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Indentation of sandwich beams with metal foam core
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Abstract: The quasi-static indentation behavior of sandwich beams with a metal foam core was investigated. An analytical model
was developed to predict the large deflections of indention of the sandwich beams with a metal foam core subjected to a concentrated
loading. The interaction of plastic bending and stretching in the local deformation regions of the face sheet was considered in the
analytical model. Moreover, the effects of the shear strength of the foam core on the indentation behavior were discussed in detail.
The finite element simulations were preformed to validate the theoretical model. Comparisons between the analytical predictions and
finite element results were conducted and good agreement was achieved. The results show that the membrane force dominates

indentation behavior of the sandwich beams when the maximum deflection exceeds the thickness of the face sheet.
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1 Introduction

Lightweight sandwich structure has been considered
as an alternative to the conventional monolithic solid
structure due to the high specific strength and stiffness,
high resistance to impact and blast loadings. Metal foam
core sandwich panels are typical lightweight structures
with a number of advantages, e.g. multi-functionality,
easy to shape to curved configurations and to form with
integral face sheets. It is well known that there are many
failure modes while local indentation is one typical mode
of the failures and has received more attention due to the
fact that the local indentation may cause a serous
reduction in load—carrying capacity of the sandwich
structure [1,2].

In earlier analyses of indentation of sandwich beam,
FROSTIG et al [3,4] modeled the face sheets and the
foam core as elastic beams and an elastic foundation,
respectively. TRIANTAFILLOW and GIBSON [5,6]
neglected the effect of the strength of face sheets while
the indentation load was dictated by plastic strength of
foam core. Apparently, this will underestimate the
indentation load. SODEN [7] and SHUAEIB and
SODEN [8] developed analytical models for indentation

of the sandwich beam, in which an elastic beam was
resting on a rigid-perfectly plastic foundation and an
elastic-perfectly plastic foundation, respectively. Using a
simple upper bound calculation, ASHBY et al [2]
presented an analytical analysis of the indentation of
metal foam core sandwich beams without considering the
effect of shear strength of the foam core. Subsequently,
KOISSIN et al [9] obtained an analytical solution for the
quasi-static indentation of sandwich structure, in which
they assumed that the face sheets deflect elastically and
the foam core is idealized as elastic-perfectly-plastic
foundation without strain rate and shear effects and
overall bending. RUBINO et al [10] proposed a new
analytical model for the indentation of the metal
sandwich beams, in which the shear strength effect of the
core on the indentation and compression of the core and
bending of the face sheet are considered. However, all
the aforementioned analyses are based on the assumption
of small deflection.

Recently, RUBINO et al [11] modified the previous
analytical model including the contribution of the
stretching of the face sheet neglecting interactions
between plastic bending and stretching in deformation
regions. QIN and WANG [12,13] developed an analytical
model for the local indentation of metal foam core
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sandwich beams transversely loaded by a flat punch
considering interactions between plastic bending and
stretching in deformation regions, and assumed that the
deformation region length is fixed. WIERZBICKI and
HOO [14] proposed a large deformation model for a
plastic string resting on a plastic foundation subjected to
a concentrated loading neglecting the effect of plastic
bending of the face sheet. Later, this model was applied
to predict the local indentation of metal foam core
sandwich beam considering the size effects of indenters
[15], whilst neglecting the contribution of the shear
strength of the core.

The objective of this work is to study the
quasi-static large deflections for the indentation of metal
foam core sandwich beam subjected to a concentrated
loading.

2 Analytical model

Consider a metal foam core sandwich beam, which
is supported on a rigid foundation, subjected to a
concentrated loading F, as shown in Fig. 1. Two identical
face sheets with thickness / are perfectly bonded to the
core with thickness c. It is assumed that the face sheets
obey rigid-perfectly plastic law with a flow stress oy, as
shown in Fig. 2(a). The foam core is modeled as a rigid
perfectly-plastic locking (r-p-p-1) material with a
plateau-stress level of o, and shear stress 7., as shown in
Fig. 2(b). The rigid-perfectly plastic model and r-p-p-1
model are useful to describe the post-yield deformation
behavior of sandwich structures approximately,
respectively, if elastic deformation and hardening
behavior are neglected in analysis.

