to the characteristics of the laminated plate [11].
With the deepening of research, the honeycomb sandwich structure has gradually transi-
tioned from the common equivalent analysis method to the level of quantitative analysis
of the structure itself [12-16]. For honeycomb structures, the commonly used analysis
methods are static compression, ballistic damage, and explosion shock. In the static com-
pression state, the compressive strength is much smaller than the compressive strength
under dynamic load. The plastic deformation area of the honeycomb structure is near
the contact area between the sandwich structure and the penetrator, and its damage is
mainly concentrated inside the specimen. During the penetration process, the structure is
more likely to be destroyed, resulting in fiber breakage, debonding delamination, and even
perforation. Zhang J.H. et al. [17] studied the nonlinear transient response of a honeycomb
sandwich plate with a negative Poisson’s ratio under an impact load, derived the partial
differential equation of the honeycomb sandwich plate, and obtained the nonlinear ordi-
nary differential equation of the structure by the truncation method. It was found that the
negative Poisson’s ratio honeycomb sandwich panel is better than the positive Poisson’s
ratio honeycomb sandwich panel. Similarly, Michele Bacciocchi et al. [15] also used the
higher-order shear theory to derive the partial differential equation for the critical buckling
load of carbon nanotube-reinforced three-phase orthotropic honeycomb sandwich panels.
Most of the remaining theoretical studies on honeycomb sandwich structures are basically
developed based on the higher-order shear theory of laminates [11,14,16,18].

This research method of fragment penetration can be divided into two parts: high
speed and ultra-high speed (greater than 5000 m/s), according to the speed. The analysis
of sandwich structure in a high-speed state is common. The ballistic gun is the main
launching source. The purpose is to analyze the failure mode, deformation mechanism,
and protection performance of the honeycomb sandwich structure in a high-speed state. At
present, the penetration of fragments into honeycomb sandwich structures at high speed is
mainly based on numerical simulation. Buitrago B.L. et al. [19] used ABAQUS/Explicit
to simulate the high-speed penetration of a honeycomb sandwich structure composed of
carbon/epoxy resin skin and aluminum honeycomb core and determined the contribution
of the failure mechanism of the honeycomb structure to the energy absorption of projectile
kinetic energy. This study of the ultra-high-speed state is to use a two-stage hydrogen gun
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to accelerate the bullet to more than 5000 m/s. High-speed photography technology and
computer tomography technology are used to capture and observe the fragmentation of
the projectile and the deformation and failure modes of the honeycomb sandwich structure,
which provides a strong guarantee for the survivability of the spacecraft [20-22].

New materials, new structures, and new properties are the main research directions
for honeycomb sandwich structures. In 2014, A. Gilioli et al. [23] conducted a penetration
compression experiment on the sandwich structure composed of NOMEXTM core and
aluminum plate and judged the relationship between penetration energy and residual
strength. In 2018, Felipe de Souza Eloy et al. [24] designed a sandwich structure composed
of carbon/epoxy composite skin and different proportions of magnetorheological elastomer
core and carried out structural free vibration and forced vibration experiments under
different magnetic field intensities to evaluate the dynamic performance of sandwich
beams. In 2019, Jezrael Rossetti Dutra et al. [25] conducted a three-point bending test on the
sandwich structure composed of an epoxy honeycomb core containing eucalyptus sawdust
and cement particles and fiber palm fiber layer skin and analyzed the influence of structural
parameters on core shear stress, surface stress, bending stiffness, and strength. In 2021,
Du [26] tested the damage performance of the sandwich structure composed of glass fiber
(GFRP) and carbon fiber (CFRP) hybrid skin and a NOMEX honeycomb core. It was found
that the peak force was related to the penetration energy and the diameter of the punch. As
the diameter of the punch increases, the peak force gradually increases.

