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Abstract

This paper proposes a safiited aluminium honeycomb sandwich structure for protective
structures. Based on the results of the theoretical analysis, the author conducted a drop weight
impact experiment wasonducted on several specimens, seeking to obtain the data on impact
load, impactor displacement and structure deflection, and observe damage modes of structures at
different impact energies. Then, the-D¥NA was employed to validate the simulation model.

The experiment results demonstrate that the strength and stiffness of the structures were
improved by sandilling under the impact of low energy level, especially for the structures with
softer honeycomb core. With the same mass, honeycomb core witlersoadll size and lower

height is preferable at low energy level. Localized structural deflection and damaged area were
also observed under impact of highergy level when the core height reached a fixed value. The
model of numerical simulation was valtdd with the experimental results, which can be used in

further research.
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1. Introduction

Thanks to good mechanical properties and strong energy adsorption, atarhomeycomb
sandwich structured1] have been extensively utilized in aerospace, protection, automobile,
shipping and other fields. As a research hotspot, sandwich structure performance is mainly
improved in three ways. The first option is to use lightweight and-$tigingth materials as the
face sheets of the sdwich structure. For instancé&. Belingardi [2] carried out foupoint
bending experiments to examine the fatigue damages of a composite sandwich beam, which
consists of carbon fibre face sheets and an alumirioneycomb core. Abdullah Akatay et. al.
[3] attempted to improve the impact resistance of the sandwich structure by integrating glass
fibre-reinforced epoxy resin face sheets with an aluminium honeycomb core. The second
approach is to adopt differentres, ranging from honeycomb core, lattice cor&Jjdcork core
[6], foam core [7] and so on. The suitable materials of honeycomb core include aluminium,
polypropylene, Nomex [8] and paper [9], etc. The third way is to utilize multiple forms like
compositon, filling and enhancement. For example, Bin Han [10] combined aluminium
corrugations and trapezoidal aluminium honeycomb blocks into a novel sandwich structure, and
investigated the performance of the hybrid structure under-gtaigi outof-plane compession.
Through theoretical and experimental analysis, it is observed that the structure has a much greater
strength and energy absorption capacity than those of the sandwich specimens having empty
corrugated core and honeycomb core combined. Foam fiiinglso a frequently reported
method. Hozhabr Mozafari et al. [11] filled the honeycomb core of sandwich structure with
polyurethane foam, quantified the increment of energy absorption and impact resistance, and
tested the effect of face sheets using wosemposites with good shock resistance. Guoqi Zhang
[5] studied the impact resistance and energy absorption of pyramidal-taiteg sandwich
structure filled with polyurethane foam under leelocity impact, concluding that the foam
filled specimens ha a shorter contact duration with the impactor and slight higher peak impact
load than the unfilled specimens. To enhance the stiffness of soft honeycomb, Shanshzn Shi [1
added orthogrid into the sandwich structure and performed-pimiee bending test on the
structure. The test results indicate that the addition improved the mechanical properties of the
structure. Shi [3] and his team also used short Kevlar fibre to enhance the strength of interface
between carbon fibre face sheets and aluminiumyuommab core, and verified the feasibility and

effectiveness of the enhancement through a thoeet bending test. It is demonstrated that the
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resulting composite structure boasts a tough interface, high peak load and good energy
absorption.

In light of theabove, this paper puts forward a brarev sanefilled aluminium honeycomb
sandwich structure (Figure 1), and carries out a series of tests on Dynatup 9250HV (Instron) to
investigate the impact response of the structure at low velocity. Thehtstogy airves on force
and displacement under impact were recorded during the tests, and the damage modes of all
specimens were compared after the tests. Based on the finite element method (FEM) and the
smoothegparticle hydrodynamics (SPH) method, the authorgse®d numerical simulations,
and compared the simulation results with the test results, seeking to validate the proposed
structure.