Herein, an analytical model is proposed to
characterize the local denting deformation of sandwich
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Fig. 1 Sketch of metal foam sandwich beam subjected to
concentrated loading
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Fig. 2 Idealized strain—stress curves: (a) Face sheet; (b) Foam
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beam as the indentation depth becomes large. Then, the
upper face sheet is idealized as a homogenous
rigid-perfectly plastic beam, while the foam core is
idealized as a perfectly plastic foundation [16]. The
assumed deformation mode for the indentation of the
metal foam core sandwich beam subjected to a
concentrated loading is shown in Fig. 3. The deformation
field is then expressed as [11]

u(xl,x3):0 )]
and
g(ﬁ—xl)x3, 0<x, <2
v(w)=1 2)
;(/1+x1)x3, -A<x <0

where u and v are material point velocities in the x; and
x3 directions, respectively; A is the half length of the
deformation region of the top face sheet that has a
rotation rate @ giving the roller a displacement rate
Wy = A0 at loading point.
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Fig. 3 Assumed deformation mode for indentation of metal
foam core sandwich beam

To determine the load—deflection behavior after the
collapse, the principle of virtual work is applied during
the plastic deformation. The dissipation rate of plastic
work is then given by

FA0=4M0+2Ne+ [ o, éydr | 7.7dx ®)

where M and N are the plastic bending moment and axial
force, respectively; ¢ is the extension rate of the
deformation region of the upper face sheet; &;; is the
strain rate of the foam core in x; direction; 7,5 is the
shear rate of the foam core in x; direction. The following
relations also emerge
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—gx3 ,0<x <4
. c
N3 = a—xl+a =14 (6)
—X;, —A<x <0
c
Due to the characteristics of the beam-on-
foundation model, the axial (membrane) force would be
induced by the finite deflections of upper face sheet.
Moreover, the axial (membrane) force would dissipate
energy and stiffen the deformation portion of upper face
sheet. The plastic deformation of the upper face sheet
mainly comes from plastic bending and longitudinal
stretching. ONAT and PRAGER [17] obtained the yield
criterion in space (M, N) for the upper face sheet, i.e.

|m| +n? =1 (7

where m=M/M, and n=N/N,.

Meanwhile, the fully plastic bending moment M,
and axial force N, in the upper face sheet are respectively
given by

4M,

M, :%afhz, Ny =oth= (8)

The yield surface of the face sheet is shown in
Fig. 4.
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Fig. 4 Yield surface of face sheet of sandwich beam

According to the associated flow rule for yield
criterion Eq. (7), there is

dm__2¢_ ,, 9)
dn ho

ie.
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ezﬁhnzzhnwo (10)

Substituting Eq. (10) into Eq. (4), and solving for n
for wo<h,
Y

h

n

(11)

Combining Egs. (7) and (11) results in
2
w,
=1-| 20 12
=12 12
When we>h, we have
n=1 and m=0 (13)

The load—deflection of the local denting
deformation of the sandwich beam can be calculated as
follows.

1) When w<h, combining Egs. (3)—(12) yields

oh? W, :
F=——1+ o +o A+1,C (14)

The local deformation region A can be obtained by
minimizing F in Eq. (14) with respect to the free
parameter 4, i.e. 0F/0A=0. Thatis

(15)

When wy=0, the initial wavelength /; of the local
denting deformation of the sandwich beam is expressed
as

A =h 2L (16)
GC

Substituting Eq. (15) into Eq. (14) yields, the
following load—deflection relationship of local denting
deformation

(17)

When wy=0, the initial loading F; of local denting
deformation of the sandwich beam is written as

F =2h\os0o, +7.C (18)

2) When wg>h, the expression for the load—
deflection relationship of local denting deformation is
obtained from Egs. (3) and (13). So,

Fo 20¢hw,

+o A+71,C (19)

Minimization of the loading F in Eq. (19) with
respect to the free parameter A, i.e. 0F/0A=0, gives a
wavelength expression,

A=h ﬁ[ﬁj (20)
o, \Uh
When wy=h, Eq. (20) is reduced to
A =h |28 Q1)
o

C
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which is the same as the formula obtained from Eq. (15)
by setting wy=h. Substituting Eq. (20) into Eq. (19), the
expression of the load—deflection relationship of local
denting deformation is

F=2h 200, % +1.c (22)

If the contribution of the shear strength of the foam
core to the load—carrying ability is too small to be
neglected in analysis, Egs. (17) and (22) are reduced to

2
F =2h |00, {H(%} } wp < h (23)

and

F =2h|200, % wp = h (24)

respectively, and Eq. (18) is reduced to
Fy =2h,jo;0, (25)

Moreover, it is concluded from Egs. (15) and (20)
that the local denting deformation region increases
monotonically with the increase of the deflection of the
local denting deformation. In other words, two plastic
hinges at a distance /; from the loading point travel
towards in the directions x; and (—x;) with the increase of
the deflection of the local denting deformation.

