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Honeycomb sandwich panel has been widely used in aerospace and aeronautic engineering as load-
bearing components. Cost-effective shielding structure can also be built based on honeycomb sand-
wich panel. The shielding properties of honeycomb sandwich panel subjected to high-velocity impact is
of great concern to spacecraft design. Three dimensional internal-structure-based simulation research of
honeycomb sandwich panels under high-velocity impact is carried out. The point-type internal structure
model is constructed, where the impacted area is refined to capture localized deformation and improve
the accuracy. The internal structure model is validated by experimental results and empirical formula.
Then typical impact processes are simulated to investigate the cutting and channeling effect of the
honeycomb core on the projectile. Projectile mass, impact velocity and internal-structure parameters of
the honeycomb core are varied to obtain their influences on the channeling effect of the fragmented
projectile. The thickness of the honeycomb core influences is found to affect much on the shape of the
hole on the rear facesheet. Three empirical equations with respect to impact parameters and internal

structure parameters are presented based on numerical results and the dimensional analysis.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The honeycomb material has been widely applied in engineer-
ing fields, such as aerospace engineering and aeronautic engi-
neering, so dynamic responses of honeycomb sandwich panel
under different loading conditions are of great interest to scientists
and designers. The threat from high-velocity impact to spacecrafts
can be very frequent from space debris and meteoroid [1]. As the
major load bearing components, honeycomb sandwich panels can
also serve as cost-effective shielding structure [2] against impact
loading for the functional components inside the spacecraft. The
responses of honeycomb panel subjected to high-velocity impact,
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in addition to the mature researches of statics and low-strain-rate
dynamics, should be paid more attention to, since the mecha-
nisms of high-velocity impact and low-velocity impact are quite
different. The damage is highly localized during high-velocity
impact. Some typical results, such as perforation, spalling, and
debris cloud behind the target panel, appear in high-velocity
impacts.

The channeling effect of honeycomb core and the ballistic limit
of honeycomb panel are often focused, especially in the experi-
mental researches. Sennett and Lathrop [1] found that the hon-
eycomb core has an obvious channeling effect on the debris cloud,
implying that the debris cloud after impact spreads a very limited
range. The channeling effect can decrease the shielding capability
compared to double facesheet structure without honeycomb core.
The shielding performance of honeycomb panel for the inside
components was also investigated [3—6]. The damage and the
signal change in the circuits of the cable bundles behind are
emphasized [4—6]. Based on the experimental results, the tra-
jectory and the distribution angles of the debris cloud were
expressed as functions of material parameters and impact veloc-
ities [7].
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In the field of ballistic limit studies, Taylor et al. [8] found that
the inclined angles have little effect on the damage of honeycomb
panel. Double-layer honeycomb core [2,9] was developed by
inserting an extra facesheet in the middle of a honeycomb core. It
coincided with the anticipation that the honeycomb panel with
double-layer core was found to have better shielding effects than
single-layer core [2,9]. The empirical equations for ballistic limits
were obtained from experimental results [3,4,10]. Schonberg et al.
[11] extrapolated and validated the ballistic limit equation in the
range that initial experimental data did not cover. They found that
the ballistic limit equation was conservative in predicting the
perforation.

Relatively high cost and difficulties in reproducing and
capturing results in experiments arouse the interests in numerical
methods. The traditional numerical methods have different diffi-
culties in solving high-velocity impact problems due to strong
nonlinearity. Mesh-based Lagrangian methods, such as finite
element method (FEM), suffer from severely distorted elements
which can lead to reduction in time step size and even abrupt
computation collapse [12]. Erosion schemes remove the distorted
elements, so that the computation can be resumed, but severe ac-
curacy decrease may exist and the total mass is no longer
conserved.

The recently fast-developing meshfree particle methods over-
come existing difficulties of mesh-based method in large defor-
mation problems. Smoothed particle hydrodynamics (SPH)
method, one of meshfree particle methods, was widely used since it
was embedded in commercial softwares such as LS-DYNA [13].
Taylor et al. [9] used AUTODYN software to study the performances
of different numerical methods. The mesh-based Lagrangian
method and SPH method can obtain nearly the same channeling
results in 2D simulation. But meshfree models can show more
details during the impact process, because no erosion schemes are
needed. 3D models for oblique impacts showed that the inclined
angles have little effect on the damage of rear facesheet owing to
the channeling effect of honeycomb core. Another research by Ryan
et al. [14] suggested a method of measuring fragment configura-
tion, which can be used to describe the morphology of the debris
cloud quantitatively.

Large computational cost spent on searching neighbor particles
sharply increases the computational burden of SPH. Many numer-
ical researches on honeycomb panel with SPH employed only 2D
axisymmetric models [9] based on an isotropic assumption of
honeycomb panel. When the facesheet is made of anisotropic
material or the impact is oblique, however, 3D model for the
honeycomb core is demanded [9,14]. An efficient meshfree method,
therefore, is highly desired to simulate large-scaled 3D high-
velocity impact problems.

