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Abstract Light weight high performance sandwich com- teristics, such as low density, high specific strength and ex-
posite structures have been used extensively in various loaéllent performance of energy absorption [1,2]. Recently,
bearing applications. Experiments have shown that the irthe study of various structures with foam cores has attracted
dentation significantly reduces the load bearing capacity ahuch attention [3-5]. The use of foam cores can increase
sandwiched beams. In this paper, the indentation behavior tfe flexural bearing capacity of beams, but the improvement
foam core sandwich beams without considering the globallgtrongly depends on the indentation involved in the deforma-
axial and flexural deformation was analyzed using the prinion. Hence the study on the indentation behavior of foam
ciple of virtual velocities. A concisely theoretical solution core sandwich beams is of great significance.

of loading capacity and denting profile was presented. The
denting load was found to be proportional to the square rootf in
of the denting depth. A finite element model was establishe 0]. The indentation of sandwich beams with glass-fiber-

to verify the prediction of the model. The load-indentation__. L ; .
curves and the profiles of the dented zone predicted by thégmforced plastic skins and poly foam cores was investigated

ical model and ical simulati . q y Shuaeib and Soden [11], where an analytical model with
cr::eert:;:a model and numerical simulation are in goo a9"®% linear elastic upper skin on the elastic-plastic core founda-
' tion was used to predict the loads at which the core yields and
the upper skin fails. Foam core sandwich beams subjected to
Keywords Indentation Sandwich beamMetallic foam static indentation and subsequent unloading were analyzed
using the Winkler foundation model [12], in which the de-
flection of the face sheet with bendingfBiess was assumed
linear elastic, and compressive response of the foam core was
assumed elastic-perfectly plastic. The inelastic quasi-static
Metallic foam has attracted much interest due to its characic-Po ~c of sandwich b?ams a_nd panel_s with & foam core to
localized loads was obtained using the Kirctihrhove static
theory [13]. The indentation behavior of foam core sandwich

The project was supported by the National Natural Science Foundg-ompos'te panels loaded by a spherical indenter was exam-

tion of China (90916026, 10532020 and 10672156) and the Chine£3€d by Rizov et al. [14] through experimental and compu-

Academy of Sciences (KJCX2-EW-L03). tational methods. In order 'Fo _further gnderstand_the f_allure
modes caused by local static indentation, numerical simula-
tion was also conducted [15].

Much previous work has contributed to the knowledge
dentation behavior of foam core sandwich structures [6-
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in large deflection. Hence the plastic behavior of face sheets The contribution of the rate of energy dissipation by
should be considered. In this paper, we propose an analyttembrane forces in the dented region is calculated by
ical indentation model for sandwich structures with rigid-

0
perfectly plastic face sheets and metallic foam cores, and thie |  Nyébdx = —(2Ngbs/£) f dw = 2Nobs5/¢€, (3)
prediction is compared with the results of finite element sim- <o g
ulations. whereNg = ogh andoy is flow stress of the face material,

b is the width of the sandwich beam, ahds the face sheet
thickness. It is noteworthy that the form of the skin deflec-
tion w(x) is still unknown and we only use the conditions
w(0) = 6§ andw(¢) = O to determine Eqg. (3).

A sandwich beam with a foam core under denting load- The cor_ltribution of Fhe rate of energy dissipation due
ing usually deforms with a localized zone, as represente@ compressive deformation of foam cores is calculated by
schematically in Fig. 1. According to practical applications, . . .

a face sheet is much thinner than a foam core, and the integ( opdV = 2f0p5(1 — x/€)bdx = opbés, (4)
face between them is fully bonded. The indentation induce v 0

by strongly localized interactions is significant in practicalWhereoy is the plateau stress of foam materials.
applications. Here, we present an analytical model based on  The total rate of energy dissipation is summed up to
:_he prin_ciple of virtual velocities to determine the deforma-py _ 2Nobs/¢ + o-pbgé. (5)

ion region.

2 Analytical model

The statement of equilibrium between the rate of external en-
ergy E and the rate of internal work is expressed via the
principle of virtual velocities [16]

E=D, (6)

. =
Face sheet |

whereE andD represent the rate of work of external force
and the internal energy, respectively. The rate of external
work is given by

h E = P5, 7

Foam core

Iy

Face sheet

Fig. 1 Schematic representation of the plastically deforming zoneWhere P is the denting load. The rate of internal work of

the sandwich beam is mainly given by the sum of contribu-
In th N vsi del is based on the f fions due to extensional deformation of the face sheet and the
_nIhe present analysis, our modetl 1s based on the 0éompressive deformation of the foam core.
lowing assumptions:

(1) The deforming zone in denting process is mucqainegased on Egs. (5)=(7), an expression for |fais ob-

smaller than the engineering structures, and no globally lon-
gitudinal and flexural deformation is considered. P = 2Nobd /£ + opbé, (8)

(2) The sheet of the sandwiched structure is rlgld'vvhich depends og and the actual load corresponds to the

perfectly plastic. The foam core has a constant plateau stress. . . . .
. . . inimum P. Using the minimal condition of the load [17],
ing lé;’é;gﬁ;?g'gsnsgthe indenter is neglected, and the den IP/o¢ = 0, we have a relation betweérands, i.e.
(4) The velocity field of the dented zone is assumed t& = (2Nod/op) /2. 9)

vary linearly withx, according to the equation Substituting this relation back into Eq. (8), we can deter-

W = 6(1 - x/&), (1) mine the desired load-indentation relation of the indentation

where the dot signifies the time derivativejs the rate of process

denting depth, and is the half width of the dented region. P/b = 2(2Ngop6)Y2. (10)
Thus, the change in the longitudinal curvature becomes zer
kxx = 0, and the rate of internal work from flexural deforma-
tion can be neglected. The strain rate is defined according f
the theory of moderately large deflections of beams

?his expression shows that the denting load is proportional
8 the square root of the denting depth.

