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1. Introduction

Metal foams have been being widely used in various engineering fields, such as impact energy absorbers and
blast protectors (Gibson and Ashby, 1988; Lu and Yu, 2003) due to their excellent energy absorption property. It is
necessary to understand their dynamic energy absorption behavior at different impact velocities.

Some research has been carried out to investigate the energy absorption properties of metal foam.
Ramachandra (2003) investigated the energy absorption characteristics of Al foam experimentally under impact
velocities ranging from 3 to 30 m/s. The absorbed energy increases marginally under low velocities, but increases
significantly at velocities greater than 10 m/s, which was caused by shock wave propagation effects. Gaitanaros et
al. (2012) established a numerical model and found that open-cell metal foam absorbed more energy while
increasing the impact velocity. Investigations on the closed-cell metal foam carried out by Fang et al. (2014) also
validated this conclusion. Liu et al. (2009) studied the kinetic and internal energy of metal foam under impact, and
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found that as the impact velocity increases, the kinetic and internal energy increases significantly due to inertia
effect. According to this literature, it is noted that the energy absorption properties of metal foam under quasi-static
and dynamic loadings are dramatically different. These studies discussed the monolithic energy absorption
behavior of metal foam. However, there is a lack of deep investigations on these differences, and the mechanism of
dynamic energy absorption characteristics of metal foam.

Plastic shock wave occurs in metal foam under impact (Radford, et al. 2005). The dynamic energy absorption
properties of metal foam are closely related to the propagation and reflection of plastic shock wave under impact
loadings (Cui, et al. 2009; Idris, et al. 2009). Therefore, studying the plastic shock wave is the key solution to reveal
the mechanisms of dynamic energy absorption behavior of metal foam. Metal foam exhibits two main dynamic
features (Elnasri, et al. 2007; Pattofatto, et al. 2007; Zheng, et al. 2012), deformation localization and stress
enhancement due to the plastic shock wave.

Many investigations have been carried out to study the dynamic properties. A one-dimension shock wave
model, named as rigid, perfectly-plastic and the locking strain model (R-P-P-L model) was proposed by Reid and
Peng (1997) to study the dynamic properties of foam. Lopatnikov et al. (Lopatnikov, et al. 2004) further take into
account the elastic deformation of foam under impact, and proposed the elastic, perfectly-plastic, locking strain
model (E-P-P-L model). Most researches are concerned about macroscopically mechanical response of metal foam.
However, much controversy still exists in the field of plastic shock wave. Literature (Zhang et al. 2014) have shown
that plastic shock wave reflects in metal foam, resulting in several plateau stages. The first and the second plateau
stages are the so-called first and second compressions. The second one may result in further damage for the
structure to be protected, because the stress increases in the second compression.

[t is important to study the dynamic properties of metal foam. Hence there are four factors contribute, i.e. (1),
inertia effect (Tan, et al. 2005a; Tan, et al. 2005b); (2), base material strain rate effect (Liu, et al. 2009; Liu, et al.
2014); (3), micro inertia effect (Liu, et al. 2009); (4), gas trapped in foam cells (Sadot, et al. 2016; Xu, et al. 2014).
Abundant research has been carried out to prove that micro inertia effect and gas trapped in foam cells have minor
effect on the stress enhancement (Liu, et al. 2009; Sadot, et al. 2016; Xu, et al. 2014). Some researchers investigated
the inertia and base material strain rate effects on dynamic features of metal foam. For example, Liu et al. (Liu, et
al. 2009) assumed that base material is rate dependent in their 2D Voronoi model to reveal the effects of inertia
and base material strain rate, and found that inertia is a dominant factor which affects the dynamic response of
cellular metals. Vesenjak et al. (Vesenjak, et al. 2012) established a 3D finite element model, based on the micro-
computer tomography images to carry out the similar research, but obtained the opposite conclusion. Their
research indicates that the influence of the material strain rate effect is of much greater importance. Although, all
the solutions mentioned above are in the basis of numerical models, the conclusions are quite different. Besides,
little theoretical models are proposed to decouple the inertia and the base material strain rate effect on dynamic
properties of metal foam. The effects of inertia and base material strain rate on energy absorption properties both
have not been reported in literatures.