Lv et al. [27] are still based on the NOMEX honeycomb core, but the skin is made
of a multi-layer composite material that is bonded by a high-strength adhesive film. The
penetration test of the structure was carried out using the drop hammer test machine.
When the penetration energy is relatively low, the main energy dissipation of the structure
is still dominated by the fiber tensile fracture of the composite skin. Zhang Y.W. et al. [28]
compared the tube-reinforced honeycomb sandwich structure with the traditional hon-
eycomb structure and found that the filling of the metal tube improved the stiffness and
peak load of the traditional honeycomb structure, making the stress and deformation of the
front and rear skins more uniform. The energy absorption characteristics of the structure
are faster than those of the empty honeycomb structure, and the deformation of the front
skin is reduced. In addition to the overall design of honeycomb structures, reports on this
study of composite honeycomb structures have gradually increased. Yasui Y. et al. [29]
conducted an experimental study on the impact and tensile properties of honeycombs with
different matrix aluminum materials. It was found that the energy absorption effect of the
pyramid-type tandem multi-layer honeycomb structure will be relatively improved after
crushing. Li et al. [30] also carried out a numerical simulation and static compression test
on the tandem aluminum honeycomb structure and obtained a buffer structure with better
energy absorption characteristics.

It can be seen that the honeycomb sandwich structure of a new structure and new
material is still one of the main research directions. The protection law and energy ab-
sorption characteristics of composite honeycomb sandwich structure in the face of other
damage elements, especially for the related problems of composite honeycomb sandwich
structure in high-speed collisions, need to be further studied. In this paper, in order to
study the damage mode and anti-damage performance of composite honeycomb sandwich
structure under high-speed fragment impact, four groups of composite honeycomb sand-
wich structure and two groups of comparative structure were studied by fragment impact
experiment. The damage law of the composite honeycomb sandwich structure under
different velocities of fragment was analyzed, and the energy absorption characteristics of
the composite honeycomb sandwich structure under fragment impact were compared and
analyzed according to the experimental results.
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2. Numerical Simulation Analysis of Fragment Impact Composite Honeycomb
Sandwich Structure

2.1. Modeling and Materials

In this paper, Truegrid 3.1.3 is used for modeling. The honeycomb structure adopts
the Lagrange grid, which is a hexahedral entity element with 8 nodes. In order to ensure
calculation accuracy, the grid density of the honeycomb structure in the impact zone
is larger. The time step of the calculation is reduced, thus increasing the number of
iterations. Because the composite model is symmetrical, in order to reduce the number
of calculation units, a quarter model is established for calculation. Due to the different
structural sizes, the cell size is small with about 300,000 grids, and the cell size is large with
about 210,000 grids. In order to change the variables of the honeycomb sandwich structure,
the numerical simulation model of the composite honeycomb sandwich structure with
adjustable structural parameters is obtained by using the parametric modeling method.
The core layer and the overall modeling process are shown in Figure 1.
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Figure 1. Modeling process of composite honeycomb sandwich structure.

The high-speed fragment model is designed with a cylindrical structure with a diam-
eter of 12 mm and a height of 30 mm. The speed is set to 200 m/s. The material is 45#
steel. In the simulation process, in order to eliminate the influence of fragment deformation
on structural damage characteristics, the finite element model of the fragment is set as a
rigid body.

In this study, the solver used ANSYS LS-DYNA18.2. The composite honeycomb
sandwich structures designed in this paper all use Lagrange algorithm. The material
models are MAT_JOHNSON_COOK model and EOS_GRUNEISEN state equation.

The flow stress of the material is expressed as the product of strain function, strain rate
function, and temperature function, which can reflect the influence of strain strengthening,
strain rate strengthening effect, and temperature softening effect of the material. The
expression is:

o= (A+Be)(1+Clné") (1 - T*™) )

Here ¢ is the plastic flow stress of the material; P is the equivalent plastic strain; &
is the relative equivalent plastic strain rate; T* is the dimensionless temperature term; A
is the initial yield stress at reference temperature and reference strain rate, B is the strain
hardening modulus of the material, C is the strain rate sensitivity coefficient, n is the
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hardening index of the material, and m is the temperature softening coefficient. Tr, is the
melting temperature; T’ is the room temperature.