Facesheet

\

The honeycomb core filled with sand

Fig.1. SaneFilled Aluminium Honeycomb Sandwich Structure

2. Theoretical Analysis
Due to the periodicity of theonstituent cells, the mechanical properties of the honeycomb
can be deduced based on those of a minor portion in the whole strudiuia fthis research, a

Y -shaped crossection is taken as the object (Figure 2).

Fig.2. Y-shaped crossectional modl of honeycomb [1]
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Fig.3. Stress analysis of theshaped crossectional model
When the sandilled aluminiumhoneycomb sandwich structure is subjected teodyiane
impact, the impact area mainly suffers from compressive deformation. As the impact energy
continues to rise, shear deformation will also occur around the impact area. At a high level of
impact enggy, the impact area will exhibit both compressive and shear deformations. Hence,
force decomposition was conducted to analyse the stress state ofstiap&d crossectional
model (Figure 3).When the model is in elastic state, the stress resistain¢esd U 'to

compressive stress and shear stress can be divided into:

‘-e-s | =a(she-i-ss)
b, 1)

|'[|— b(the+fs)

wheretheand Uhe arcempressie steessaasdtthe @lastic shear stress of aluminium
honeycomb, respectivelyis and U are the compressive stress and shear stress applied by sand,
respectively;U and b are the interaction coefficients of aluminium honeycomb and sand,
respective}l. Thus, the axial elastic yield load of monolithic aluminium foil can be determined by

the seconaebrder moment of inertia and cell length 5[1

(2)

where the constari is an end constraint factor set to 5.73 for hexagonal honeydénamd vi
are the elastic modulus and Poi sistherthiickness @t i o
the aluminiumalloy foil. According to Figure 2, the area of thesNaped crossectional model

can be calculated as:

A =33@3/2)/2=3/32/4
(3)
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Therefore, the elaist yield load of the model equals the sum of the loads borne by the

individual cell walls:

crit c

>re A saa-ma D a-m)
(@)

_ (@R, *2R)/2 _ BSKEL/ o0 E/1)

Based on the mechanical properties of dry sand] tineequation (1) can bequivalent to:

__ 220%aE,(t/1)°
)

+a g tar (45 +/ES) ()

where Ucp is the confining stress on sands is the internal friction angle of sand. For the
geometrical featuref the honeycomblle can be decomposed along the two directions and
W.

€ _ CE(t/)’

't @-n)cosy
i, __ CE(/)
I @ na+sing)
(6)

whereC is a constantdf is the angle between tlieclined cell wall and theV direction.When the
model is in plastic state, tlige andUein equation (1) should be changed into plastic compressive

stresglinpand plastic shear strells, andiinpcan be approximated as:

S, =665, (t/1)s
(7)

wherely is the yield strength of aluminium alloy. Based on the model of average static plastic

compressive stress ar@owperSymonds constitutive model, Guowei Zhad|[built a new
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theoretical model, in which the enhanced strain effect and the average plastic compressive stress
are expressed as follows:

(8)

where k is a constanty is the impact velocityC and p are the coefficients of strain rate
sensitivity; Ep is the plastic hardening modulus. It can be inferred from above andigsithe

impact response of the of safiled aluminium honeycomb sandwich structure is under the
influence of honeycomb material, geometric parameters, sand properties, packing density, sand
honeycomb interaction, impact energy and impactor velocitg thieoretical analysis lays the

basis for variable setting in drop weight impact experiment.