If cep <h, the local denting deformation behavior
will be determined by Eqgs. (15) and (17). The maximum
loading Fy,.x and the local denting deformation region
Amax are given by

2
Fo = Zh\/crfcrc {14—(%) ] +7,C (26)

and

2
Do = h ﬁ[n(ﬂj ] 27)
o, h

If cep 2 h, the local denting deformation behavior
will be determined by Egs. (20) and (22). It is assumed
that the upper face sheet deflects until the average
compressive strain in the foam core attains the
densification strain of the foam core while there is no a
sudden loss of load—carrying capacity due to the upper
face sheet tearing. The maximum loading F.x and the
local denting deformation region ., are obtained as

Fiue =2h,|20;0, % +1.c (28)

and
Ao =122 22 @)

Upon performing the integration Eq. (28) by using Egs.
(17) and (22), the absorbed plastic energy U; induced by
the local denting deformation are obtained as

U = OW“ F(wy) dw, (30)
or
W, W . W W 2
U, =h* oo, | —2 1+(—°j +In| -2+ 1+(—°J +
h h h h
rcch%, wy < h 31
and

U, = \Jo,o, E% /2% +1In(1++/2) —g} +

rcch%, wp = h (32)

If the contribution of the shear strength of the foam core
to the energy absorption is too small to be neglected in
analysis, Egs. (31) and (32) then are reduced to

2 2
Ul-:h2 00, Yo o Yoy Moy 14 2o ,
h h h h

wy < (33)
and
U = oo, | £ 2% /zﬂﬂn(nﬁ)—ﬁ Wy 2 h
AN 3
(34)

If cep <h, the maximum absorbed energy U, max
of the local denting deformation is

2
U = 707 | 2 1(7) .

2
In| <52 1+(%} +rcchc';D,w03h (35)

Similarly, if ce&p =h, the maximum absorbed
energy U;_max of the local denting deformation is

ln(1+\/§)—g}+rcch%, wp > (36)

It is clear that the plastic energy during local
indentation deformation will be dissipated by the
bending and stretching of the upper face sheet and the
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compression and shear deformation of the foam core.
Actually, there is an implicit assumption in analysis that
the deformed region of the upper face sheet during local
indentation is much smaller than the span of the metal
sandwich beam. It means that the sandwich beam should
be long enough to ensure the occurring of local
indentation. Otherwise, other failure modes are possible.

3 Finite element analysis

Using ABAQUS code, finite element (FE)
calculations were carried out to numerically study the
finite deflection behavior of indentation of metal foam
core sandwich beam under transversely concentrated
loading supported on a rigid foundation. Standard
integration  solution adopted in
calculations. Displacement loading was applied to rigid
roller. Contact between the outer surface of the upper
face sheet and the rigid roller was modeled through
frictionless contact provided by ABAQUS code. Four
node-bilinear plane strain quadrilateral elements (type
CPE4) with full integration were selected for both foam
core and face sheets. All calculations in this section are
presented for sandwich beam with the span length
2L=300 mm, thickness of each face sheet #=0.5 mm and
1.0 mm, and thickness of the core ¢=25 mm. The
diameter of the loading roller is d=8 mm. A mesh
sensitivity result demonstrates that further mesh
refinements do not change apparently the calculation
results.

Due to the symmetry of the problem, only half of
the sandwich beam was considered in FE calculations.
Symmetry boundary conditions were imposed at the
midspan of the sandwich beam. The face sheets were
assumed to be perfectly bonded to foam core.
Appropriate mesh refinement at the location of loading
point of the sandwich beam was included. The face
sheets were modeled by J, flow theory of plasticity.
Deshpande-Fleck model [18] was used to model the
metal foam core, in which variations of yield surface due
to hardening along hydrostatic and deviatoric axes were
considered. The yield function for the foam core is

technique was

¥=6-0,=0 (37)
where
1
e P — O'e2 +}/20'r2n (38)
1+(y/3) ( )

where o, =,/3s;s; /2 is von Mises stress, s; Is
deviatoric stress, o,, =0y, /3 is hydrostatic stress and y
is the shape factor of yield surface. The associated plastic
flow is assumed and plastic Poisson ratio
vV, ==& / &l for  uniaxial  compression in
one-direction is

