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Abstract Through theoretical analysis and finite element simulation, the low-velocity

impact of rectangular foam-filled fiber metal laminate (FML) tubes is studied in this

paper. According to the rigid-plastic material approximation with modifications, simple

analytical solutions are obtained for the dynamic response of rectangular foam-filled FML

tubes. The numerical calculations for low-velocity impact of rectangular foam-filled FML

tubes are conducted. The accuracy of analytical solutions and numerical results is verified

by each other. Finally, the effects of the metal volume fraction of FMLs, the number of

the metal layers in FMLs, and the foam strength on the dynamic response of foam-filled

tubes are discussed through the analytical model in details. It is shown that the force

increases with the increase in the metal volume fraction in FMLs, the number of the metal

layers in FML, and the foam strength for the given deflection.
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1 Introduction

The fiber metal laminate (FML) is composed of thin aluminum alloy sheets and fiber rein-
forced epoxy adhesive layers alternately. This combination combines the advantages of com-
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posites and metals while avoids their respective disadvantages. The FML has the advantages
of lightweight, good fatigue properties, high damage tolerance, corrosion resistance, and fire
resistance[1–2], and it has become a very attractive material in aerospace, automobile, and ship
fields. Metal foam[3–10] is a kind of lightweight material with lightweight, high specific strength
and high specific stiffness. Metal foam is filled in the FML tube, and combined into the foam-
filled FML tube. This structure can be widely used in aerospace, ship traffic, vehicle safety and
other fields.

Some scholars have studied the static and dynamic characteristics of foam-filled tubes. Hall
et al.[11] carried out lateral compressive tests of aluminum, brass, and titanium tubes filled with
and without aluminum foam. Niknejad et al.[12] studied the effect of polyurethane foam filler
on the transverse plastic deformation of the metal tube under a radial quasi-static loading. It
is found that the polyurethane foam filler improves energy absorption of the metal tube, the
increment of energy absorption of the thin metal tube is bigger than that of the thick metal
tube. Niknejad et al.[13] conducted the compressive tests on the E-glass/vinylester composite
tubes filled with and without polyurethane foam. The results show that increasing the length
of composite tube and the number of fiber layers can enhance the energy absorption under a
transverse compression. Fang et al.[14] studied the dynamic response and optimization of func-
tionally gradient foam filled square tubes under transverse impact by experiments and finite
element simulation. Niknejad and Rahmani[15] studied the response of polyurethane foam-filled
hexagon tube under the quasi-static transverse loading by theoretical and experimental meth-
ods. Yan et al.[16] carried out quasi-static compressive tests of the polyurethane foam-filled
natural flax fiber reinforced epoxy composite tube. The experimental results show that the use
of polyurethane foam inhibits fiber fracture and ultimately increases the energy absorption of
composite tube during transverse compression. Elahi et al.[17] analytically studied the energy
absorption characteristics of the polyurethane foam-filled woven fabric circular tube during
transverse loading between rigid plates. Su et al.[18] studied the transverse compressive charac-
teristics of alumina-aluminum foam filled tubes by the experimental method. It is found that
the energy absorption of the foam-filled tube is higher than the sum of the components. Zhang
et al.[19] conducted the quasi-static lateral compressive test of cenosphere/aluminum syntactic
circular foam-filled tubes, and numerically studied mechanical properties and energy absorption
properties of the foam-filled tubes. Zhu et al.[20] experimentally studied the energy absorption
and crashworthiness of laterally crushed thin-walled structures filled with aluminum foam and
carbon fibre reinforced plastics skeleton. An et al.[21] studied the dynamic response of square
foam-filled tube with functional lateral graded thickness (FLGT) sheets under transverse im-
pact loading by means of experiments and finite element simulation. The numerical results
show that the FLGT structure has obvious advantages in specific energy absorption compared
with the uniform thickness structure under transverse loading for the same weight.