Material point method (MPM) is one type of meshfree methods.
MPM was proposed by Sulsky et al. [15] as an extension of particle-
in-cell method to solid mechanics. Lagrangian points and Eulerian
background grids are both employed in MPM computation.
Lagrangian points carry all the physical variables, such as the mass,
the velocity, the stress and the strain. Lagrangian points describe
the deformation and the boundary of the material. The use of
Lagrangian points avoids the difficulties in Eulerian method that
history variables are not easy to trace and the problems caused by
convection terms. Eulerian background grid is used to solve mo-
mentum equations and to calculate spatial derivatives, which
overcomes the shortcomings in Lagrangian method that large
deformation causes element distortion. So MPM owns both the
advantages of the Lagrangian and Eulerian methods but overcome
their difficulties. MPM can be very efficient for the problems of
extremely large deformation and moving discontinuities. On one
hand, the critical time step size in MPM is controlled by the

background element size, which does not change during the
simulation, so the critical time step size will not decrease much
even when the material is extremely compressed. On the other
hand, no neighbor point search is needed in MPM, so the heavy
computational burden of searching process in SPH method is saved.
Ma et al. [16] compared MPM and SPH in detail, and they pointed
out that the efficiency of MPM is much higher than that of SPH.
They also obtained MPM results more accurate than SPH results in
impact simulations.

MPM has been successfully applied in the problems of low-
velocity impact [17], dynamic fracture [18,19], fluid—structure
interaction [20], and high-velocity impact [21—23]. The foam ma-
terial has randomly sized and distributed voids, which poses great
challenges to mesh-based discretization of material internal
structure. The reconstruction of material point model for the in-
ternal structure of foam material is much easier. Gong et al. [22]
constructed the internal structure model of aluminum foam and
successfully simulated the high-velocity impact problems based on
the material point internal structure model. Liu et al. [23] combined
the nano-scale molecular dynamics and the material point method
to obtain better parameters for the equation of state under high
temperature and high pressure in the hyper-velocity impact pro-
cess. In our previous work [24], the high-velocity impact of micron
particles on the aluminum plate is investigated with material point
method. Empirical formulations of cavity dimensions were ob-
tained based on a series of simulations with varying parameters.

In this paper, the dynamical responses of honeycomb sand-
wich panel under high-velocity impact are studied with MPM-
based internal structure model. MPM formulation, the con-
struction of internal structure model, and the material models
adopted in the paper are given in Section 2. In Section 3, MPM
model is validated by comparing with existing experimental re-
sults. The analysis of numerical results of high-velocity impact
are discussed in detail in Section 4. Also the influences of the
projectile mass and the impact velocity are investigated. The
influences of the internal structure parameters of the honeycomb
core are studied in Section 5. Three empirical equations are ob-
tained using dimensional analysis in Section 6. Section 7 con-
cludes the whole paper.

2. Model description and simulation method
2.1. The internal structure of the honeycomb material

The honeycomb sandwich panel is usually composed by three
parts including the front facesheet, the honeycomb core and the
rear facesheet, as shown in Fig. 1. The left part in Fig. 1 is the side
view, and the right part shows the in-plane cross section. tfand t;

Projectile
Front facesheet

A ¢ ¢
i =

A A

§ 1 T
Y X y ;
¥

Rear facésheet Honeycomb core

Fig. 1. The structure of the honeycomb panel.
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are the thicknesses of the front facesheet and the rear facesheet,
respectively. Three structural parameters, tyc, Dne and S, are asso-
ciated with the honeycomb core. ty is the thickness of the cell wall,
Dnc is the diameter of the inscribed circle, and S is the height
defined as the distance between two facesheets. One set of struc-
tural parameters used in the experiments will be adopted in Sec-
tion 3 to validate our method. Another model with smaller
honeycomb core cell will be calculated in the other sections to
investigate the influences of impact and structural parameters.

2.2. Material model

The Johnson—Cook strength model and the Mie—Griineisen
equation of state (EOS) are employed. The strength model is for
updating the deviatoric stress s;;, and the EOS is used to update the
pressure p. The total stress o;; = —pd;; + sj, where ¢;; is the Kronecker
delta. The yield stress oy can be expressed as a function of the
equivalent plastic strain £, the strain rate &, and the temperature T
in Johnson—Cook strength model [25],

gy = (A+B(e")")(1 + CIne*)(1 — T*™) (1)

where A, B, n, ¢, m are material parameters. ¢* = ¢/¢p is the
dimensionless equivalent strain rate, and the reference strain rate
é0=10s"1.T = (T = Troom)/(Tmelt — Troom) is the homologous
temperature, where Tyoom and Tyej; are the room temperature and
the melting temperature, respectively.

Failure of ductile metals under intensive impact loading can be
modeled using different methodologies [26]. Abrupt failure crite-
rion is based on instantaneous failure, that is, when the historical
variable reaches a critical value, the material will fail instanta-
neously. Another type of failure criterion is based on the accumu-
lative damage, that is, when the damage parameter accumulates
with deformation to a critical value, the material will fail. Failed
material cannot sustain tensile and shearing load but can only
afford the pressure.

Both the two types of models are adopted in this paper. One of
the first type failure model, the maximum principle stress model, is
adopted in order to use material parameters consistent with the
references [27,28]. The material fails when the principal tensile
stress reaches the criterion value max. This model can be used to
approximately determine the material spall failure.

One of the second type failure model, a sophisticated damage
model [29] was developed for the Johnson—Cook strength model,
in which the damage is calculated by

D=Zi,;p )

where A¢P is the increment of equivalent plastic strain in each step,
and £ is the failure strain. When the damage of one material point
reaches unity, the material point will fail. The failure strain in the
damage model can be calculated as

e = Dy + Dy exp (D30*)][1+ Dy Iné*][1 + DsT] 3)

where Dy, Dy, D3, D4, Ds are material constants. ¢* = oy /7 is the
stress triaxiality, where oy, is the mean stress and & is the von Mises
effective stress.