3. Drop Weight Impact Experiment

3.1 Materials and Specimens

The drop weight impact experiment was conducted in reference to the ASTM
D7136/D7136M, 2005. Based ¢ime theoretical analysis, the multivariate analysis was simplified
into single variable analysis by the evariableat-atime method. For all the specimens, the face
sheets were made of lmtimck AL-5052H32, and the cores were made of 0.04think
AL3003-H18 foil. The material properties of AB052H32 and AL3003H18 are listed in Table
1. The specimens were classified into four types: A, B, B1 and B2. The relative density of

honeycomb can be calculated as follows:

r,_2t@_ 2t _8J3t
r, A®@® 3/3%/4 9 |

(9)

wherepn is the density of the honeycompty, is the density of the aluminium alloy. With the cell
size selected as the single variable, type A mufdrdifom type B in cell size, but agree with the
latter on mass. Thus, the cell length | and cell height ¢ of type A were set to 3.5mm and 5mm,

respectively, while those of type B were made as 7mm and 10mm, respectively. The core height
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of types B, B1 andB2 was configured as 10mm, 15mm, and 20mm, respectively. All the
specimens are displayed in Figure 4.

To examine the effect of saffilling on the structure, the specimens were divided again into
two groups: those with saffdled cores and those with enyptores. The sand was filled into the
cores via natural accumulation, so that all the specimens had the same packing density. The
direction was taken as the length of the specimens, for the shear streingtireiction was about
twice of that inW direction of hexagonal honeycomb.

Fig.4. Specimens (a)ype A, (b) Type B; (c)TypeB1; (d) Type B2

Tah1. Mechanical properties of base materials for face sheets and honeycomb core

Density Elastic Tangent Poisson Yielding Ultimate
Base material s modulus  modulus ratio strength strength

(glcn?) Ee(GPa) E (GPa) 3s gy (MPa) 0y (MPa)
Al-3003H18 2.73 68.9 6.9 0.33 186 200
Al-5052H32 2.68 70.3 7.1 0.33 193 228

3.2 Methods

The drop weight impact experiment was performed on Dynatup 9250i8¥qn). The mass
of the impactor and the weight totalled 10.09kg, and the diameter of the hemispherical head
impactor was 12.7 mm with a hemispherical head. The-fékeheight was automatically
adjusted by the motadriven lift rail based on the impaenergy, and the data were automatically
collected by the Impulse Data Acquisition software. According to the ASTM D7136/D7136M,
2005, the specimen was clamped on a 150mmx100mm support with a 125 mmx75 mm
rectangular hole at the support aantDuring theloading process, the load and displacement
were collected respectively by the force sensor and displacement sensor in the impactor. The

experimental setup is shown in Figure 5.
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Fig.5. Experimental setup: (Bynatup 9250 HV; (b) impactor; (cJamp

4 Numerical Simulation
4.1 Finite-elementM odel

The numerical simulation was carried out using the explicit double precision version of LS
DYNA. As shown in Figure 6(a), the face sheets, core, impactor and support were modelled as
finite elements, denoted as SHELL163. The shell thickness was configyrde keyword of
SECTION_SHELL in line with the specimen size. The element sizes were meshed into 1 mm to
ensure calculation accuracy and control the computing time. In view of the possible large
deformations in honeycomb core, the number of integratiamtg through the shell thickness of
the honeycomb was set to 5, aiming to prevent the hourglass problem resulted from single point
integration. The impactor and support were regarded as rigid bodies, as they underwent no plastic
deformation during the labng process. Despite the insensitive strain rate effect of aluminium
alloy, the material model PLASTIC_KINETIC was utilized to guarantee the accuracy of the
constitutive model of aluminium alloy face sheets and honeycomb core. Considering the-Cowper

Symords strain rate effect, the constitutive model can be expressed as:

d o A p
5T 1,488 (10
S cC=+

where( is the dynamidlow stressat the strain ratel is the static stres€§ (6500 s1) andp (4)
are the strain rate sensitivity coefficients of aluminium alloy material. Moreover, the node group

with sliding friction constraints was set to simulate the constraint of clamp; the
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TIED_SURFACE_TO_SURFACE_FAILURE was used to simulate the contact between face
sheets and core; the AUTOMATIC_SURFACE_TO_SURFACE_FAILURE was applied to the

rest of contacts between each part; the impact velocity was defined by the keyword
INITIAL_VELOCITY_GENERATION.