The flow stress of the material is expressed as the product of strain function, strain rate
function, and temperature function, which can reflect the influence of strain strengthening,
strain rate strengthening effect, and temperature softening effect of the material. The honey-
comb core material in the composite honeycomb sandwich structure is 2024 Aluminum and
304 stainless steel, and the skin material is a 7075 Aluminum alloy. The specific parameters
of the material model are shown in Table 1.

Table 1. Material parameter.

Material p (kg/m3) G (GPa) A (GPa) B (GPa) n c m Tm (K) T, (K)
7075 Aluminum 2810 269 0.520 0.477 0.52 0.0025 1.61 893 293
2024 Aluminum 2780 28.6 0.265 0.426 0.34 0.015 1 775 300

Stainless steel 7890 77 0.278 13 0.8 0.072 0.81 1800 298

MAT_PLASTIC_KINEMATIC was selected for the two groups of structural models.
The material density of NOMEX was 144 Kg/m?, the Young’s modulus was 1.13, the
Poisson’s ratio was 0.38, the yield stress of the material was 3.34 x 1072, and the failure
strain of the material was 0.8. The material density of FIBER is 1740 Kg/m3, the Young’s
modulus is 2.30, the Poisson’s ratio is 0.307, the yield stress of the material is 9 X 105, and
the failure strain of the material is 0.9.

The contact between the skin and the core is a fixed connection failure method. The contact
surface between the skin and the core is firmly connected, allowing the two surfaces to slide
and separate from each other after failure. The deformation of the honeycomb core is a complex
process. In addition to the contact between the skin and the core, the honeycomb cells themselves
also interact. Therefore, the honeycomb core is automatically set to face-to-face contact. The
honeycomb structure adopts the Lagrange grid, which is a hexahedral solid element with
8 nodes. At the same time, the preprocessing problem of the finite element model is established
by K file. In order to ensure calculation accuracy, the grid density of the honeycomb structure in
the impact zone is large. The time step of the calculation is reduced, thus increasing the number
of iterations. The displacement of the edge of the composite honeycomb structure is prevented,
so the degree of freedom of the solid elements at the edge in the X, Y, and Z directions is limited.
The rest of the solid elements have six degrees of freedom for the displacement and rotation
of X, Y, and Z. At the same time, the operation k file of the model is written to reduce the
TSSFAC keyword in CONTROL_TIMESTEP and shorten the time step to improve the accuracy
of the operation results.

In order to analyze the influence of cell composite mode on the damage resistance
of honeycomb sandwich structures, a total of 18 groups of structures were designed for
numerical simulation of high-speed fragment impact. Among them, the skin material in
1#-17# is 7075 Aluminum, and 18# is unidirectional carbon fiber, as shown in Table 2.

Table 2. Material and structure size match.

NO Upper Parameters Lower Parameters NO Upper Parameters Lower Parameters
' Material  Diameter = Material = Diameter . Material  Diameter = Material = Diameter

1# Al d3 Al d3 104 St d3 St de.4
2# Al d3 Al d6.4 11# St de.4 St d3
3# Al de.4 Al d3 12# St d6.4 St d6.4
4# Al de.4 Al d6.4 13# St d3 Al d3
5# Al d3 St d3 14# St d3 Al de.4
6# Al d3 St de.4 15# St d6.4 Al d3
7# Al de.4 St d3 lo# St de.4 Al de.4
8# Al de6.4 St de6.4 17# NOMEX d3 Al d3
9# St d3 St d3 18# NOMEX d3 C d3
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2.2. Numerical Simulation Results Analysis

The overall damage and core damage effects of the 1#-16# structure in the numerical
simulation are shown in Figure 2.

(8) (h)

(k) M

Figure 2. Cont.
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P

Figure 2. Damage to 16 groups of honeycomb structures. (a—p) are separately for 1#~16#.