In high-velocity impact simulation, EOS is always required to
update pressure with the volumetric strain, the temperature and
the internal energy. Mie—Griineisen EOS can describe well the
mechanical behaviors of metal subjected to impact loading. The
pressure in Mie—Griineisen EOS is calculated as

p :PH(1 —%) +7voEo (4)

where vy is the Griineisen parameter, which satisfies yopo = 7vp,
where p is the current material density, and yg and pg are the values
atinitial state. The volumetric strain u = p/po — 1, and Ey is the initial
specific internal energy. py is the pressure on the Hugoniot curve,

M‘HH)Z for,uZO
[1—(s—1)u (5)
foru<0

PH =
PoCop

where ¢y is the sound speed and s is a material constant.

The Mie—Griineisen EOS might obtain inappropriate results af-
ter the metal melts. The occurrence of melting in high-velocity
process strongly depends on the impact velocity. Lee et al. [30]
found that the plastic flow can be the major failure factor and
melting material is little when the impact velocity is 5 km/s based
on their experimental results. All of the impact velocities investi-
gated in this paper are below 5 km/s, so that the use of Mie—-
Griineisen EOS should be reliable.

2.3. Material point method

One set of Lagrangian points, called material points, and an
Eulerian background grid are employed in MPM. Lagrangian points
carry all the physical variables, such as the mass, the velocity, the
stress and the strain. Lagrangian points show the deformation of
the material and imply the boundary of the domain. Eulerian
background grid serves as the scratch pad to solve momentum
equations and to calculate spatial derivatives. Inside each step, the
Lagrangian points are bound to the Eulerian grid and they deform
together. The traced variables on Lagrangian points are mapped
onto the Eulerian grid nodes to establish the momentum equations,
which will be solved on grid nodes. After that the point variables
are updated by mapping increments of nodal variable back onto the
points. The deformed grid is abandoned at the end of every step and
the initial undeformed grid will be used in the next step to avoid
possible mesh distortion.

If the variables on and before the current time level are known,
the flowchart of one MPM step to update variables from the current
time level to the next time level is as follows [31,32]. The solution
process is also schematically drawn in Fig. 2.

1. A regular Eulerian background grid is used (Fig. 2(a)). The
masses and the momenta of material points are mapped onto
the new background grid nodes (Fig. 2(b)).

2. The essential boundary conditions are imposed on the grid
nodes. If the boundary is fixed in one direction, the momentum
of the boundary node in that direction is set to zero.

3. The velocity of the Eulerian grid nodes, and then the increments
of the strain tensor and the vorticity tensor of the material
points are calculated (Fig. 2(b)). The density of the material
point is also updated with the strain increment. After that, new
stresses of material points can be obtained by invoking the
constitutive model.

4. The internal forces are obtained from the new stresses. If the
boundary is fixed in one direction, the boundary nodal forces
should be set to zero in that direction.

5. The momenta of grid nodes are updated.

6. The velocities of the material points are updated using inter-
polation of the nodal accelerations (Fig. 2(c)), and the positions
of the material points are updated using interpolation of the
nodal velocities (Fig. 2(c)).
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(a) (b)

© (d)

Fig. 2. Schematic flowchart of one time step in material point method.

7. The deformed grid is abandoned and the initial regular back-
ground grid will be used in the next step (Fig. 2(d)).

The readers can refer to literatures [15,32,33] for more details
and formulations of discretization and implementation of material
point method.

The single-valued velocity field is ensured in standard MPM, so a
non-slip contact constraint is inherent [32]. The contact algorithm,
which is needed for low velocity impact, is not necessary for high-
velocity impact, because the contact friction is nearly the same as
non-slip friction as the pressure is very large in high-velocity
impact. The models with and without contact algorithm were
calculated for high-velocity impacts, and results with little devia-
tion were obtained [24].

The critical time step size At in MPM is controlled by the
element size of background grid, which is different from other
kinds of meshfree methods, where At is usually determined by the
characteristic length between particles. As a result, At.; in MPM can
be kept at the same level of its initial value even undergoing
extremely large deformation, which is a common process in high-
velocity impact. At in SPH and other meshfree methods, howev-
er, can be reduced sharply in large compression process since the
particle distances are sharply shortened.

Besides the advantage in critical time step size, MPM possesses
another advantage over SPH method that no neighbor point search
is needed. Though some techniques such as neighbor list and cell-
linked list can be used to increase the efficiency, searching neigh-
bors can even be a serious burden for SPH method especially for
large scale computing.

Owing to the above two advantages, MPM can be much more
effective than SPH in high-velocity impact simulation. Ma et al. [ 16]
compared MPM and SPH in several aspects. They found that the
CPU time per cycle (TPC) of MPM and SPH almost increased linearly
with the discretization scale. But the slope of SPH TPC curve is
much larger than that of MPM TPC. For the computation of one
million points, SPH TPC is more than four times MPM TPC. Ma et al.
[16] also compared the performances in Taylor bar impact and
hyper-velocity impact problems. MPM configurations are closer to
experimental results since some numerical difficulties such as
tension stability exist in standard SPH algorithm.

2.4. Discretization of the internal structure of honeycomb core

When space debris impact on the honeycomb panel with very
high velocities, the panel may be perforated, and the debris cloud
will appear behind the panel. The internal structure walls of the
honeycomb core play an important role during the perforation
process. On one hand, the cell walls may absorb impact energy and
fragment the debris. On the other hand, the cell walls may hinder

the debris fragments to expand and result in channeling effect. So it
should be necessary to generate three dimensional internal struc-
ture for simulating high-velocity impact of honeycomb panel.