LS-DYNA keyword deck by LS-PrePost

&ox

(@)

LS-DYNA keyword deck by LS-PrePost

(b)

Fig.6. Model of the sandilled aluminium honeycomb sandwich structure

(a) Finiteelement models of impactor, structure and support; (b) SPH particles of sand in

honeycomb.

4.2 SPHM odel

Smootheeparticle hydrodynamics (SPH) is a meshless, partbiaged computing technique
for numerical simulation. Like the FEM, the SPH can effectively prevent mesh distortion under
large deformations. Therefore, SPH particles are desirable tools to teinth&a sand.The
SOIL_AND_FOAM_FAILURE modelworks like a fluid in some ways, and applies only to such
scenarios that the soil or foam is confined in a structure or the geometric boundaries are clearly
defined (Figure 6(b)). The relationship between pmesamd volume strain was used to describe
the constitutive model of the sand under compresdi@dh The SPH patrticles were generated by

LS-PrePost program, and their parameters are listed in Table 2.

Tah2. Material parameters in the {f3YNA

. Density Elastic modulus  Poisson ratio
Materialmodel
I's (g/cn?) E (MPa) 3(MPa)
RIGID-impactor 7.85 210 0.3
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PLASTIC_KINETIC-facesheet 2.68 70.3 0.33

PLASTIC_KINETIC-core 2.73 68.9 0.33
_ Density Shear modulus  Bulk modulus
Materialmodetsand
}s (g/cn?) G (MPa) (MPa)
SOIL_AND_FOAM_FAILURE 1.8 63.8 1260

5 Results and Analysis

5.1 Impact Response
Four impact energies were used in the experiment to figure out how thefillsahd
aluminium honeycomb sandwich structure responds to low velocity impact. The initial values
were set to 25J, 50J, 100J and 150J, respectively. However, it is the final measured value (17J,
39J, 83J and 119J), always lower than initial value, that determines thet ismpergy. For
comparative analysis, the 17J and 39J were classified as low energy level, while the 83J and 119J
were classified as high energy level. In the low energy level, the author probed into the effect of
cell size on impact response by comparipges A and B; in the high energy level, the author
explored the effect of core height on impact response by comparing types B, B1 and B2.
According to the impact response in low energy level (Figure 7), both the peak load and the
final displacement incread with the impact energy for all specimens. The ddled specimens
had higher peak load and shorter final displacement than the -eongtycounterparts. In the
meantime, the foredisplacement curves of the safiitbd specimens were smoother than the
somewhat turbulent curves of emyiyre specimens. The turbulence was particularly prominent
in the curves of emptgore type B specimen when the impact load reached the yield strength of
the honeycomb core. The emptgre specimen also exhibited promindseinding deflections,
resulting in a certain decline in thevalue of the curves. After safiiling, type B specimen
featured greater peak load increment and displacement decrement wdiéplaeement curves
than type A specimen. This is because typgpBcimen has larger cells with lower compressive
strength. In other words, the core of type B specimen is softer than that of type A specimen.
Therefore, sandilling has more obvious strength enhancement effect in type B specimen than
type A specimen. Ishould be mentioned that the two types of specimens differed slightly in the

peak load and final displacement in the fedigplacement curves after safilling. As a result, it
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is better to select a smaller and shorter core for the-fdettialuminium honeycomb sandwich
structure under the impact of low energy level.

According to the impact response in high energy level (Figure 8), the peak load grew but the
final displacement shortened with the increase in the impact energy. Due to the vyield of
honeyomb, there was a small peak (1.5 kN~2.5 kN) in the fdisplacement curve of each
emptycore specimen at the initial phase (displacement: 6~8mm), which is shown as the red
curves. In addition, the red curves in Figures 8(b), (d), (e) and (f) and thedbla® in Figure
8(f) recorded a higher peak in the later phase of impact. Such a peak is attributable to the contact
force between the coarse parts of the impactor and the upper face sheet, which prevented further
penetration after the specimen was fuyblgnetrated. Therefore, this peak value should not be
taken into account in the dynamic response analysis. Overall, the impact load of the force
displacement curve could reach the peak more quickly, owing to the improved structural stiffness
after sandilling. Then, the load fluctuated and declined because of the interaction among
impactor, honeycomb and sand, as shown in the black curves of Figures 8(c), (d), (e) and (f).
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Fig.7. Impact response in low energy levi) type A at 17J; (b) type A at 394) type B at 17J;