There are few studies on the dynamic response of FML tubes. Shiravand and Asgari[22]

presented a theoretical solution for FML conical tubes with arbitrary number of metal and
composite layers, and verified the average limit load based on the theoretical solution by ex-
periments and finite element calculation. Mansor et al.[23] studied the energy absorption and
impact characteristics of seamless FML tubes through axial low-velocity impact experiments.

The analytical investigations on dynamic response of foam-filled FML tubes were few. The
purpose of the present work is to study the low-velocity impact of rectangular foam-filled FML
tubes. In Section 2, the problem description is presented. In Section 3, the analytical force-
deflection and initial impact energy-maximum deflection relations for low-velocity impact of
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rectangular foam-filled FML tubes are given. In Section 4, the finite element simulation is
carried out. In Section 5, the analytical results are compared with finite element ones. Then,
based on the theoretical model, the effects of metal volume fraction in FMLs, the number of
the metal layers in FMLs, and the foam strength on dynamic response of the foam-filled tubes
are discussed. In Section 6, conclusions are presented.

2 Problem description

Consider a clamped rectangular foam-filled FML tube with wide b, high b1, span 2L, thick-
ness of tube-wall h, and mass per unit length Gt. The foam-filled tube is struck by a striker
with low-velocity impact of VI and heavy mass of G in Fig. 1. Suppose that the metal foam is
perfectly filled and bonded to the tube. It is assumed the metal layer in foam-filled FML tube
follows rigid-perfectly plastic rule with yield stress σm. The tensile strength of the composite
layer in FML is σf . The filled metal foam obeys rigid-perfectly plastic locking model with
platform stress σc and densification strain εD.

G

VI

hf

hm

b1

b

h

h

2L

Fig. 1 Schematic diagram of rectangular foam-filled FML tube under low-velocity impact (color

online)

It is assumed that the FML consists of n metal layers with thickness of hm and n − 1
composite layers with thickness of hf . Thus,

h = nhm + (n− 1)hf . (1)

3 Analytical model

If the plastic behavior plays an important role in the deformation for the FML structure,
the theoretical rigid plastic solution can be used to predict dynamic characteristics of the
FML structure under low-velocity impact[24]. This method is extended to analyze the dynamic
response of rectangular foam-filled FML tubes under low-velocity impact.

The analytical solution for the dynamic response of the slender rectangular metal foam-
filled tube under low-velocity impact is presented as follow[25]. For the sake of completeness,
the analytical solutions for dynamic response of the slender rectangular metal foam-filled tube
under low-velocity impact are briefly presented here. The clamped slender rectangular foam-
filled tube is struck by a striker under low-velocity impact with VI and heavy mass G. The
length, width, and height of tube are 2L, b, and b1. It is assumed the metal foam is perfectly
filled and combined in the tube with thickness h and h1 in height and width directions. The
metal tube is assumed to obey the rigid-perfectly plastic law with yield stress σf . The filled
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metal foam obeys the rigid-perfectly plastic locking model with platform stress σc, densification
strain εD. The striker is assumed to be a rigid body.

It is assumed that there is no local denting and overall bending of the slender rectangular
metal foam-filled tube occurs. The cross-section shape is consistent with the initial state, and
the overall bending deformation is the same as that of the solid beam under low-velocity impact.
The deformation diagram of the foam-filled tube is shown in Fig. 2. The equilibrium equation
of the mass-beam system at mid-span can be expressed as

( (2σf(bh1 + b1h− 2hh1) + ρc(b− 2h)(b− 2h1))L2

3
+

GL

2

)
Ẅ0 + NW0 + 2M = 0, (2)

where M and N are the plastic moment and axial force of the foam-filled tube, F (∼= N) is the
horizontal force for the moderate deflection, P is the external force at impact location, and W0

is the displacement at mid-span.
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Fig. 2 Overall bending deformation pattern for plastic neutral surface of clamped rectangular foam-

filled FML tube under low-velocity impact (color online)