The in-plane geometrical structure of honeycomb core is peri-
odic. The cross section of each honeycomb core cell is a regular
hexagon, as shown in Fig. 3. Establishing the honeycomb core
model can be divided to three steps — to determine the center of
one hexagon, to create three edges of one hexagon, and to expand
the hexagon cross section periodically. The center position (xc,y.) of
one hexagon is determined by

2ny x ?DhC for x. = 2ny x %DhC
Ye = (6)
3 1
(2ny +1) x%Dhc forxc = 2nx+ 1) Xthc

where ny = 0,1,2,3... and ny, = 0,1,2,3.... X is the coordinate in the
horizontal direction. The symmetry with respect to x-direction and
y-direction simplifies the creation of one edge by specularly
reflecting one quarter of the edge twice, as shown on the left part of
Fig. 3. The ranges of the particles in one quarter, w; and I, have the
following relationship

lt — 2W[) (7)

1
=——(D
2v3 Phe
The remaining edges of each hexagon can be created by rotation
after the first one is created owing to cyclic symmetry in every 60°,
as shown on the right part of Fig. 3.

g

[ ——

Fig. 3. Schematic process of constructing the material point internal-structure model.
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Fig. 4. Locally refined discretization.

The locally refined discretization for the impact region is
adopted, as shown in Fig. 4, to capture localized deformation. The
refinement in finite element method can be difficult and may result
in sharp increase in degrees of freedom and computational cost due
to the transition between refined region and coarse region. But the
refinement of adding more points in MPM is much simpler. The
critical time step size will not change if the background grid is kept
the same and no mesh transition exists, so the computational cost
will not increase much. The refinement is only used in models
where the projectile is larger than one cell. When the projectile is
much smaller than one honeycomb core cell, the influence will be
almost limited within one cell due to channeling effect. Symmetry
of the whole model is invoked to save the computational cost. In
Fig. 4, the bold honeycomb region has refined discretization, while
the other regions are coarsely discretized.

3. Model validation

Turner et al. [2] performed hyper-velocity impact tests to obtain
the ballistic limit of honeycomb sandwich panels. The experimental
results of honeycomb panel covered with a thin teflon layer are
used to validate our method. In this validation model, t; = 0.4 mm,
the = 0.178 mm, Dy = 4.76 mm, and S = 35 mm. The teflon layer was
suggested to be equivalent to a thin aluminum layer of the thick-
ness 0.1 mm added to the front facesheet [2,9], so that tr= 0.5 mm.

Table 1
Material parameters of validation models.
Parameter Al2017 Al2024-T81 Al5052-H19
[27,34] [25,28] [26,29,35]

Mie—Griineisen EOS ¢ (m/s) 5328 5330 5240
s 134 134 134
Yo 2.0 2.0 2.0

Johnson—Cook p (g/cm?) 2.79 277 2.68

strength model E (GPa) 73 75 73

I 033 033 033
A (MPa) 265 265 265
B (MPa) 426 426 426
n 0.34 0.34 0.34
C 0.015 0.015 0.015
m 1.0 1.0 1.0
Tmetr (K) 775 775 775
Troom (K) 293 293 293
¢ (J/kg K) 875 875 875

Failure model Dy — - 0.13
D, — — 0.13
D3 — - -1.50
Dy - - 0.011
Ds — — 0
omax (MPa) 1580 1500 —

Table 2
Comparison between experimental results [2] and simulation results.

Case number?® dp (mm) vp (m/s) DE*P[2] (mm) DMUm™ (mm)
1(1-001) 10 4690 0.93 NP

2 (1-002) 15 4890 5.62 490
3(1-003) 12 5270 13 2.0
4(1-004) 08 5310 0.48 NP

5 (1-008) 2.0 4570 5.80 5.70

6 (B002) 1.0 1560 NPP NPP

7 (B0O03) 2.0 1770 2.61 3.25

¢ The case number inside parentheses is the experimental case number in Ref. [2].
b NP: The projectile does not perforate the rear facesheet of the honeycomb panel.

The facesheets are made of aluminum alloy Al2024-T81, and the
material of honeycomb core is aluminum alloy Al5052-H19. The
projectile is made of aluminum alloy Al2017. The material param-
eters are listed in Table 1. Failure model of maximum tensile stress
is applied to the projectile and the facesheet material to be
consistent with Ref. [27,28], and Johnson—Cook damage model is
used for honeycomb material [29].

Results of seven cases are listed in Table 2, and the case numbers
used in Ref. [2] are listed as well. D is the experimental hole
diameter of the rear facesheet, which is calculated as the average of
the horizontal measurement Dy, and the vertical measurement D, as
shown in the left part of Fig. 5(a). The direction of the honeycomb
core cell in the experiment is shown in Fig. 5(b). The direction of the
honeycomb core cell in the numerical model is different in 30°
rotation, but the difference will not affect the results owing to the
cyclic symmetry of honeycomb core. So Dy, and D, are measured in
60° and 150° directions for the numerical results (marked as Dgg-
and Dis50- in the right part of Fig. 5(a)). Numerical simulations
successfully predict four perforations (cases 2, 3, 5 and 7) and one
no perforation (case 6). Experimental results show a very small hole

(b) Case 5: Experimental results (left) [9] and MPM results (right)

Fig. 5. Comparison of the hole on the rear facesheet of the validation model.
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(b) Case 5

Front view

Fig. 6. Damages of the honeycomb core of validation models.

in cases 1 and 4. Though numerical results show no perforation of
the rear facesheet, a bulge can be found on the back surface of the
rear facesheet.