In this paper, a 3D Voronoi numerical model is established firstly to study the dynamic energy absorption
properties. The mechanism of the variation of kinetic and internal energy is revealed by investigating the
propagation rules of plastic shock wave. A developed 1D shock wave model is established, including the dynamic
locking strain and the Cowper-Symonds model, to decouple the inertia and strain rate effect on the first and second
compression theoretically. The effects of inertia and base material strain rate on energy absorption properties are
discussed.
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2. Voronoi model

2.1 3D Voronoi model

The Voronoi model can effectively represent the microstructure of the foam since the cells of the foam vary
randomly. In the modeling process, N nucleation points are placed randomly in a 3D block, and the distance
between any two nuclei keeps lager than a minimum allowable distance, . For each nucleus, there is a region
around it where any location is closer to this nucleus than any other nucleus. The block then can be divided into N
cells. As a result, the Voronoi diagram is constituted by the boundaries of all cells. A Voronoi model with periodic
boundaries cut from the Voronoi structure is obtained. The degree of irregularity of foam, 4, can be defined as,

r
k=1—-— 1
d €Y

where dpis defined as the distance between the two nuclei in a regular tetrakaidekahedral foam model with N cells

in the volume V. dpis given by
1
P2 \VaN

In this paper, foam model with dimension 10+¥10%10 mm is constructed.

(2)

2.2 Finite element model

The relative density of the metal foam used in the experiment is 0.085, and the same relative density is adopted
in this paper. Assuming that the finite element model has uniform thickness of cell wall ¢ it can be given by

t

L]
total

V

pO /pv = (3)
where pyis the density of metal foam, psis density of cell wall material, and Aswsis the total area of cell wall.

The cell wall material properties of aluminum alloy are listed in Table 1, which are provided by Gleich Ltd.,
Kaltenkirchen, Germany. FE Voronoi models with different degrees of irregularity and cell sizes can be obtained by
changing the minimum allowable distance rand the number of nuclei A, as shown in Figure 1 and 2.

Table 1: Properties of aluminum alloy (Al-Ca-Ti)

Density Young’s Yield strength Poisson’s ratio
(Kg/m3) modulus (GPa) (MPa)
2700 61.7 100-172.8 0.3
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@ ®) ©
Figure 1: When the number of nuclei N=512, numerical 3D Voronoi models of metal foam with different degree of
Irregularity: (a) k= 0.4, (b) k= 0.6, (c) k= 0.8.

@ @®) ©
Figure 2: When the degree of irregularity k=0.8, numerical 3D Voronoi models of metal foam with different number of
nuclei: (a) N =1000; (b) N =512; (c) N = 256.

The finite element models are put between two rigid plates, and the impacting plate moves towards the
supporting plate at a prescribed velocity, as shown in Figure 3.
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Figure 3: Numerical model of metal foam

When the impact velocity is 150m/s and the number of nuclei is 512, the curves of stress at the impact side of
3D Voronoi model with different degree of irregularity can be obtained, as shown in Figure 4. It is noticed that when
the degree of irregularity k=0.6, the stress at the impact side is a little higher than the other two curves. The
relationship between the degree of irregularity and plateau stress is complicated, and the similar phenomenon is

also reported in Li’s work (Li, et al. 2014).
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Figure 4: When the impact velocity is 150m/s and the number of nuclei is 512, the stress at the impact side of 3D

Voronoi model with different degree of irregularity
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When the impact velocity is 150m/s and the degree of irregularity is 0.8, the curves of stress at the impact side
of 3D Voronoi model with different number of nuclei can be obtained, as shown in Figure 5. It indicates that the

number of nuclei has little effect on the stress at the impact side of foam.
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Figure 5: When the impact velocity is 150m/s and the degree of irregularity is 0.8, the curves of stress at the impact side
of 3D Voronoi model with different number of nuclei

According to the mesoscopic image of metal foam, as shown in Figure 6, it is observed that the microstructure
of metal foam is very complex. Although the degree of irregularity has minor effect on the plateau stress of metal
foam, it is more important to choose an appropriate degree of irregularity to simulate the complex inner structure
of metal foam. The microstructure of Voronoi model trends to be more irregular while raising the degree of
irregularity, so 0.8 is selected as the degree of irregularity in this paper. On the other hand, considering the
calculation speed and precision, 512 is selected as the number of nuclei. Meanwhile, according to Eq. (3), the

thickness of cell wall is obtained, and t=0.035mm.