The force-displacement relation of the rectangular metal foam-filled tube under low-velocity
impact is[25]

P ∗r =





3G∗

3G∗ + 1

( σc

4(σc(1/2− h1)2 + h1(1− h1))
W ∗2

0 + 1
)
, 0 6 W ∗

0 < 1− 2h1,

3G∗

3G∗ + 1
W ∗2

0 + 2(σc − 1)(1− 2h1)W ∗
0 + 1

4(σc(1/2− h1)2 + h1(1− h1))
, 1− 2h1 6 W ∗

0 < 1,

3G∗

3G∗ + 1
2h1 + σc(1− 2h1)

2(σc(1/2− h1)2 + h1(1− h1))
W ∗

0 , W ∗
0 > 1,

(3)

where

P ∗r =
Pr

Pc
, Pc =

4Mp

L
, Mp = σfbh(b1 − h) + σcfb

(1
2
b1 − h

)2

, σcf = σm
2h

b
+ σc

b− 2h

b
,

σc =
σcf

σf
= 2h + σ(1− 2h), σ =

σc

σm
, h =

h

b
, h1 =

h

b1
, W ∗

0 =
W0

b1
, G∗ =

G

2GtL
.

The initial impact energy-maximum deflection relation of the rectangular metal foam-filled
tube under low-velocity impact is[25]

4G∗(1 + 3G∗)
3(1 + 2G∗)2

U∗
K

=





σc

12(σc(1/2− h1)2 + h1(1− h1))
W ∗3

0m + W ∗
0m, 0 6 W ∗

0m < 1− 2h,

W ∗3
0m + 3(σc − 1)(1− 2h1)W ∗2

0m + 3W ∗
0m

12(σc(1/2− h1)2 + h1(1− h1))
+ K1, 1− 2h1 6 W ∗

0m < 1,

2h1 + σc(1− 2h1)
4(σc(1/2− h1)2 + h1(1− h1))

W ∗2
0m + K2, W ∗

0m > 1,

(4)
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where

U∗
K =

GV 2
I

2Pcb1
, K1 =

(σc − 1)(1− 2h1)3

12(σc(1/2− h1)2 + h1(1− h1))
, K2 =

(σc − 1)(1− 2h1)3 + 1
12(σc(1/2− h1)2 + h1(1− h1))

.

The volume fraction of metal layers in FMLs is defined as[24]

f =
nhm

h
× 100%. (5)

The average strength of FML is defined as[24]

σfa = fσm + (1− f)σf . (6)

Substituting Eqs. (1), (5), and (6) into Eqs. (3) and (4), the analytical solutions of the
dynamic response of the rectangular foam-filled FML tube under low-velocity impact can be
obtained. The force-deflection formula of the rectangular foam-filled FML tube under low-
velocity impact is given by

P ∗r =





3G∗

3G∗ + 1

( σc(1− f)2

σc(1− f − 2hf(n− 1))2 + 4hf(n− 1)(1− f − hf(n− 1))
W ∗2

0 + 1
)
,

0 6 W ∗
0 < 1− 2hf(n− 1)

1− f
,

3G∗

3G∗ + 1
(1− f)((1− f)W ∗2

0 + 2(σc − 1)(1− f − 2hf(n− 1))W ∗
0 + 1− f)

σc(1− f − 2hf(n− 1))2 + 4hf(n− 1)(1− f − hf(n− 1))
,

1− 2hf(n− 1)
1− f

6 W ∗
0 < 1,

3G∗

3G∗ + 1
2(1− f)(2hf(n− 1)(1− 2σc) + σc(1− f))

σc(1− f − 2hf(n− 1))2 + 4hf(n− 1)(1− f − hf(n− 1))
W ∗

0 , W ∗
0 > 1,

(7)

where

hf =
hf

b1
, σc =

σcf

σf
= 2h(1 + f(q − 1)) + σ1(1− 2h),

σcf = 2hσfa + (1− 2h)σc, q =
σm

σf
, σ1 =

σc

σf
, h =

h

b
=

n− 1
1− f

hf

b
,

σfa = fσm + (1− f)σf , Mp = σfabh(b1 − h) + σcfb(b1/2− h)2.