Fig. 5 also shows the final morphology of the hole on the rear
facesheet after impact. Results of case 2 are demonstrated in
Fig. 5(a). The experimental hole shows diamond shape rather than
circular shape. The numerical result also demonstrates the devia-
tion from circular hole, though the deviation is not as obvious as the
experimental result. Results of case 5 are given in Fig. 5(b). The
relative difference between numerical and experimental hole di-
ameters is only 1.72%. Both the experimental results and the nu-
merical results show rounder holes on the rear facesheets. Another
tiny hole appears in the neighbor cell region, which is not observed
in numerical results. Fig. 6 shows damages of the honeycomb core
in numerical results. The damaged material point is shown in black.
Obvious channeling effect can be seen as the core damage is limited
in only one honeycomb cell.

To further validate our simulation, we calculated another three
cases that experiments did not cover. The predictions with empir-
ical formula by Schonberg et al. [7], which is concluded based on
experimental results from 13 references including Ref. [2], are

B Numerical Results
— Empirical Results: D:“‘"or(Schonberg et al.,2010)

—Empirical Results: D:“ajm(Schonbcrg et al.,2010)

i i
0.34 0.35 0.36

o
)

i i
0.3 0.31 0.32 0.

o~
5

=y

Fig. 7. Dimensionless hole diameters of the rear facesheet comparing with empirical
formulation.[7].

compared in Fig. 7. Two MPM results are located between the two
empirical curves. The third one is located outside the range but also
near the curves. The four perforated cases in Table 2 are also plotted
in Fig. 8. Numerical results are more close to the surface of
empirical equation than experimental results.

4. Influences of impact parameters

Models with different projectile masses and velocities are
established to study the influences of parameters on the mechan-
ical behaviors under high-velocity impact. The emphasis is on the
role of the honeycomb cells when the projectile is larger than one
cell, so the model parameters are different from those in the vali-
dation section. The structure parameters of the honeycomb panel
are ty = 0.5 mm, t; = 0.5 mm, tpc = 0.05 mm, Dy = 3.0 mm, and
S = 14.2 mm. The information about the projectile and the dis-
cretization is given in Table 3, where m, is the mass of the pro-
jectile. The size of the refined area is different for different impact
mass so that the refined area size is approximately twice the pro-
jectile diameter in the in-plane direction. The model area refers to
the whole computational area covered by MPM background cells.
The numbers of the material points in each model are also listed in
Table 3. Five impact velocities, including 1300 m/s, 2200 m/s,
2900 m/s, 3600 m/s and 4500 m/s, are simulated. It should be noted
all the computations are executed on a PC with four CPUs, though
the largest model contain more than 28,000,000 points, which is
owing to the high efficiency of MPM and the MPM3D code
[21,31,36].

Material parameters of computational models are listed in
Table 4. The facesheets are made of aluminum alloy Al6061, and the
material of honeycomb core is aluminum alloy Al5052. The pro-
jectile is also made of aluminum alloy Al6061.

4.1. Analysis of the impact process

Snapshots at different time in a typical process of the honey-
comb panel under high-velocity impact are given in Fig. 9, where
the projectile mass is 1 g and the impact velocity is 4500 m/s.
Material points with different colors refer to different components
in Fig. 9(a). Black material points represent damaged materials of
honeycomb core in Fig. 9(b)—(i). At the beginning of the impact, the
front facesheet is perforated similar to the impact process of a
single thin plate. The projectile is not fragmented since the thick-
ness of the front facesheet is much smaller than the diameter of the
projectile. The projectile and the failed target material move
downward together into the honeycomb core. The walls of
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* Numerical Results
+ Experimental Results (Turner et al.,2001)
6- ' I Empirical Results: D‘:"““’(Schonberg et al.,2010)

5- - I Empirical Results: D:"Ei"'(Schonberg etal.,2010)
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Fig. 8. Dimensionless hole diameters of the rear facesheet comparing with experimental results [2] and empirical formulation.[7].

honeycomb core cut the unfailed projectile to several parts. The
channeling effect on the fragments and the failed material of the
front facesheet can be observed. The fragmented debris are
confined in a few honeycomb cells surrounding the impact point.
The honeycomb core cells right under the projectile also fail under
such intensive loading. The fragments, including the fragmented
projectile, the failed front facesheet material and the failed hon-
eycomb core material, continue moving until reaching, striking on
and perforating the rear facesheet. Finally a debris cloud is formed
at the back of the panel.

For the other projectiles with different masses and velocities,
the impact processes are similar. Differences lie in the sizes of
failed region and the channeling effects. Fig. 10 shows the con-
figurations of v, = 2200 m/s at t = 6u s and t = 7u s, and of
vp = 4500 m/s at t = 3u s. The projectile mass m, = 1 g. The
observation times are chosen so that the configurations of
different velocities are at nearly the same stage. The channeling
effect for vy = 4500 m/s is less obvious. The second nearest
neighbor cells have been penetrated and the debris fragments are
still expanding. While for the case v, = 2200 m/s, most of the
fragments are confined inside the neighbor cells, though the
walls of the second nearest neighbor cells are broken. The
damage of the cell walls are plotted for my = 2 g and
vp = 1300 m/s, 2900 m/s and 4500 m/s in Fig. 11. A nearly straight
channel can be found in the plot of the lowest velocity. Cone-
shaped channel is observed when v, = 2900 m/s, but the taper
is still small. A more obvious cone-shaped channel appears for
vp = 4500 m/s. The above results indicate that the shielding
capability can be better for higher velocities since the impacted
debris spread much larger range.