Figure 6: Mesoscopic structure of metal foam
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The finite element model with the specific relative density, the degree of irregularity and the number of nuclei
is established in this paper. According to the quasi-static experiment carried out in our previous work (Luo, et al.
2016), the numerical model can be validated. As shown in Figure 7, good agreement is achieved, and this indicates

the reliability and accuracy of the numerical models.

12
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Figure 7: Validation of the finite element model (Luo, et al. 2016)

3. Dynamic energy absorption properties

In the process of impact, the total energy transfers into internal and kinetic energy of metal foam. In this paper,
the energy absorbed by unite volume of metal foam is adopted to describe energy absorption capacity of metal

foam.

3.1 Plastic shock wave of metal foam

The energy absorption behavior under impact is much different when comparing with that under quasi-static
compression. The plastic shock wave is the main reason which causes the difference.

In the basis of the numerical model of metal foam, it is clear that when metal foam is under impact, a
densification front exists, and then propagates along the impact direction from impact side to the support side, as
shown in Figure 8. The propagation of the densification front also reported in several references (Zhang, etal. 2017;
Seitz and Skews 2007; Mazor, et al. 1994). In this paper, the propagation of the densification front is defined as
plastic shock wave. When the plastic shock wave arrives at the support side, the first compression comes to the end,
and then the plastic shock wave reflects. The stress at the impact side equals to that at the support side and the
nominal strain of metal foam can be regarded as the locking strain (Luo, et al. 2016). At the same time, the second
compression starts. Figure 9 is the schematic drawing of the plastic shock wave of metal foam. I/, and V} is the
impact velocity and plastic wave velocity, respectively. o;, ozand oz are the quasi-static plateau stress, first plateau
stress and second plateau stress, respectively.
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(c) ¢=0.7 (@ ¢=0.85
Figure 8: History of plastic shock wave of metal foam under impact. (a) ¢ =0(b) ¢=0.1 (c) ¢=0.7 (d) ¢=0.85
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Figure 9: Schematic drawing of the propagation and reflection of plastic shock wave in metal foam under impact

3.2 Kinetic and internal energy of metal foam

The variation of kinetic and internal energy of metal foam under impact at speed of 100m/s can be obtained
from the simulation, as shown in Figure 10. It indicates that the kinetic energy increases until the nominal strain of
metal foam is 0.73. At this nominal strain, the kinetic energy reaches the highest value (point a), and the first
compression ends. Then, the kinetic energy decreases continually to the lowest value (point b). This can be
explained as follows: The foam cells behind the plastic shock wave move together with the impact side during the
first compression, so the kinetic energy increases. However, when the plastic shock wave reflects at the support
side and then transmits to the impact side, the foam cells are compressed again and then become motionless with
the support side. Thus, the kinetic energy decreases with more and more foam cells becoming stationary. The
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kinetic energy is quite small when the second compression ends as shown in Figure 10. Because elastic energy is
not released, and it can lead to small kinetic energy. Besides, transverse motion can cause kinetic energy too.
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Figure 10: The variation of kinetic and internal energy of metal foam under impact of 100m/s

Figure 10 also shows the variation of internal energy of metal foam under impact at the speed of 100m/s. It
indicates that the internal energy increases during the whole compression. There are two inflexions (points c and
d) on the internal energy curve, corresponding to the intersections of the two stress-strain curves. The inflexions
mean that the internal energy absorption rate increases when plastic shock wave arrives at the support/stationary
side. Because when the plastic shock wave reflects at the support/stationary side, the foam cells before the wave
front remains the same, however, the foam cell behind the shock front will be compressed again. Thus, the internal
energy absorption rate increases.