The initial impact energy-maximum deflection relation of the rectangular foam-filled FML
tube under low-velocity impact is

4G∗(1 + 3G∗)
3(1 + 2G∗)2

U∗
K

=





σc(1− f)2

3σc(1− f − 2hf(n− 1))2 + 4hf(n− 1)(1− f − hf(n− 1))
W ∗3

0m + W ∗
0m,

0 6 W ∗
0m < 1− 2hf(n− 1)

1− f
,

(1− f)((1− f)W ∗3
0m + 3(σc − 1)(1− f − 2hf(n− 1))(1− 2h1)W ∗2

0m + (1− f)3W ∗
0m)

3σc(1− f − 2hf(n− 1))2 + 4hf(n− 1)(1− f − hf(n− 1))

+ K3, 1− 2hf(n− 1)
1− f

6 W ∗
0m < 1,

(1− f)(2hf(n− 1)(1− 2σc) + σc(1− f))
σc(1− f − 2hf(n− 1))2 + 4hf(n− 1)(1− f − hf(n− 1))

W ∗2
0m + K4, W ∗

0m > 1,

(8)
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where

U∗
K =

GtV
2
I

2Pcb1
, K1 =

(σc − 1)(1− f − 2hf(n− 1))3

3(1− f)(σc(1− f − 2hf(n− 1))2 + 4hf(n− 1)(1− f − hf(n− 1)))
,

K2 =
(σc − 1)(1− f − 2hf(n− 1))3 + (1− f)3

3(1− f)(σc(1− f − 2hf(n− 1))2 + 4hf(n− 1)(1− f − hf(n− 1)))
.

4 Finite element (FE) analysis

FE analysis is performed to study the low-velocity impact of clamped rectangular foam-filled
FML tubes using the commercial finite element software ABAQUS/explicit. Three dimensional
eight-node linear brick elements (C3D8R type) with reduced integration are used to model FML
tubes and metal foam. The striker is a rigid body with a predefined velocity. The check of the
sensitivity of the mesh in the calculation shows that the additional mesh refinement can not
change results obviously. The vertical, horizontal, and rotational displacements of the ends of
rectangular foam-filled FML tubes are zero. The general contact without friction is adopted.

The half-span length of the foam-filled tube is L = 400 mm, the width of the tube is
b = 50 mm, the height of tube is b1 = 20 mm, the thickness of the metal layer in FML is
hm = 0.5 mm, the thickness of the composite layer is hf = 0.2 mm, the number of metal layer
is n = 2, the total thickness of FML is h = 1.2 mm, and the radius of the striker is R = 4 mm.

The metal layer of the FML tube follows the plastic flow theory. The yield strength is
σm = 460 MPa, elastic modulus is Em = 70 GPa, elastic Poisson’s ratio is νem = 0.3, linear
hardening modulus is Etm = 0.01Em and density of the metal layer is ρm = 2 800 kg · m−3,
According to the experimental data[26], the woven glass composite layer of FML includes quasi-
isotropic glass fiber fabric. For the case of stretching of FML, it is assumed that the material
is linear elastic[26] with tensile strength σf = 220 MPa, elastic modulus Ef = 10 GPa, elastic
Poisson’s ratio νef = 0.3, and density ρf = 1 700 kg ·m−3.

Deshpande-Fleck constitutive model[27] is used to model crushing characteristics of the metal
foam used in ABAQUS. The yield strength of the isotropic metal foam is σc = 10 MPa, elastic
modulus is Ec = 2 GPa, elastic Poisson’s ratio is νec = 0.3, plastic Poisson’s ratio is νp = 0.
The metal foam has a long platform stress σc until the densification strain reaches. After
densification, the stress increases linearly with tangent modulus Ect = 0.2Em. FML tubes
and metal foam are assumed to have enough ductility to withstand the deformation without
fracture.