Fig. 12 compares the performances of honeycomb panel for
different projectile mass when v, = 4500 m/s. Larger projectile can
destroy larger region, so the channel taper is a little larger for large
projectile, but the influence of the mass on the channeling effect

Table 3
Parameters of computational models.

mp (g) d, (mm) Refined area Model area Total number of
(mm?) (mm?) material points

1 8.81 18 x 9 36 x 18 6,272,164

2 11.10 24 x 12 42 x 21 7,508,928

5 15.07 30 x 15 60 x 30 10,903,472

10 18.99 36 x 18 72 x 36 17,205,264

20 23.92 48 x 24 90 x 45 28,456,320

and the shielding capability is not as obvious as the influence of
impact velocity.

4.2. Analysis of hole morphology

A cone-shaped hole is usually formed in the panel after perfo-
ration, that is, the hole diameter of the rear facesheet is larger than
that of the front facesheet. The debris generated by the impact on
the front facesheet will spread a much wider range if there was no
honeycomb core [7]. As a result, the hole on the rear facesheet is
usually larger than that on the front facesheet though the chan-
neling effect exists.

Typical final morphology and the measurement method of hole
dimensions are shown in Fig. 13. The hole on the front facesheet is
close to a circle, while the shape of the hole on the rear facesheet
deviates from a circle because of the cutting effect of the honey-
comb core on the projectile. Dy and D, are the horizontally and
vertically measured diameters, respectively. The equivalence
diameter of the hole on the front facesheet is determined by
averaging Dy, and Dy,

Dy +D
Df:% (8)

Table 4
Material parameters of computational models.

Material model Parameter Al6061 [37] Al5052 [26,29,35]

Mie—Griineisen EOS Co (m/s) 5350 5350
s 1.34 1.34
Yo 2.0 2.0
Johnson—Cook strength model p (g/cm?) 2.77 2.68
E (GPa) 75 73
u 0.33 0.33
A (MPa) 265 265
B (MPa) 426 426
n 0.34 0.34
C 0.015 0.015
m 1.0 1.0
Trmele (K) 775 775
Troom (K) 293 293
¢y (J/kg K) 875 875
Failure model Dy -0.77 0.13
D, 1.45 0.13
D3 -0.47 -1.50
Dy 0.0 0.011

Ds 1.6 0
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(8) t =6us (h) t = 8us (i) t = 30us

Fig. 9. High-velocity impact process of the honeycomb sandwich panel. m, = 1 g and v, = 4500 m/s.

Determining Dy, and Dy of the hole on the rear facesheet is more

complicated due to the anisotropy and the cutting effect of the D, — Dg- +2Dgo- + 2D120- + D1go- (9)
honeycomb core, so the dimensions in several directions are 6

measured and averaged to calculate Dy, and D,. As the honeycomb

core has cyclic symmetry in every 60°, Dy is averaged with D _ D3p- +Dgg- + D150 (10)
measured values in the directions at the angles of every 60° starting v 3

from the horizontal line. Dy is also averaged by the dimensions in

. . . . . Do, D3¢, Do, Doge, D120°, D150° and D1gg- are the measurements
the directions at multiples of 60° from the vertical line.

at different angles with respect to the horizontal direction as shown

il '\ F j . § i 2 :
I LB éﬂ\ g‘ ﬂ! g‘ : | | e % i I i J
(a) vp = 2200 m/s, t = 6us (b) vp = 2200 m/s, t = Tus (c) vp = 4500 m/s, t = 3us

Fig. 10. Debris fragmentation and configurations of honeycomb sandwich panel for different velocities. m, = 1 g.
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Fig. 11. Final morphologies of honeycomb core for different velocities. m, = 2 g.

in Fig. 13. The coefficient two for Dgg- and Dq2¢- in equation (9) is
added because the symmetry with respect to the horizontal line is
invoked. The equivalent diameter of the hole on the rear facesheet
is then calculated by averaging Dy, and D.

4.2.1. The eccentricity of the holes

To describe the deviation of the hole shape from a circle, the
eccentricity of the hole is defined as.

Dy,

e= Dy (11)

When |e|— 1, the hole approaches to a circle. erand e, represent
respectively the eccentricities of the holes on the front and the rear
facehseets. The values of efare very close to one despite the velocity
and the projectile mass, which can be expected from Fig. 13 that the
hole on the front facesheet is very smoothed and regular. Most of e,
are more than one, but the largest difference between e, and unity
is less than 5%, which means that the holes on the rear facesheet do
not deviate much from circles. So an equivalent circle can be
assumed for the above models to describe the holes on both the
facesheets.

4.2.2. The hole on the front facesheet
Hole diameters of the front facesheets (Dy) are given in Table 5.
Dyincreases as the projectile mass and the impact velocity increase.

But Dy mainly depends on the projectile diameters, and impact
velocity has relatively much smaller influence.

The problem of a single aluminum plate under hyper-velocity
impact is also simulated. The thickness of the plate is same as
that of the front facesheet. The hole diameters are found to be
nearly the same as the hole diameters of the front facesheet. Dy is
also compared with the results of impact on a single plate from the
reference, as shown in Fig. 14. The curve represents the fitting
function of experimental results [38]. MPM results show good
agreement with experimental results. In conclusion, the hole
diameter on the front facesheet is mainly determined by the pro-
jectile and the front facesheet, while the honeycomb core and the
rear facesheet has little influence. This is because the impact pro-
cess is very transient and localized, and the strengthened effect of
the honeycomb core cannot be reflected.

4.2.3. The hole on the rear facesheet

Table 6 shows hole diameters of the rear facesheets (D). D, also
increases with increasing the projectile mass and the impact ve-
locity. But D, shows much more dependence on the velocity, which
is very different from Dy.