3.3 Ratio of kinetic and internal energy of metal foam

The ratio of kinetic to internal energy of the metal foam can reveal the energy-transfer mechanisms of metal
foam under impact, as shown in Figure 11. It shows the ratio of kinetic to internal energy of metal foam under
different compressive velocities. It indicates that every curve has a peak at the initial stage. At this moment, the
kinetic energy is much higher than the internal energy due to that metal foam obtains an instantaneous kinetic
energy from the elastic deformation, but the internal energy still almost equals to zero. After the peak, the ratios
remain constant. So, it is believed that the kinetic and internal growth rates are appropriately equal. After this
plateau stage, the ratio decreases sharply. Because the kinetic energy decreases, and the internal energy increases
at the second compression, so the ratio goes down at this stage. Meanwhile, the metal foam is compressed more
compact and the second compression starts at high nominal strain while increasing the impact velocity. Thus, the
nominal strains of metal foam corresponding to the inflexions of these curves increase.

Figure 11 also indicates that the ratio of kinetic to internal energy increases with the increase of impact velocity.
The ratio is almost 0 when impact velocity is 10m/s, because foam has little kinetic energy under impact of 10m/s,
and the deformation mode is similar with quasi-static compression. The ratio is 40% and 70% when the impact
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velocity is 100m/s and 200m/s, respectively. It is true that most of the impact energy transfers into internal energy

of metal foam, but the kinetic energy cannot be ignored under high velocity impact.

1.0

200m/s

Ratio of kinetic and internal energy

Nominal strain

Figure 11: Ratio of kinetic to internal energy of metal foam under different impact of difterent velocity
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4 Theoretical prediction of dynamic energy absorption
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Figure 12: Internal energy under impact of 200m/s and internal energy under quasi-static compression of metal foam

Figure 12 shows the curves of the internal energy under impact of 200m/s and quasi-static compression. It is
noted that the dynamic internal energy is obviously higher than quasi-static one. Besides, it is known that metal
foams are mainly used as structure protectors. The metal foam possesses high kinetic energy under impact, and
may cause damage for the structure which should be protected. It is necessary and important to propose a
theoretical model to predict the kinetic energy and the difference of dynamic and quasi-static internal energy.

The area below the nominal stress-strain curve is the energy absorbed by metal foam of per unit volume, which
can be expressed as,

E,=E +E =0, 4)
E =E'=0,¢ (5)

where E;and £y donate the total energy absorbed by metal foam under impact and quasi-static compression,

respectively. Eld and Eiqs are the dynamic internal energy and quasi-static energy, respectively. £ is the kinetic

energy. O; and O, are the dynamic plateau stress and the quasi-static plateau stress, respectively. éis the

nominal strain of metal foam. The following equation can be obtained,

AE =E' -E" =0,6—0,6-E, (6)
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According to the 1D shock wave model,

2
V;
O'd:a,+p°—’ (7)

glock
where V;is the impact velocity and &), is the locking strain.
The following equation can be obtained,

2
AE, =2 ¢, ®

glock

According to the schematic drawing in Figure 9, the foam cells behind the shock wave front move together
with the impact plate, and the foam cells before the shock wave front remain stationary with the support side.
Assuming that the velocity of the plastic shock wave is v, the initial volume of foam is Vj, the area of cross-section
is § the initial length is Ly, and the mass of the part behind the shock wave front is m, £xcan be expressed as,

1 myv?
E, :éTmOSVl:%VO[Vopo_S(Lo_th)po]Viz €)

The relationship between plastic shock wave velocity and locking strain is,

p
glock

The following equations can be obtained,

&
2 glock

Ek = IOOVi2 (11)

AE,=E, =

i
2 8lock

PV (12)

Eq. (10) shows that AE; and Ejare both related to the impact velocity and locking strain. It should be noted

that Eq. (12) is only applicable under high velocity impact due to that distinct plastic shock wave only occurs under
this condition.
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Figure 13: Theoretical and numerical and kinetic energy under impact of 300m/s, 200m/s and 100m/s

Figure 13 shows the theoretical and numerical results of £ It is noted that the theoretical prediction is quite
close to the numerical results before the nominal strain of 0.5. After that, the plastic shock wave becomes more and
more indistinct during the impact process. And the theoretical model over estimates the kinetic energy of metal
foam. So, the theoretical results are higher than the numerical results at the end stage of the impact process.