5 Results and discussion

Figure 3 shows the analytical and numerical results for force-deflection curves of the bottom
surface of rectangular foam-filled FML tubes at mid-span subject to low-velocity impact. It
can be seen that the analytical results are in good agreement with numerical ones. The neglect
of elastic deformation in the analytical solution leads to the inconsistency in small deflection.
Also, the analytical solution does not consider the effects of inertia effect, shear force, strain
hardening of the materials. Numerical results have obvious oscillation in the initial stage, which
may be caused by the complex interaction between the striker and foam-filled tube.

Figure 4 shows the analytical and numerical results for the maximum deflection curves
with initial impact energy of rectangular foam-filled FML tubes under low-velocity impact. In
Fig. 4(a), G∗ = 400, the initial velocity is changed. In Fig. 4(b), VI = 2 m/s, the mass of the
striker is variable. It can be seen from Fig. 4 that numerical results are almost slightly higher
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Fig. 3 Analytical and numerical results for force versus deflection at impact location of foam-filled

FML tubes under low-velocity impact (color online)
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Fig. 4 Analytical and numerical results for maximum deflection curves with initial impact energy of

foam-filled FML tubes under low-velocity impact (color online)

than the analytical predictions, and analytical results are in good agreement with the calculated
ones, especially in the high impact energy.

Figure 5 shows the effect of metal volume fraction in FML on force versus deflection curve
and maximum deflection curve with initial impact energy of foam-filled FML tubes, in which
G∗ = 100, n = 2, h = 0.024, q = 2.1, σ1 = 0.045 5. The force increases with the increase of
metal volume fraction of FML for the given deflection in Fig. 5(a). In Fig. 5(b), the maximum
deflection of the rectangular foam-filled FML tube decreases with the increase of metal volume
fraction in FML for the given impact energy.

Figure 6 shows the effect of the number of metal layers in FML on the force versus deflection
curve and maximum deflection curve with initial impact energy of foam-filled FML tubes, in
which G∗ = 100, q = 2.1, and σ1 = 0.045 5. Keep the shape of metal foam unchanged.
The force increases with the increase of the number of the metal layers in FML for the given
deflection in Fig. 5(a). In Fig. 5(b), the maximum deflection of the rectangular foam-filled FML
tube decreases with the increase of the number of the metal layers in FML for the given impact
energy.

Figure 7 shows the effect of foam strength on the force versus deflection curve and maximum
deflection curve with initial impact energy of foam-filled FML tubes, in which G∗ = 100, q = 2.1,
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n = 2, f = 83.3%, hf = 0.01, and σ1 = 0.045 5. The bigger the foam strength is, the more the
increase in load-carrying capacity of the foam-filled FML tube is in Fig. 7(a). In Fig. 7(b), the
maximum deflection of the rectangular foam-filled FML tube decreases with the increase of the
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foam strength for the given impact energy.

6 Conclusions

In this paper, the low-velocity impact of a clamped rectangular foam-filled FML tube is ana-
lytically and numerically studied. According to rigid-plastic material approximation with modi-
fications, simple analytical solutions for the force-deflection and initial impact energy-maximum
deflection relations of rectangular foam-filled FML tubes at mid-span subject to low-velocity
impact are presented. The analytical model captures numerical results reasonably, which proves
the accuracy of the analytical and numerical results each other. The force increases with in-
crease in metal volume fraction of FML, the number of the metal layers in FML, and the foam
strength for the given deflection. The maximum deflection decreases with the increase of metal
volume fraction of FML, the number of the metal layers in FMLs and the foam strength for
the given initial impact energy. It is shown that the number of the metal layers in FMLs has a
significant effect on the force-deflection and initial impact energy-maximum deflection relations.
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