For these two composite methods, the minimum opening diameter of the skin is
concentrated in the middle skin position, where the strength of the lower material is high,
which indicates that the strength of the lower core material has a great influence on the
opening diameter of the middle skin. The higher the strength, the greater the bearing
capacity of the middle skin; the deformation to the impact direction of the fragment is
completely limited; and the shear effect around the fragment increases, resulting in the
minimum opening of the structure. The position of the middle skin is at the middle skin
position, and the opening is relatively neat, and the tensile strength of the material is not
obvious. Based on the overall damage to all structures and the damage to the core layer, the
influence of the 16 composite methods designed on the degree of structural deformation is
different. Among them, the overall deformation of the small-sized high-strength material
composite structure is small, and the impact resistance is relatively high. The second is
the honeycomb sandwich structure composed of two different strength materials, and the
structure composed of low-strength and high-plastic materials has a relatively poor effect.
For a structure with the same average cell density and different combinations of upper
and lower core materials, the damage situation is not much different, but it has a certain
influence on the deformation degree of the overall structure. The lower the strength of the
lower layer material, the greater the overall deformation of the structure. On the contrary,
with the increase in strength of the lower core layer, the deformation of the overall structure
is relatively small. It can be seen that the anti-damage performance of the composite
honeycomb sandwich structure is determined by the composite method, material selection,
and core size ratio.

According to the law of conservation of energy, the total energy absorption of the
structure in each case is obtained, as shown in Table 3.

Due to the different composition of the structure, a simple analysis of the overall
energy absorption of the composite honeycomb sandwich structure cannot reflect the real
energy absorption characteristics of the structure. Therefore, this paper measures the energy
absorption effect of the structure by the energy absorption index per unit volume, that is:

EAT
EPV = — 2
v==2 @

EAT is the total energy absorption of the structure, and EPV is the energy absorbed by
the unit volume of the structure. Table 4 shows the numerical simulation results of energy
absorption per unit volume for 18 types.
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Table 3. Residual velocity and energy absorption rate of fragments (Numerical simulation data).

NO Remaining Total Energy NO Remaining Total Energy

’ Velocity v, (m/s) Absorption J ’ Velocity v, (m/s) Absorption J
1# 157.5 204.35 10# 152 227.25
2# 158.4 200.53 11# 151 231.32
3# 159.3 196.68 124# 155 214.86
4# 160 193.68 13# 154 219.01
5# 151 231.32 14# 153 223.14
o# 159 197.97 15# 157 206.47
7# 150.6 232.95 16# 157.4 204.78
8# 155 214.86 17# 175 126.09
o# 145 255.21 18# 191 47.33

Table 4. Energy absorption per unit volume of 18 types (Numerical simulation data).

NO. Energy Absorption per Unit Volume (x103 J/m3) NO. Energy Absorption per Unit Volume (x103 J/m3)

1# 478 10# 531

2# 469.1 11# 541.1
3# 460.1 12# 502.6
4# 4514 13# 512.3
5# 541.1 14# 5219
o# 463 15# 482.9
7# 544.9 16# 479

8# 502.6 17# 2949
o# 596.5 18# 110.7

From the energy absorption per unit volume, it can be seen that the energy absorption
effect of the designed 16 groups of composite honeycomb sandwich structures is much
larger than that of the two groups of structures. The minimum energy absorption per unit
volume is 53% and 307% higher than that of NOMEX-AL and NOMEX-C structures, and
the maximum value is 102.3% and 438.8% higher, respectively.

Combined with the overall failure mode of 16 groups of structures, the core failure
mode, and the energy absorption per unit volume, it can be found that among all the
composite methods, the structure with the best energy absorption effect and the best impact
resistance and deformation ability is the 9% structure with the upper and lower core cell
diameters of 3 mm, and the energy absorption per unit volume is 596.5 J /m3.

3. Experimental Design of Fragment-Penetrating Composite Honeycomb
Sandwich Structure

3.1. Type of Structure of the Specimen

Four groups of composite honeycomb sandwich structures and two groups of contrast
structures were subjected to high-speed fragment impact experiments. The experimental
specimens are shown in Figure 3.