Based on the theoretical model, we can infer that foam can absorb more energy under impact than quasi-static
compression, and the extra energy transfers into internal and kinetic energy. Figure 14 shows the theoretical 4%;
and £ with different relative densities under impact at different velocities. It is noted that 4£;and Ej are closely
related to relative density and impact velocity. While increasing the relative density and impact velocity, 4£;and £x
enlarges. Plastic shock wave is the main reason which affects the dynamic energy absorption properties of metal
foam. Metal foam with larger density and under higher impact velocity possesses more obvious plastic shock wave,
resulting in larger 4£;and £}
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Figure 14: Theoretical energy absorbed by metal foam with different relative densities under impact at different

velocities

5. Discussions

The dynamic energy absorption behavior is dependent on the plastic shock wave of metal foam under impact.
[t is necessary to investigate the factors, i.e. the inertia effect and base material strain rate, which affects the plastic
shock wave.

5.1 Plateau stages of stress-strain curves

The propagation and reflection of plastic shock wave generates several compressions of metal foam under
impact, which results in several plateau stages of the stress-strain curves.

Figure 15 shows the stress at the impact side and the support side of metal under impact of 100m/s which is
obtained by the numerical model. It is noted that the stress-strain curves have two plateau stages in Figure 15, i.e.
the first plateau stage (a-b stage), and the second plateau stage (c-d stage). The stress at the impact side is higher
than that at the support side during the first plateau stage, because the plastic shock wave propagates from the
impact side to the support side during this stage, and the plastic shock wave results in a plateau stage in the stress
and strain curves. However, the stress at the support side increases rapidly and is much higher than that at the
impact side during the second plateau stage, because the plastic shock wave reflects at the point b and then
propagate from the support side to the impact side during this stage. This process is quite short, and the second
plateau stage is much shorter than the first one.
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Figure 15: The stress-stain curves of metal foam under impact of 100m/s

5.2 Inertia effect

When the base material of metal foam is strain rate insensitivity, the plateau stress of the first compression
can be expressed as base on the R-P-P-L model (Tan, et al. 2005b):

2
V.
o, =0, + 20 (13)

glock

_ _ Lst : . , .
where oy donates the quasi-static plateau stress, 6',02,{ donates the locking strain of the first compression.

Similarly, the plateau stress of the second compression can be predicted by:

2
V;
0, =0+ p;mlz 14

lock

2nd . . :
where &, isthelocking strain of the second compression.

Assuming that the initial volume of the metal foam is Iy and the volume of the metal foam when the first
compression comes to the end. The following equations are obtained:

AVo=nN (15)
y

s =17 (16)
0
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According to our previous work (Luo, et al. 2016), the nominal strain of metal foam when the plastic shock
. . . . . . . Lst 2nd . .

wave arrives at each side is defined as the locking strain. Assuming that 6‘,13 and &, arethe nominal strain of
metal foam when the first and second compression ends, respectively, the following equation can be obtained:

2nd __ _2nd
Elock = a7

Substitute Eq. (13), (14), (15) into (12),

2

PoVi
o, =0 4P (18)
1 g’fnd (1_ gist)
Eq. (13) and (18) can be used to predict the first and second plateau stress, respectively. Based on the
theoretical model which is established before, the prediction of the first and the second plateau stress is obtained,

as shown in Figure 16 and Figure 17.
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Figure 16: Theoretical and numerical results of the first plateau stress under impact of different velocities
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Figure 17: Theoretical and numerical results of the second plateau stress under impact of different velocities

[t is noted that the first and second plateau stresses all increase when raising the impact velocity. Theoretical
equations can predict the plateau stress well. However, the theoretical predictions are a little higher than the
numerical results. Because it is assumed that there is still obvious plastic shock wave during the second
compression in the theoretical model. However, the relative density in the second compression is larger than that
in the first compression, and the prescribed velocity is not high enough to cause obvious stress enhancement . So,
the theoretical model over evaluates the second plateau stress.