The deflection profile of the dented zowéx, t) is un-
known as indicated previously, but it can be determined by

&= d_Wd_W ) the following derivations due to the dependence @ 6.
dx dx The extent of the deformed zorevaries withs and so
(5) The thickness of the face sheet remains constarhanges in timé. For a given positiorx, the skin remains
during deformation. undeformed unti¥ > x. Therefore, the resulting permanent
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deflection profile is calculated by a time-integral of velocityfully clamped.

as The face sheet material was assumed as elastic-
t t perfectly plastic. The mechanical properties of the face
w(x.t) = fT(X) W(x t)dt = fT(X) o[1 = x/&(n)]dt, (11)  and core materials are listed in Table 1. The plastic part

. ) . ) of the mechanical behavior of the core was modeled using
whereT(X) is the time at whichké = x. By changing the the *CRUSHABLE FOAM and the *CRUSHABLE FOAM

integration variable fromito 6, Eq. (11) is rewritten as HARDENING options in the ABAQUS package as shown in
5(€) Fig. 3.
W(X, 8) = f [1 - x/(2Nod /) /2]ds, (12)
5(X)
wheres(x) = (o-p/ZNO)x2 at timeT(x). To simplify the inte- Table 1 Mechanical prciﬁir:;%srﬁl;ztérctural constituents used in
grating process, Eq. (12) is rewritten in the following form
by further changing the integration variable frémno ¢&, po/(kgm=3) E/GPa v oo/MPa  op/MPa
oy ([ Face 2700 50 0.2 150 -
w(x.9) = - f[ (€ —x)de. (13)  core 400 025 0 - 1.0
X
Integrating this expression, we determine the deflection pro-
file as
4
W(x, 8) = 6(1 ~ x/€)>, (14) <
which varies non-linearly with the position ?: 31
2 E;=90 MPa
. . . . . 2 24
3 Modeling the indentation behavior of sandwich struc- _5*5“
tures 3 6,=1.0MPa E=0
£
=11
5 E=250 MPa
In order to verify the validity of the above theoretical results ' . .
and evaluate the error caused by the assumptions introduced 0 0.2 0.4 0.6 0.8
in the model, a 2-D finite element analysis was conducted Engineering strain

using the ABAQUS code. The numerical model was estab-

lished for half of the structure due to symmetry, see Fig. 2Fig. 3 Engineering stress—strain relation of foam core used in the
The half-length of the sandwich beam is 100 mm while thé"E model

thicknesses of the face and core are 2mm and 20 mm, re-

spectively.

4 Results and discussion

A comparison between the load-indentation curves predicted
by the theoretical model and calculated by the numerical
simulation is presented in Fig. 4. In the first initial phase,
) o ) ] the indenter diameter leads to more deformation region than
Fig. 2 Finite element model of a sandwich beam indented by g4 caused by a line load, so the numerical result is a little
cylindrical indenter higher than the analytical one. As the deformation region
expands, theféect of indenter diameter would gradually de-
The indenter was modeled as a rigid cylinder, and &rease. In addition, elongation of the face sheet would grad-
relatively small indenter diameter of 5mm was chosen talally reduce its thickness, so finally the simulation load is a
simulate a line load. The face sheet and foam core wet#tle lower than that from the analysis. On the whole, results
modeled using 4-node bilinear plane strain quadrilateral fifrom the two dfferent methods are in good agreement.
nite elements (CPE4R). In total, 4500 elements were used. Numerical results show that the dented zone is contin-
The finite element mesh was condensed towards the contaaiusly expanded with the increasing of the denting depth as
area between the indenter and the face sheet. The contacedicted by Eq. (9). The profile in the dented zone obtained
between the face sheet and foam core was set as TIE of sfitem numerical simulation is consistent with that by theo-
face to surface. All rigid body motions of the indenter wereretical prediction, except that a little fterence was found
restricted except the displacement in the vertical directioraround the contact area, as shown in Fig. 5. THiedince
The lower and end boundaries of the sandwich beam weis due to the assumption equation (3) in the theoretical anal-

@ Springer



966 Z.-Y. Xie, et al.

ysis. If finite size of the indenter is taken in the theoretical 2 Fang, D.L., Li, Y.L., Zhao H.: On the behaviour charac-
modeling, the linear assumption of the velocity distribution terization of metallic cellular materials under impact load-
in the dented zone needs to be changed, which will lead to a ing. Acta Mechanica Sinic&6(6), 837-846 (2010) DOI:
complex derivation. 10.1007510409-010-0392-x
3 Chen, C., Harte, AM., Fleck, N.A.: The plastic collapse
of sandwich beams with a metallic foam core. Interna-

140 tional Journal of Mechanical Sciencé3(6), 1483-1506 (2001)
—; 120 - —— Theoretical DOI:10.101850020-7403(00)00069-2
= —o— Numerical 4 Kiratisaevee, H., Cantwell, W.J.: The impact response of
z 100 1 aluminum foam sandwich structures based on a glass fiber-
T:': 30 - reinforced polypropylene fiber-metal laminate. Polymer Com-
% posites25(5), 499-509 (2004) DOI: 10.100%.20043
E 60 1 | 5 Caner, F.C., Bazant, