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Abstract

The dynamic crushing behavior of 2D cellular structures is studied by finite element method using
ABAQUS/Explicit code. The influences of cell irregularity and impact velocity on the deformation mode
and the plateau crush pressure are investigated. Two irregularity-generating methods are used. One is the
disorder of nodal locations of a regular hexagonal honeycomb and the other is based on the 2D random
Voronoi technique. The results show that the deformation in an irregular honeycomb is more complicated
than that in a regular honeycomb due to its cell irregularity. At a low impact velocity, a Quasi-static mode
with multiple random shear bands appears, while at a higher impact velocity, a Transitional mode is found,
i.e., a mode with localized random shear bands and layerwise collapse bands. Finally, at a much higher
impact velocity, a Dynamic mode appears with a narrow localized layerwise collapse band near the crushed
end. The velocities for transition between modes are evaluated and expressed by empirical equations.
Deformation anisotropy is found in the response of disordered honeycombs but it vanishes with the
increase in the irregularity. Statistical results show that the relative energy absorption capacity of cellular
materials can be improved by increasing their cell irregularity. This effect is obvious especially at an impact
velocity near the mode transition velocity.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Metallic honeycombs and foams are widely used as advanced structural components in many
engineering applications due to their excellent mechanical properties and energy absorption
capacity. Much work has shown that the mechanical properties of cellular materials are affected
by the micro-structural parameters such as relative density, cell size and cell morphology.
Experimental and theoretical studies on their mechanical behavior have focused on the elastic
moduli and plastic collapse strength. In recent years, finite element analyses (FEA) have been
carried out to investigate the influence of the micro-structural parameters of metallic honeycombs
and foams on their crushing behavior.

Gibson and Ashby have systematically presented the in-plane and out-of-plane properties of
honeycombs under static crushing in their literature review [1]. Since a cellular structure is an
assembly of periodically or nearly periodically basic cells, Shi and Tong [2] derived the equivalent
transverse shear modulus and in-plane modulus of honeycombs based on a two-scale method for
the homogenization of periodic media. Wang et al. [3] generalized the rotation stiffness method to
incorporate the elastic—plastic analysis of honeycomb cell walls. They employed a representative
unit cell (RUC) with imperfections to numerically simulate the mechanical behaviors of
elastic—plastic deformation, instability and collapse of single-type aluminum honeycombs under
uniaxial compression. Papka and Kyriakides [4-8] carried out experiments and full-scale
numerical simulations to study the in-plane uniaxial and biaxial crushing behavior of
honeycombs. The biaxial crushing is helpful to understanding the associated deformation
mechanisms, but it is quite complex to perform these experiments; they have been achieved
by Papka and Kyriakides [7] who designed and built a custom biaxial crushing machine
(BICRUMA). Recently, full-scale numerical simulations have attracted considerable research
interest due to the localization of deformation. Considering geometric and material imper-
fections of aluminum honeycomb specimens used in engineering applications, Triantafyllidis
and Schraad [9] studied the effects of imperfections on the quasi-static deformation and failure
of double-type honeycombs under biaxial loading and found that their behavior was sensitive
to the imperfections. Fortes and Ashby [10] analyzed the effect of non-uniformity on the
in-plane Young’s modulus of 2D foams with a distribution of the cell wall lengths and thicknesses.
Chen et al. [11] studied systematically the influence of six types of morphological imper-
fection (waviness, non-uniform thickness of cell edges, cell-size variations, fractured cell
walls, cell-wall misalignments, and missing cells) on the yielding of 2D cellular solids under
biaxial loading. Using the finite element method, intact and damaged honeycombs [12],
Voronoi honeycombs [13,14] and their extension exhibiting bimodal or multimodal cell size
distributions [15] were employed to analyze the influence of the imperfection on the static crushing
behavior.