L 1/2-(7/3)
1+(}//3)2

Considering aluminum face sheets with yield
strength o=140 MPa, elastic modulus E~=70 GPa, elastic
Poisson ratio v,=0.3 and linear hardening modulus
E=0.01E;. The isotropic aluminum foam core has yield
strength 0.=3 MPa, elastic modulus E.=1.0 GPa, elastic
Poisson ratio v,.=0.3 and plastic Poisson ratio v,=0. The
foam core has long plateau stress platform o, that
continues up to densification strain ep=0.5, and the stress
rises steeply when very large tangent modulus E.=0.2E¢
is beyond the densification strain.

(39)

4 Results and discussion

Comparisons between analytical predictions and FE
results of load—deflection and deflection—energy curves
of the local indentation of the metal foam core sandwich
beams subjected to a concentrated loading are plotted in
Figs. 5 and 6, respectively. The mean plastic flow stress
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Fig. 5 Indentation of metal foam core sandwich beams
subjected to concentrated loading with face sheet thickness
h=0.5 mm: (a) Normalized deflection versus normalized
loading; (b) Normalized deflection versus normalized energy
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Fig. 6 Indentation of metal foam

core sandwich beams

subjected to concentrated loading with face sheet thickness
h=1.0 mm: (a) Normalized deflection versus normalized

loading; (b) Normalized deflection versus normalized energy

(o¢toy)/2 (the ultimate tensile strength ¢,=210 MPa and
the rupture strain £,=20% for the upper face sheet) is
used in analytical model to estimate the effect of strain
hardening of the upper face sheet. It is seen readily that
the analytical predictions neglecting the effect of foam
core shear strength are in excellent agreement with the
FE results of deflection—loading and deflection—energy
curves, whereas the analytical model considering the
effect of core shear strength may overestimate the
load—carrying capacity and energy absorption of metal
sandwich beam, in which the shear strength of the foam
core 7, may be taken as 7.~20./3. The contributions of the
shear strength of the foam core can be too small to be
neglected due to its low shear strength. However, it may
be included in the analytical model when the shear
strength of the core significantly exceeds its compressive
strength.

Figure 7 shows the evolution process of the plastic
zone of the local indentation in the foam core. Contours
of the equivalent plastic strain (PEEQ) are included in
these deformed profiles also. At small deflections of the
upper face sheet, the plastic zone is firstly developed
near the indenter and increases with the increase of the

deflections of the upper face sheet. Meanwhile, the
deformation zone of the upper face sheet travels towards
the longitudinal directions. The maximum plastic zone in
the foam core is near the indenter while the foam core
undergoes almost no deformation in the region far away

Fig. 7 Evolution process of plastic zone of indentation of metal
sandwich beams with face sheet thickness #=0.5 mm deduced
from FE simulations with different indentations: (a) 0.5 mm;
(b) 2.0 mm; (c) 4.0 mm
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Fig. 8 Deformation zone of indentation of metal foam core
sandwich beams subjected to concentrated loading: (a) ~A=0.5
mm; (b) #=1.0 mm
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from the indenter. As can be seen from Fig. 8, the
analytical predictions for deformation zone of local
indentation of metal sandwich beams agree well with the
FE results. Moreover, the deformation zone of local
indentation is insensitive to the shear strength of the
core.

5 Conclusions

An analytical model was developed to predict the
large deflections of indentation of metal foam core
sandwich beam subjected to a concentrated loading. In
the analysis the upper face sheet was modeled as an
infinitely long, rigid plastic bean resting on a rigid plastic
foundation which was used to model the constant
crushing behavior by the foam core. Moreover, both
interaction of plastic bending and stretching in the local
deformation regions of the face sheet and contribution of
the core shear strength were considered. The closed-form
solutions are obtained. Comparisons between the present
analytical solutions with the FE results demonstrate that
it is necessary to consider the interaction of plastic
bending and stretching in the local deformation regions,
and the membrane force plays an important role in large
deflections of the indentation of the sandwich beams
when the maximum deflection exceeds the thickness of
the face sheet. The contribution of the shear strength of
the foam core with low shear strength may be neglected
in analysis.
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