Among them: AL/NOMEX indicates that NOMEX is a honeycomb core, and the skin
is 7075 Aluminum; c/NOMEX indicates that NOMEX is a honeycomb core and carbon fiber
is skin; the Figure 3e,f structure is 304 stainless steel honeycomb core, and the skin material
is 7075 Aluminum. Top represents the upper honeycomb structure; Bottom represents the
lower honeycomb structure; D = 3 mm indicates that the core cell diameter is 3 mm; and
D = 6.4 mm indicates that the core cell diameter is 6.4 mm.
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()

Figure 3. Honeycomb sandwich structure specimen. (a) is C/NOMEX; (b) is Al/NOMEX; (c) is Top
D = 6.4 mm/Bottom D = 6.4 mm; (d) is Top D = 3 mm/Bottom D = 3 mm; (e) is D = 3 mm/Bottom
D = 6.4 mm; (f) is Top D = 6.4 mm/Bottom D = 3 mm.

3.2. Test Scheme

Six types of structures were subjected to high-speed fragment penetration experiments.
The fragment weighs 26.9 g, with a diameter of 12 mm and a length of 30 mm. In the
experiment, 150 mm x 150 mm and 300 mm X 300 mm composite honeycomb sandwich
structures were subjected to high-speed fragment penetration. The size of the fixture is
276 mm x 276 mm and 400 mm x 400 mm, in which the reserved penetration area of
the small size fixture is 90 mm x 90 mm and the penetration area of the large size fixture
is 220 mm x 220 mm. In order to meet the size requirements of the fixed steel frame
at the experimental site, the small fixture can be embedded in the large fixture, and the
surrounding frame is filled with square wood. The experimental fixture of the composite
honeycomb sandwich structure is shown in Figure 4.

The small specimen fixture is fastened by six bolts with a diameter of 20 mm, and the
large specimen fixture is fastened by nine bolts with a diameter of 30 mm. The assembled
target plate is fixed by four U-shaped clamps on a 500 mm x 500 mm steel frame with a
stable seat. The fragments and the shell are connected by the elastic support and pressed
by the press. The total length of the fragments and the shell is 160 mm. The fragments
are cylindrical, 12 mm in diameter, and 30 mm in height. The same projectile parameters
as in the experiment are used in the numerical simulation. The experimental propellant
uses black gunpowder + camphor gunpowder. The amount of black gunpowder is 1 g, and
the amount of camphor gunpowder is controlled to ensure a change in the initial velocity
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of the fragment. In the experiment, a high-speed camera was used to record the whole
process of fragment emission, impact on the target plate, and flight after penetration. The
first benchmark was set up at 452 mm in front of the target, and the second benchmark was
set up at 590 mm behind the target. In the field of high-speed photography, the target plate
and two benchmarks are included. The initial impact velocity of the fragment (the velocity
before hitting the target plate) and the residual velocity (the velocity after penetrating the
target plate) are calculated by observing the distance of the fragment movement in the video,
the recording time of the high-speed photography, and the markers. The experimental site
layout is shown in Figure 5.

D20x6 O O 465 20
O 0 ] ]
90 Oi 220 io
O O ‘ ‘
8 S Oi 8 |8 iO g
- - | |
O! O
O O o |
O O O
(a) (b)

Figure 4. Specimen clamp. (a) is 150 mm x 150 mm; (b) is 300 mm x 300 mm.

Fixed bracket Side view

Marking pole

o e

Clamping device

Fragment \ /
/ .
I
‘ ~— -
— Experimental bench \
/ A\

Fixed clamp plate Target plate Ballistic gun Supporting base Experimental bench

High speed camera

/

Vertical view

Figure 5. Layout of test site.

In this experiment, the anti-damage characteristics of six honeycomb sandwich struc-
tures at different penetration speeds were studied. The experimental scheme and the
collected data are shown in Table 5.
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Table 5. Test plan (Experimental data).