The dynamic crushing behavior of honeycombs also attracted considerable research interest.
Zhao and Gray [16] presented an experimental study on the in-plane and out-of-plane dynamic
crushing behavior of honeycombs using a Split Hopkinson Pressure Bar (SHPB) apparatus.
Honig and Stronge [17,18] presented a finite element simulation to study the in-plane crushing of
honeycombs. Ruan et al. [19] investigated the influences of the cell wall thickness and the impact
velocity on the mode of localized deformation and the plateau crush pressure by means of finite
element simulation using ABAQUS. They found that there are three types of deformation modes



652 Z. Zheng et al. | International Journal of Impact Engineering 32 (2005) 650-664

in the x; direction and two types of deformation modes in the x, direction, which were
summarized in a mode classification map.

Recently, Yu et al. [20] studied the quasi-static and dynamic crushing behavior of closed-cell
aluminum foams, respectively, on an MTS810 testing system and an SHPB apparatus. Both the
strain-rate effect and the cell-size effect on the crushing stress were found. The results reveal that
the structural heterogeneity and irregularity have influences on the strain-rate sensitivity of
cellular metals. So it is of great significance to study the influence of the micro-structural
parameters on the impact crushing behavior of realistic honeycombs and foams.

In this paper two irregularity-generating methods are employed to create irregular honeycomb
models. The in-plane dynamic behavior of these structures is then studied by finite element
simulation using ABAQUS/Explicit code [21]. The influences of cell irregularity and impact
velocity on the deformation mode and the plateau crush pressure are investigated.

2. Computational models
2.1. Irregularity-generating methods

Two irregularity-generating methods are employed. One is the disorder of nodal locations of a
regular hexagonal honeycomb, and the other is based on the 2D random Voronoi technique.

2.1.1. Disorder of nodal locations of a regular hexagonal honeycomb
Each node of a regular hexagonal honeycomb is randomly disordered from its original
position by
Xi = xo; + A; cos 0,

Y, =Yoi + A sin 0;, (M
as shown in Fig. 1a, where (xo;, yo;) are the coordinates of the ith node of the regular honeycomb,
(x;, y;) are the corresponding coordinates after distortion, A; is a random length (0 <A; <A), and 0;
a random angle (0<0,; <2n).

In order to generate a disordered honeycomb with certain irregularity, A is restricted within a
limit. The irregularity of the disordered honeycomb can be defined as

A
kl ZM7

where [ is the cell wall length of the regular honeycomb.

)

2.1.2. 2D random voronoi technique

N nuclei are generated in a square area A, by the principle that the distance between any two
points is not less than a given distance J. Then these nuclei are copied to the surrounding
neighboring areas by translation. Use the set of these 9N nuclei to construct the Delaunay
triangulation and even the Voronoi diagram. The condition satisfied by a Voronoi cell is that it
contains all points that are closer to its data point than any other data point in the set. Finally, the
part of the Voronoi diagram out of the square area A4, is deleted to reserve a periodic Voronoi
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(b)

Fig. 1. Two irregularity-generating methods: (a) disorder of a regular hexagonal honeycomb, (b) 2D random Voronoi
technique.

structure. The character of this 2D random Voronoi technique is hinted in Fig. 1b. For more
details the reader is referred to Refs. [22,23].

To construct a regular hexagonal honeycomb with N cells in the square area A4, the distance
between any two adjacent nuclei is given by

8o = \/240/~/3N. 3)

For a 2D random Voronoi honeycomb with N cells in the square area A4, the irregularity of the
Voronoi honeycomb can be defined as

ky=1—5/d, “4)

where 0 is the minimum distance between any two nuclei [14,23].

2.2. Finite element models

In our finite element models, the cell wall material is taken to be elastic-perfectly plastic. Its
Young’s modulus, yield stress, Possion’s ratio and mass density are assigned as 69 GPa, 76 MPa,
0.3 and 2.7 x 10°kg/m>, respectively, the same as those used by Ruan et al [19]. The cell wall
thickness is # = 0.09 mm for all cases. Each edge of the cell wall is modeled with about 6 shell
elements of type S4R (a 4-node quadrilateral shell element with reduced integration) with 5
integration points.