The variation of Dy and D, with respect to impact energy are
plotted in Fig. 15. Fitted curve of Dfand D, in power functions are
also plotted in Fig. 15. The data of D, can be well fitted with power
function with respect to the impact energy, and the fitting goodness
is 0.9583. The fitting goodness of Dris only 0.6766, because they are

(b) mp = 2

(@) mp = 15

(c) mp = 10g

Fig. 12. Final morphologies of honeycomb core for different projectile masses. v, = 4500 m/s.
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Fig. 13. Top views of the front and the rear facesheets after impact and the mea-
surement method of hole dimensions. m, = 1 g and v, = 4500 m/s.

affected greatly by the projectile size. The velocity-influenced
diameter is then defined as the hole diameter minus the projec-
tile diameter (Df — dp), which has a better power function rela-
tionship with impact energy, and the fitting goodness is 0.7611.

4.2.4. The impacted channel in the honeycomb core
The taper of the impact channel in the honeycomb core is
calculated as.

Dr - Df

f= s (12)
which can be used to describe the channeling effect of the honey-
comb core. Larger taper implies less channeling effect. As discussed
in Section 4.1, the taper is much influenced by the impact velocity.
Larger projectile also brings larger taper. The taper is fitted with a
power function with respect to the impact energy in Fig. 16. The
fitting goodness is 0.8060. The channeling effect is more obvious
when the impact energy is lower. This is because the projectile has
less energy to destroy the cell walls of the honeycomb core, so the
projectile fragments are mainly confined in a small area. When the
impact energy is high, the projectile has enough energy to pene-
trate the cell walls to spread larger range.

35 -
o Numerical results
Maiden and McMillan, 1964
30F -
=]
25¢ -
o
= 20r -
Q1sh 1
101 -
S5t d
0 . - - ’
0 5 10 15 20

my (8)

Fig. 14. Comparison of hole diameters of the front facesheet with experimental work
of impact on single plate [38]. v, = 4500 m/s.

5. Influences of internal structure parameters

The internal structure parameters of the honeycomb core are
expected to have an essential effect on the final morphology and
the shielding capability of honeycomb sandwich panel. The pa-
rameters Dy, S, and tyc are varied to observe their influences. The
projectile mass is fixed as 1 g and the projectile velocities are
2200 m/s and 4500 m/s. The measured hole sizes and tapers are
listed in Table 7. The reference results, which are the results of the
structure analyzed in Section 4, are listed in the first and the third
rows for comparison.

The changes of Dy are very small, which are less than 2% when
Vp = 2200 m/s and less than 3% when v, = 4500 m/s for the
computed structure parameters. This can be understood that the
core has little influence on the perforation process of the front
facesheet as discussed in Section 4.2.2. D, are influenced much by
internal structure parameters. D, has an increasing trend when Dy
increases and t,. decreases. S also has important influences on D,
when it is small. The eccentricity e, does not change much for
different internal structure parameters. The shape of the hole dif-
fers much especially when ty varies. The final morphologies of the
hole on the rear facesheet for different ty,c are given in Fig. 17, where
the figures in the first and the third rows are 3D views of the rear
facesheet and those in the second and the fourth rows are the top
views. The anisotropic effect of the honeycomb core becomes more
obvious when ty¢ increases, that is, the hole is no longer a smoothed
circle with ty¢ increasing.

The tapers shown in Table 7 have obvious dependence on all the
internal structure parameters. The taper increases when Dpc

Table 5 Table 6
Hole diameters of the front facesheet (D, in millimeters). Holes diameters of the rear facesheet (D, in millimeters).
mp (g) vp (m/s) dp (mm) mp (g) vp (m/s) dp (mm)
1300 2200 2900 3600 4500 1300 2200 2900 3600 4500
1 9.27 10.00 10.07 10.13 10.60 8.81 1 13.70 17.63 19.42 21.57 22.63 8.81
2 11.60 12.07 12.60 12.53 12.60 11.10 2 16.97 20.78 22.20 23.63 25.77 11.10
5 16.20 16.47 16.80 17.00 16.93 15.06 5 21.90 26.72 30.37 32.20 33.98 15.06
10 20.07 20.27 20.47 21.07 21.60 18.99 10 27.03 31.52 34.55 3742 39.22 18.99
20 25.13 25.53 25.80 25.87 26.40 23.92 20 31.87 37.00 40.50 43.40 45.60 23.92
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Fig. 15. Dy and D, versus impact energy.

increases, S decreases and ty. decreases. Larger taper stands for less
channeling effect. When Dy, decreases, the energy required for the
projectile fragments to spread will increase because they need to
destroy more cell walls, so that the channeling effect will increase.
The channeling effect will also become more obvious if tyc increases
because the fragments have to perforate thicker cell walls.
Increasing S implies that the debris have more chances to impact on
the cell wall, so the channeling effect also increases.

6. Dimensional analysis

The variables included in the dimensional analysis model [7] are
listed as follows.

Projectile : p,, ¢p, vp, dp
Front facesheet : Dy, pf, ¢, tf

Rear facesheet : Dy, p,, Cr, tr

Honeycomb core : py¢, Che, Dhes thes S

o Numrical results
Fitting curve

Fig. 16. Impacted channel taper of honeycomb core versus impact energy.

where p and c are the density and the sound speed, respectively.
The subscript p, f, r and hc denote respectively the projectile, the
front facesheet, the rear facesheet and the honeycomb core. The
meanings of other variables are described in the previous sections.