NO. Type Numbering/# Initial Velocity v, (m/s) Remaining Velocity v; (m/s)
1 1# 1883 1735
2 24 226 210.7
3 NOMEX-AL-1 34 265.8 256.5
4 44 368.4 3484
5 1# 1413 131.1
6 2 226 2185
7 NOMEX-C-1 34 265.9 256.5
8 4# 301.3 295
9 1# 161.4 118
10 24 226 196.7
1 ST-6-6-1 34 265.9 236
12 44 3229 295
13 1# 150.7 75.6
14 24 1965 178.8
15 ST-6-3-1 34 265.9 245.9
16 4 3229 295
17 1# 1614 98.3
18 2 226 190.3
19 ST-3-6-1 34 265.9 2458
20 4 3229 281
21 1# 150.7 67.8
22 24 226 1735
23 ST-3-3-1 34 237.9 190.3
24 44 307.3 279

Among them, NOMEX-AL-1 indicates that NOMEX is a honeycomb core and the skin
is a 1# target plate of 7075 Aluminum; NOMEX-C-1 indicates that NOMEX is a honeycomb
core and carbon fiber is a 1# target plate of the skin. ST-3-3-1 indicates that 304 stainless steel
is a 1# target plate with a honeycomb core and a cell diameter of 3 mm in the upper and
lower core layers. ST-3-6-1 indicates that 304 stainless steel is a honeycomb core, and the 1#
target plate with the upper core cell diameter of 3 mm and the lower core cell diameter of
6.4 mm; sT-6-3-1 indicates that 304 stainless steel is a honeycomb core, and the 1# target
plate with a core cell diameter of 6.4 mm and a core cell diameter of 3 mm; sT-6-6-1 indicates
that 304 stainless steel is a honeycomb core, and the cell diameter of the upper and lower
core layers is 1# target plate of 6.4 mm.

It can be seen from Table 6 that when the speed is less than 400 m/s, with the increase
in speed, the theoretical results, numerical simulation results, and experimental results are
not much different, and the curves of each group have the same trend of change, basically
rising linearly. There is little difference between the numerical simulation results and
the experimental results. It can be seen that the numerical simulation modeling method
of the fragment-penetrating composite honeycomb sandwich structure proposed in this
paper is in line with engineering practice, and the error is relatively small. Excluding other
influencing factors, the average error between the numerical simulation value and the
experimental result is 4.10%.
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Table 6. Residual velocity of test and simulation (Calculated data).

- . Numerical Simulation = Experimental Results Numerical Simulation
Initial Velocity

NO. Type of Residual Velocity Residual Velocity and Experimental
(m/s)
(m/s) (m/s) Error
1 188.3 179 173.5 3.17%
2 226 211 210.7 0.14%
NOMEX-AL-1
3 265.8 252 256.5 1.75%
4 368.4 353 348.4 1.32%
5 141.3 135 131.1 2.97%
6 226 216 218.5 1.14%
NOMEX-C-1
7 265.9 255 256.5 0.58%
8 301.3 289 295 2.03%
9 161.4 1241 118 517%
10 226 196.3 196.7 0.20%
ST-6-6-1
11 265.9 241.1 236 2.12%
12 3229 302.8 295 2.64%
13 150.7 89.5 75.6 18.39%
14 196.5 154.6 178.8 13.5%
ST-6-3-1
15 265.9 231 245.9 6.05%
16 3229 294.8 295 0.07%
17 161.4 106.5 98.3 8.34%
18 226 183.6 190.3 3.52%
ST-3-6-1
19 265.9 231 245.8 6.02%
20 3229 294.8 281 4.91%
21 150.7 62 67.8 8.55%
22 226 170.1 173.5 1.96%
ST-3-3-1
23 237.9 190.3 190.3 0%
24 307.3 268 279 3.94%

3.3. Analysis of Test Results

A total of 24 penetration experiments were carried out on six honeycomb structures,
and the damage to each structure at different penetration speeds was obtained. The
minimum penetration velocity is 141.3 m/s, and the maximum penetration velocity is
368.4 m/s. The damage to each structure at four speeds of 140 m/s-380 m/s is shown
in Figure 6. The ‘+’ represents the front of the honeycomb sandwich panel, and the "—’
represents the back of the honeycomb sandwich panel.