Fig. 2a shows a regular hexagonal honeycomb (denoted here as Model A) with a cell wall length
of /[y = 3mm.The size is 103.92mm x 87 mm. It has 20 cells in the x; direction and 19 in the x,
direction. Irregular honeycombs are created based on the disorder of nodal locations of this
honeycomb. Two samples are shown in Figs. 2b and c, corresponding to an irregularity of 0.4 and
0.8, respectively. In these models, each edge of the cell wall is divided into 6 shell elements and
each model consists of a total of 7140 shell elements.
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(@) k=0 (b) k=04

Fig. 2. Disordered honeycombs.

(b) k=06

Fig. 3. Voronoi honeycombs.

Voronoi honeycomb samples are constructed in an area of 100 mm x 100 mm with 400 nuclei.
Two samples are shown in Figs. 3b and c, corresponding to an irregularity of 0.6 and 0.9,
respectively; while a referential regular hexagonal honeycomb (denoted as Model B) is shown in
Fig. 3a. Cell walls shorter than the thickness were eliminated and the associated cell corners
merged to ensure the process of the FEA, similar as that used by Schaffner et al [24]. Each edge of
the cell wall is divided into shell elements according to its length, with the mean element length of
about 0.5 mm. Each model consists of about 7500 shell elements. It can be seen that the scatter of
cell size increase with the increase of the irregularity. For a Voronoi honeycomb with an
irregularity of 0.9, size of some cells may be two times larger or smaller than that of a regular
honeycomb.

Each cell is defined as a single self-contact surface. Self-contact is also specified between the
outside faces of a cell that may contact other cells during crushing. This self-contact definition is
easy to carry out for disordered honeycombs. For Voronoi honeycombs, an outside layer is added
to carry out this self-contact. Through a convergence study, the outside layer thickness is taken as
1/10 of the cell wall thickness. In the simulation, the honeycomb is sandwiched between two rigid
platens and its contact edges can slip on both interfaces with slight friction. The friction coefficient
is assumed as 0.02. When crushing in the x; direction, the top and bottom edges are free and the
left platen is stationary, and the right platen moves leftward with a constant velocity. Similarly,
when crushing in the x, direction, the left and right edges are free and the bottom platen is
stationary, and the top platen moves downward with a constant velocity.
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2.3. Computational aspects

2.3.1. Relative density
The relative density of a honeycomb is specified by

-1 g
1L

where p* is the density of honeycomb, p, the density of honeycomb cell wall material, /; the ith cell
wall length and 4; the corresponding thickness, L; and L, are the width and height of the
specimen, respectively. The cell wall thickness is identical, i.e., ,; = = 0.09 mm for both
disordered honeycombs and Voronoi honeycombs, except that of the outside layer of Voronoi
honeycombs, as mentioned above. The statistical values of the relative density of disordered and
Voronoi honeycombs are shown in Fig. 4a. It transpires that all these values are about 0.036.

p=p"/p;

2.3.2. Average number of edges per cell and its second moment
The morphological characteristics of irregular honeycombs are usually described by the average
number of edges per cell 4 and its second moment pu,, which are defined by

1 &
= — n~,
u Nc; ;

1 & )
= — n; — 6
o= 5 ;( =1’ (6)
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Fig. 4. The statistical values of (a) relative density, (b) average number of edges per cell and its second moment of
irregular honeycombs, i.e., disordered honeycombs with 20 samples and Voronoi honeycombs with 10 samples.
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where #; is the number of edges of the ith cell and N, the total number of cells. For any disordered
honeycomb with an irregularity of k; <1, the average number of edges per cell is 6 and its second
moment is 0. For Voronoi honeycombs, the statistical results are shown in Fig. 4b.