(b) type B at 39J.
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5.2 Variation Pattern of Peak Load Displacementand Deflection
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Figure 9(a) presents pronounced increase of peak load at low energy level (17J~39 J), but the
increag slowed down in the transitioi89J~83 J) from low energy level to high energy level.
Thetrend is explained as follows. Under the impact of low energy level, the impactor only left a
spherical dent on the upper face sheet, producing a small deflection of the structure. Hence, the
peak load increased with the impact energy, but the incrememhislhed as the deflection
expanded with some cracks on the upper face sheet. After reaching the high energy level
(83J~119 J), the peak load declined as the structure was fully penetrated. It must be noted that the
critical energy of full penetration shigufall in the range of 83J~119J.

As can be seen from Figure 9(b), the final displacement of the impactor lengthened with the
increase in impact energy, especially at the high energy level. The variation pattern is created by
the structural deformation drdestruction of face sheets and core. The final displacements shot
up at the total penetration of the structures.

Based on the deflections of lower face sheets, it is observed that the structural deflection of
most specimens increased linearly with thewgh of impact energy at low energy level and the
transition from the low energy level to the high energy level. In the high energy level, the
deflection of sandilled B1 and B2 specimens shown a decreasing trend (Figure 9(c)). By
contrast, the deflectioaf type B specimen continued to increase linearly, although the cell size
was the same with that of B1 and B2. The above phenomena reveal that the deflection of the
sandfilled structure will decrease when the core height reaches a fixed value. Thraugh th
comparison between types B, B1 and B2 specimens, it is discovered that the damaged area was
localized and shrunk to a hole at the centre of the face sheet.

Under the increasing impact energy, the damage started from the upper face sheet,
propagated tohie core, and spread to the lower face sheet. When the impact was only 17J, there
was no damage on the structures except a small dent on the upper face sheet. At 39J, only the
upper face sheet of emptpre type B specimen was penetrated, and cracks appearthe
upper face sheet in half of the specimens. Almost all of the specimens were fully penetrated at
119J.
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Fig.9. Variation pattern: (a) peak load; (b) displacement; (c) deflection

5.3 Verification of the M odel

To validate of thenumerical model, type B specimen was selected as the typical modelling
object. As shown in Figure 10, the simulation results are in good agreement with the
experimental results according to the time history curves of impact load. The results of the
numeri@l simulation are slightly higher than those of the experimental results. The error of the
peak load in red curve is smaller than those of black curve, indicating that the simulation results
of emptycore specimens are more accurate than those off#laa specimens. Moreover, the
damage modes of test specimens are consistent with the simulation results (Figure 11).-For sand
filled specimens, the simulated deformation is smaller than the measured deformation. The small
deviation may be caused by variowtbrs, including model parameters, interaction between
SPH particles and finite elements, and so on. These comparisons manifest that the proposed
finite-element/SPH model can make reasonable predictions of the dynamic responses and damage

modes of the stictures under impact loads.
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Fig.10. Time history curves of impact loath) 17J; (b) 39J; (c) 83(d) 119J
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(d)

(e) (f)

(9) (h)
Fig.11. Comparison between test results sinclilation results: (a) £5-17J; (b) BE-17J; (c) B

S-39J; (d) BE-39J; (e) BS-83J; (f) BE-83J; (g) BS-119J; (h) BE-119J. (PostfixS denotes the

sandfilled specimens; PostfixE denotes the emptyore specimens.)

Conclusiors
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