Each structure is divided into 1#-4# according to the impact order. It can be seen from
Figure 5 that the NOMEX-AL structure has regular holes and no obvious deformation
under high-speed impact. The pore size of the carbon fiber front skin is almost the same as
that of the fragment under shear action, and the back skin has a tendency to return to the
original state after the fragment is broken down due to the performance of the material
itself. The opening diameter of the front skin is similar to the diameter of the fragment, and
the diameter of the rear skin is different. The carbon fiber skin is covered by the damaged
material with a small aperture. By comparing the two different types of skin materials,
NOMEX-AL and NOMEX-C, it can be seen that the back skin of the AL material deforms
more during the impact process, while the skin of the C material deforms less, which will
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cause the honeycomb sandwich connected to the skin material to absorb more energy and
cause greater collateral damage.

NOMEX-AL

Figure 6. Cont.
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(d)

Figure 6. Damage to six structures at different velocities. (a) is NOMEX-AL-1; (b) is NOMEX-C-1;
(c) is ST-6-6-1; (d) is ST-3-6-1.

Compared with the composite honeycomb sandwich structure of four ST materials, it
can be seen that the opening shape of the impact front of the target plate is more regular,
but the impact resistance of the two groups with the upper honeycomb diameter of 3 mm
is better than that of the two groups with the honeycomb diameter of 6.4 mm because the
depression range of the front of the target plate is smaller and there is almost no depression
in the same speed range. At the same time, damage to the back target plate is also more
likely to occur when the diameter of the lower honeycomb is small. Due to the stronger
connection ability of the 3 mm honeycomb diameter, the joint damage on the back of the
target plate is greater.

The four groups of composite honeycomb sandwich structures designed by have
obvious deformation in the process of impact except for the bottom skin deformation of
the ST-6-6-1 structure, and the deformation is more obvious with the increase in structural
resistance. From the point of view of damage, when the honeycomb diameter of the lower
honeycomb structure is larger, the incidental damage to the whole structure is smaller.

3.4. Analysis of Energy Absorption Characteristics of Composite Honeycomb Sandwich Structure

In addition to the direct observation of the damage to the structure, the energy ab-
sorption characteristics of the honeycomb sandwich structure are also the main indicators
used to measure the damage performance of the structure. The total energy absorption and
structural energy absorption rates are commonly used mathematical research methods.

In the state of high-speed penetration, the total energy absorption of the structure is
obtained by using the law of conservation of energy according to the different velocities
after penetrating the target. Assuming that the energy dissipation in the process of fragment
penetration is absorbed by the sandwich structure, then

Wrg = Wr + Wg 3)

WrE is the total energy, that is, the initial kinetic energy of the fragment; Wy is
the residual kinetic energy of the fragment; and Wk is the total energy absorbed by the
sandwich structure.

Wrg = 0.5mv? (4)

Wg = 0.5mv? ()
where m is the mass of the fragment, v, is the residual velocity of the fragment, and v; is
the initial velocity of the high fragment. Then, the total energy absorption of the sandwich

structure is:
Wg = Wrp — Wg = 0.5m (vl-z - v}) 6)
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The initial velocity v; and the residual velocity v, are given in Table 5.

Combined with the energy absorption index per unit volume, the 24 sets of data from
the experiment were sorted out to obtain the total energy absorption and energy absorption
per unit volume of all structures. The specific results are shown in Table 7.

Table 7. Energy absorption of composite honeycomb sandwich structure (Calculated data).