3. Results
3.1. Deformation modes

3.1.1. Deformation modes of regular honeycombs

For regular honeycombs, Ruan et al. [19] have shown that the inertia effect plays an important
role in dynamic crushing. When crushing in the x; direction, three types of deformation modes are
observed. At a low impact velocity, localized deformation causes oblique “X”’-shaped bands (“X”
mode); at a high impact velocity, it produces transverse localized bands (“I”” mode) oriented
perpendicular to the loading direction and located adjacent to the loading surface; while at a
moderate impact velocity, it appears as “V’-shaped bands (“V’ mode) at the crushing edge.
When crushing in the x, direction, two types of deformation modes (““V”” mode and “I”” mode) are
found.

In our numerical simulations, at a low impact velocity, double-""V*’-shaped bands located at the
crushing edge and at the support edge are observed, as shown in Fig. 5a. This seems different from
the “X”-shaped bands in Ref. [19], In fact, these two different configurations, “X’’-shaped bands
and double-*“V”’-shaped bands, are both Quasi-static crushing mode and caused by the weakest
links in a fairly homogeneous stress field. The location of the static crushing bands, however, is
highly sensitive to the details of boundary conditions and specimen height-to-width ratio. In the
present case, the specimen height-to-width ratio of Model A is about 0.83, the same as that in
Ref. [19]. But the boundary conditions adopted here differ from those in Ref. [19]. The specimens
can slip on the rigid support plate with slight friction, while in Ref. [19], all degrees of freedom of
the support edge of the specimen were fixed.

With the increase of the impact velocity, inertia effect becomes important and deformation
trends to localization. The “V”’-shaped bands at the support edge vanish and the “V”’-shaped
bands at the crushing edge occur closer to the edge, Fig. 5b. Finally, when the inertia effect is
dominant, “I”’-shaped bands are observed, as shown in Fig. Sc. They are similar to those of Ruan
et al. [19].

Fig. 5. Three patterns of a regular honeycomb crushed in the x; direction at different velocities of (a) v = Sm/s, (b)
v=20m/s and (c) v = 80 m/s with the displacement of d = 36 mm.
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Considering the fundamental causes of each crushing configuration, the deformation modes
can be catalogued into a Quasi-static mode (double “V” shape here or “X” shape in [19]),
a Transitional mode (““V” shape), and a Dynamic mode (“I”” shape).

3.1.2. Deformation modes of irregular honeycombs

Figs. 6-8 show deformation modes of a disordered honeycomb with k; = 0.4 crushed in the x;
direction under various impact velocities. Under an impact velocity of v = 5m/s, the specimen
initially deforms with double-“V’-shaped bands, as shown in Figs. 6a and b. Increasing the
displacement, multiple random shear bands appear, as shown in Fig. 6c. With further
deformation, more random deformation bands develop progressively, Fig. 6d. The deformation
exhibits a quasi-static nature that collapse occurs at the weakest links in a fairly homogeneous
stress field. This result shows that the location of the quasi-static crushing bands is also highly
sensitive to the cell irregularity, which leads to a complicated configuration and may help to
improve the energy absorption capacity. Increasing the impact velocity, the inertia effect plays a
more important role than the effect of the irregularity. For the case of v =20m/s (Fig. 7), a
Transitional mode takes place, where rare random shear bands and layerwise collapse bands
appear and are localized near to the proximal surface. Increasing the impact velocity further
(Fig. 8), a layerwise collapse mode with a narrow localized band is found, like that in the regular
honeycomb shown in Fig. Sc.

In summary, it is found that the deformation of irregular honeycombs is more complicated than
that of regular honeycombs but it can also be catalogued into a Quasi-static mode, a Transitional
mode, and a Dynamic mode. Similar results are obtained for honeycombs with higher irregularity.
Fig. 9 shows these modes of a disordered honeycomb with k; = 0.8 crushed in the x; direction
under various impact velocities, while Fig. 10 shows those crushed in the x, direction. Fig. 11
shows these modes of a Voronoi honeycomb (k, = 0.9) crushed in the x, direction under various
impact velocities.