For the front facesheet, the velocity-influenced hole diameter
(Dy — dp) is mostly affected by the parameters of the projectile and
the front facesheet, as discussed in Section 4.2.2. So eight variables
associated with the projectile and the front facesheet are consid-
ered in the dimensional analysis model. Five non-dimensional
variables are required according to m-theorem. The relationship is
given as follows,

Dr —d £ c
f p U f PfEf
——— =f| == 13
dp f<cf dp’pp Cp) (13

where ps/pp = 1, ¢flcp = 1 in the current problem, so that equation
(13) degenerates to the following form

Df—d £
f=% _ ¢V °f
dp _f<Cf7dp> (14)

A power function is assumed for fitting the results. Multiple
linear regression using least squares is adopted here to obtain the
coefficients. The significance level a = 0.05. The fitted equation is

0.7658
D=ty 462(% AN (15)

where the fitting goodness R?> = 0.8794. The function surface is
shown in Fig. 18, where the symbols represent the numerical re-
sults, and the meshed surface is equation (15).

For the rear facesheet, the hole diameters are mainly affected by
the parameters of the projectile, the honeycomb core, and the rear
facesheet [7]. Because the thickness of the rear facesheet t; is not
changed in all the simulations, twelve parameters need to be
considered, and nine non-dimensional variables are required ac-
cording to the w-theorem. The assumed function is as follows,

Table 7
Results for different internal structure parameters.

vp (m/s) Parameter Value Dy(mm) D,(mm) e, t
(mm)
2200 (reference results) Dy 3.0 10.07 17.63 1.03 0.54
S 14.2°
the 0.05%
2200 Dpc 15 9.87 15.47 1.10 0.39
4.5 10.00 17.93 1.03 0.56
S 4.5 9.95 14.51 1.00 1.01
54 10.02 15.10 0.99 0.94
7.1 10.07 15.37 1.03 0.74
2130 10.00 16.87 1.08 0.32
the 0.1 9.93 16.00 1.03 043
0.15 9.93 16.67 0.98 047
4500 (reference results) Dpc 3.0° 10.60 22.63 1.03 0.85
S 14.2°
the 0.05%
4500 Dhc 1.5 10.73 20.60 1.01 0.69
4.5 10.67 24.00 1.06 0.94
S 4.5 10.92 16.60 099 1.28

54 10.78 18.60 1.00 1.44

71 10.63 19.73 1.04 1.28

2130 10.73 23.60 1.06 0.60

the 0.1 10.87 21.73 1.05 0.76
0.15 10.80 19.20 1.00 0.59

¢ Values for the structure analyzed in Section 4.
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Fig. 17. The morphologies of the holes on the rear facesheet for different t.
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Similar to equations (14) and (16) has the following degenera- where pr/pp =1, pnc/pp =1, ¢r/cp = 1, and chc/cp = 1 has been invoked.
tion form, Equation (17) is fitted with power function as
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Fig. 18. The fitted surface of non-dimensional velocity-influenced diameter of the hole on the front facesheet.
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velocity impact with other new and complex materials will be

&_] 001 Ug 0.1695 (th_c) 0.2245 <th_c) -0.2150 <tthhc) —0.0850 the future work.
dp o CrChc dp Dhc S2

(18)

with fitting goodness R* = 0.9604.

For the taper of the channel in the honeycomb core, there are
thirteen variables, of whom ten non-dimensional parameters are
required,

t— Up  the the theDne Pf pr Phc S Cr Chc (19)
b ’pp7pp? pp7cp7cp’ Cp

The degeneration form is
2

Up th_c th_c thcDne (20)
Crchcvdli’thc7 s?

and the final form can be obtained as
2\ 03751 ~0.5238 0.0323 0.2881
£ = 0.5865 2 <th—C> (t"—C) (thCD hC)
’ CrChc dp DhC SZ

(21)

where R? = 0.9498.

7. Conclusion

A material point internal-structure model of the honeycomb
panel is developed for the analysis of shielding capability for high-
velocity impact. All the components of the panel, including the
front facesheet, the rear facesheet and the cell walls of the hon-
eycomb structure, are discretized with points. The impact process is
simulated with material point method. Local point refinement is
used for the case where the impact area is not limited in one cell.
The internal-structure model is validated with several impact ex-
periments and the empirical formulae.

Then morphologies of the impacted holes and the channeling
effect are investigated for different projectile masses and impact
velocities. The shape of the hole on the front facesheet is more close
to a circle than that of the hole on the rear facesheet, which can be
attributed to less influences from the honeycomb core. A measure-
ment method by averaging the hole sizes of every 60° is developped
for the hole on the rear facesheet. The hole diameter of the front
facesheet is influenced much more by the projectile size other than
the projectile speed. The equivalent hole diameter of the rear face-
sheet, however, shows relevance to both the impact velocity and the
projectile size. Larger impact velocity leads to larger debris disper-
sion range, which suggests that the honeycomb sandwich panel may
be more effective for shielding higher velocity impacts. Larger pro-
jectile is also found to result in larger channel taper.

The internal structure parameters are varied to investigate their
influences on the hole dimensions and the channeling effect. The
channeling effect decreases as the cell size increases, the thickness
of the cell wall decreases, and the thickness of the whole honey-
comb core decreases. Three empirical equations with respect to
impact mass, impact velocity and internal structure parameters are
presented for the hole diameters and the channel taper based on
the computational results and the dimensional analysis.

The particle property of material point method provides fast and
easy development of complicated internal-structure model as well
as strong capability to capture the details in high-velocity impact
process. Internal-structure-based investigation of shielding high-
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