NO Total Energy Energy Absorption per NO Total Energy Energy Absorption per
) Absorption (N/m)  Unit Volume (x103 J/m?) ) Absorption (N/m)  Unit Volume (x103 J/m?)
1# 72 168.4 13# 229 535
2# 89.9 210.3 144 89.3 208.9
3# 65.3 152.7 15# 138 322.8
4# 193 451.5 16# 232 542.7
S# 374 87.5 17# 220 514.6
6# 44.8 104.8 184 200 467.8
7# 66 154.4 194 138 322.8
8# 50.5 118.1 20# 340 795.3
o# 163 381.3 21# 244 570.8
10# 167 390.6 224# 282 659.6
11# 202 472.5 23# 274 641
124 232 542.7 24# 223 521.6

It can be seen from Table 7 that, in addition to the influence of field factors on the
deflection of fragments, with the increase in fragment impact velocity, the total energy
absorption per unit volume of six kinds of sandwich structures is also increasing gradually.
Comparing the two skin materials, AL and C, it can be seen that the overall dynamic
response of the metal material to the honeycomb sandwich structure is more obvious, so
that the energy absorption value of the structure is larger.

The range of the three structures of ST-6-6, ST-6-3, and ST-3-6 reaching the peak is
mainly concentrated in the impact velocity of more than 200 m/s. With the increase in
fragment impact velocity, the overall energy absorption of each honeycomb structure
basically shows an upward trend, and the overall energy absorption of ST-3-3 is the largest.
The average cell density of ST-6-3 and ST-3-6 is the same, and the total energy absorption
under different impact velocities is not much different from the energy absorption per unit
volume. However, with the increase in impact velocity, the energy absorption trend of the
two structures is not as obvious as that of ST-6-6.

4. Conclusions

The composite honeycomb sandwich structure is more and more applied to the field
of UAV, and the impact resistance of the honeycomb structure is becoming more and
more important. The performance of the composite honeycomb structure under impact is
compared by numerical simulation, and its damage characteristics and the residual velocity
of the fragment are analyzed. Four structures with better energy absorption characteristics
are obtained by using the energy absorption criterion. In order to verify the accuracy of the
theoretical model and the calculation method of fragment residual, the damage performance
of the composite honeycomb sandwich structure impacted by fragments at different speeds
was experimentally studied. The actual damage characteristics of the honeycomb sandwich
structure were analyzed. Based on the energy absorption characteristics of the structure,
the response differences of different structures to impact energy were obtained. The main
conclusions are as follows:

(1) The upper and lower core layers are all stainless steel. The structure with a
cell diameter of 3 mm has the strongest impact resistance, and the energy absorption is
about 30.6% higher than the other three design structures, which is consistent with the
experimental test and numerical simulation results. In the test speed range, the unit volume
energy absorption of the optimized composite honeycomb sandwich structure reaches
521.6 x 103 J/m3-659.6 x 103 J/m3.
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(2) The damage diameter of the front skin of the composite honeycomb sandwich
structure is similar to the diameter of the fragment, and the damage diameter of the rear
skin is different. The carbon fiber skin is blocked by the damaged material. The aperture
is small, and the mechanical response of the whole structure is more obvious when the
skin material is metal. The different degrees of damage to the rear skin of the composite
honeycomb sandwich structure are mainly affected by the skin material and the honeycomb
diameter. When the honeycomb diameter is 3 mm, the connection effect on the rear skin is
more obvious, resulting in increased collateral damage at the rear.

(3) The four groups of composite honeycomb sandwich structures designed have
obvious deformation in the process of impact, except that the deformation of the bottom
skin of the ST-6-6 structure is not obvious, and the deformation is more obvious with
the increase in structural resistance. The velocity load characteristics of the composite
honeycomb sandwich structure are obvious, and the residual velocity curve of the fragment
after the low-speed impact structure can show a linear trend.

Through the numerical simulation and experimental test of the four composite honey-
comb sandwich structures, it is shown that the material model and simulation method used
in the numerical simulation have certain engineering significance and can be used to test
the energy absorption effect of the structure in the high-speed range. It can be seen from
the comprehensive analysis of the damage results and the overall energy absorption of the
honeycomb sandwich structure that a reasonable structural design scheme is needed to
reduce the overall damage, and the sandwich structure can greatly improve the total energy
absorption, thereby reducing the damage to other parts and improving the protection
performance of the system.
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