5.3 Base material strain rate effect

The Voronoi numerical model is used to study the effect on the plateau stress when the base material is rate
sensitivity. The well-known Cowper-Symonds material model is used to describe the material rate sensitivity (Li,
etal. 2016), as follow:

ol =" [1+(8’ C)l/"} (19)

d : . . oo . . .
Where 0, and O 3; represent dynamic yield stress and quasi-static yield stress. & is the stain rate. According

to the literature, c=6500,p=4 (Su, et al. 1995).
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Figure 18: Base material strain rate sensitivity under impact of 100m/s

Figure 18 shows the stress-strain curves when the base material is rate sensitivity or not under impact of
100m/s. It is noted that base material stain rate has caused a significant stress enhancement on metal foam.
According to Li’'s work (Li, et al. 2016), the stress enhancement during the first compression caused by base
material strain rate can be expressed as,

1

N\~ 2
E\p Vv,
0, =0,+0,| — +'0(1“ (20)
glock
Similarly, the stress enhancement during the second compression caused by base material strain rate is,
1
g pv
o,=0,+0,| = | +=+ (21)
c glock
Substituting Eq. (19) and (20) into (21), the following equation can be obtained,
T )
£ Vv
0o, =0,+0, (—jp +% (22)
c & (sn - Sn)
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Figure 19: Theoretical and numerical results of the first plateau stress under impact of different velocities when the

base material is stain rate sensitivity
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Figure 20: Theoretical and numerical results of the second plateau stress under impact of different velocities when the

base material is stain rate sensitivity

Figure 19 and Figure 20 show the first and second plateau stress of metal foam under impact when the base
material is strain rate sensitivity. The plateau stress is much higher with base material strain rate sensitivity than
that with strain rate insensitivity, and keeps increasing. The theoretical predictions fit the numerical results.
However, the predictions of the second plateau stress are smaller than numerical results, Because the stain rate of
foam under impact is uncertain due to the localized deformation. The initial length is chosen to calculate the stain
rate. It is correct when foam is under low velocity impact. However, the deformation area concentrates on the

impact side when foam is under high impact. As a result, the numerical results are higher than theoretical results.
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5.4 Effects of inertia and base material strain rate on dynamic energy absorption properties

The base material strain rate sensitivity has significant effect on the kinetic and internal energy of metal foam

under compression. In the basis of the numerical model, the characteristics of kinetic and internal energy is
investigated.
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Figure 21: Kinetic energy of metal foam when the base material is strain rate sensitivity or not under impact of 200m/s

and 100m/s

Figure 21 shows the kinetic energy of foam when the base material is strain rate sensitivity or not. It is noted
that at the initial stage the kinetic energy of metal foam is a little higher when base material is stain rate insensitivity,
but is much lower at the peak. According to our previous work (Li, et al. 2016), base material strain rate effect can

resist the formation of plastic shock wave. So, the peak of the kinetic energy is much smaller when the base material
is strain rate sensitivity.
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Figure 22: Internal energy of metal foam when the base material is strain rate sensitivity or not under impact of
200m/s and 100m/'s

Figure 22 shows the internal energy of foam when the base material is strain rate sensitivity or not. It is noted
that the strain rate sensitivity can significant improve the internal energy.

6. Conclusions

In this paper, a 3D Voronoi numerical model is established to study the dynamic energy absorption behavior
of metal foam. Theoretical model based on the 1D shock wave theory is proposed to investigate the mechanisms of
dynamic energy absorption. The effects of inertia and base material strain rate on plastic shock wave of metal foam
are investigated numerically and theoretically. The conclusions are listed as follows:

(1) Plastic shock wave causes the dynamic energy absorption properties of metal foam. Kinetic and internal energy vary with the propagation
and reflection of plastic shock wave. Kinetic energy reaches several highest or lowest values, but internal energy maintains growth
during the impact process. Most of impact energy transfers into kinetic energy, but kinetic energy cannot be ignored under high
velocity impact.

(2) Metal foam with larger density and under higher impact velocity possesses more obvious plastic shock wave, resulting in larger energy
absorbed by metal foam.

(3) Base material strain rate effect of metal foam resists the formation of plastic shock wave, and leads to smaller kinetic energy, but higher
internal energy.

(4) Metal foam has more than once plateau stages under impact due to the propagation and reflection of plastic shock wave. The first and
second plateau stresses are closely related to the impact velocity, relative density and base material strain rate. Stress at the support
side is lower than that at the impact side during the first compression, but increases sharply and become much higher than that at

the impact side during the second compression.
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