3.1.3. Mode classification maps

According to the results of our numerical simulation, three mode classification maps are shown
in Fig. 12 to identify the above deformation modes related with the impact velocity and the cell
irregularity. The critical velocities at which deformation mode switches from one type to another
are estimated. As shown in Fig. 12a, the deformation mode map for disordered honeycombs
crushed in the x; direction is divided into three regions, i.e., the Quasi-static mode, the
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Fig. 6. Crushing of a disordered honeycomb (k| = 0.4) in the x; direction, v = 5m/s.
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Fig. 11. Three patterns of a Voronoi honeycomb (k, = 0.9) crushed in the x, direction at different velocities with the
displacement of d = 36 mm.
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Fig. 12. Deformation mode maps for disordered honeycombs.

Transitional mode and the Dynamic mode, respectively, corresponding to various impact
velocities and cell irregularities. Under a low impact velocity, honeycombs with a high irregularity
are crushed in the Quasi-static mode with multiple random shear bands. Increasing the impact
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velocity, this mode switches to a Transitional mode. The critical velocity can be estimated by an
empirical equation that v.; = 10k; + 8(m/s), which implies that the critical velocity varies linearly
with increasing irregularity. Increasing the impact velocity further, the Transitional mode
develops into the Dynamic mode. For honeycombs with high irregularity (k> 0.3), the critical
velocity is almost constant, i.e., v, = 25m/s, which is independent of the irregularity. However,
for honeycombs with low irregularity (k; <0.3), the critical velocity shows some dependence on
the irregularity, i.e., the critical velocity increases with the regularity of the honeycombs. For
disordered honeycombs crushed in the x, direction, it is similar with that crushed in the x;
direction as shown in Fig. 12b. While for the Voronoi honeycombs, the critical velocities are
almost constants, i.e., v,y = 15m/s and v, = 25m/s, respectively, as shown in Fig. 12c. It
indicates that the Transitional mode may exist in a certain range of impact velocity despite the cell
irregularity. In other words, the deformation characteristics mostly depend on the impact velocity.

3.2. Plateau crush pressures

The plateau crush pressure may depend on many parameters. In our simulation, we focus on
the effects of the impact velocity and the cell irregularity. The plateau force is evaluated at the
proximal surface with the striking distance from 10 to 60 mm. Fig. 13 shows the force—displace-
ment curve and its corresponding plateau force for a disordered honeycomb of k| = 0.4 crushed
in the x; direction at v = 20 m/s. The plateau crush pressures of regular honeycombs at various
impact velocities are shown in Fig. 14. For each value of irregularity, 20 random samples for
disordered honeycombs and 10 random samples for Voronoi honeycombs uniaxially crushed both
in the x; direction and in x, direction are calculated.

3.2.1. Effect of the irregularity in transitional mode

The mean plateau crush pressure and its standard error for different value of irregularity (20
samples each) at v = 20 m/s are calculated and shown in Fig. 15a. It transpires that the statistical
plateau crush pressure slightly increases with an increase in the irregularity for disordered

— FE data

50 = = =« Plateau force

40 +
£ 30 -
9
5
2
S 20 —I

10

0 T T T T T T T T T T T T

0 10 20 30 40 50 60
Displacement, d (mm)

Fig. 13. Force—displacement curve and its plateau force for a sample calculated at the proximal surface.
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honeycombs crushed in the x, direction, but it increases significantly with the increase in the
irregularity for those crushed in the x; direction. Meanwhile, the plateau crush pressure of
disordered honeycombs crushed in the x, direction is higher than that in the x; direction, which
implies that the response of disordered honeycombs is anisotropic. In fact, a slight disorder of a
regular honeycomb will not greatly change its morphology. With the increase of the irregularity,
nevertheless, the deformation anisotropy vanishes, as shown in Fig. 15a.

The results of Voronoi honeycombs exhibit a stronger sensitivity to the sample randomicity.
The second moment of the average number of edges per cell of Voronoi honeycombs shown in
Fig. 4b is an important parameter, which characterizes the distribution of the number of edges per
cell. A larger value of this parameter indicates a higher irregularity of the Voronoi honeycombs.
Statistically, the mean plateau crush pressure has a slight variation with the irregularity of
Voronoi honeycombs, similar as that of disordered honeycombs crushed in the x, direction.

3.2.2. Effect of the irregularity in dynamic mode

When the impact velocity is 80 m/s, irregular honeycombs are crushed in a Dynamic mode. The
statistical plateau crush pressure is shown in Fig. 15b. The results show that the statistical plateau
crush pressure increases with the increase in the irregularity. It reveals that at this impact velocity
the relative energy absorption performance of cellular materials can be improved to a certain
extent by increasing their irregularity.

3.2.3. Effect of the impact velocity

The statistical plateau crush pressures of disordered honeycombs with k; = 0.4 and Voronoi
honeycombs with k, = 0.6 are calculated for different impact velocity, and compared to those of
the regular honeycomb, as shown in Fig. 16. The results show that at an impact velocity near
v = 25my/s, the critical velocity of mode transition from the Transitional mode to the Dynamic
mode, the increase in the relative energy absorption capacity by irregularity is obvious. The cause
of this effect can be found from the deformation configuration. The number of deformation bands
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Fig. 16. Variation of relative plateau crush pressure with the impact velocity for irregular honeycombs.
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in an irregular honeycomb is larger than that in a regular honeycomb. This effect is obvious
especially at an impact velocity near the mode transition velocity v.,. At a much high impact
velocity, the inertia effect governs the response and the influence of irregularity vanishes.

4. Conclusions

Two types of irregular honeycombs are constructed to study the in-plane crushing behaviors.
The influences of cell irregularity and impact velocity on the deformation mode and the plateau
crush pressure are investigated by finite element method.

Three types of deformation modes are observed both in the regular honeycombs and in the
irregular honeycombs. At a low impact velocity, the inertia effect is negligible and a Quasi-static
mode, i.e., collapse of weak shear bands, takes place. At a high impact velocity, inertia effect
dominates the deformation and a Dynamic mode, i.e., layerwise collapse of transverse band,
occurs. A Transition mode with both localized shear bands and transverse bands exists for
intermediate impact velocity. The numerical results show that the deformation configuration in an
irregular honeycomb is more complicated than that in a regular honeycomb. For the irregular
honeycombs at a low impact velocity, a Quasi-static mode appears with multiple random weak
shear bands, in contrast with double-“V”’-shaped bands found for the regular honeycombs.
However, this difference vanishes at a much higher impact velocity while the inertia effect
dominates the deformation. Mode classification maps of irregular honeycombs have been
established considering the effect of the irregularity and the impact velocity, and the critical
velocities for the irregular honeycomb under study were evaluated and expressed by empirical
equations.

In our simulations, the statistical results show that the plateau crush pressure of an irregular
honeycomb is higher than that of a regular honeycomb with the same density, mean cell size and
material properties. The statistical plateau crush pressure increases with the increase in the cell
irregularity. The relative increase is especially strong at an impact velocity near the mode
transition velocity v.,. It shows that at a moderate impact velocity the deformation complication
is strongly caused by the irregularity of the 2D cellular structures, which improves the energy
absorption performance.

The deformation mode, mode transitions and the plateau crush pressure may depend on
many other factors such as the relative density, the cell size and the material properties. In
this study, we focus only on the effects of the impact velocity and the cell irregularity. Other
factors such as the relative density may affect the response and need to be investigated in further
work.
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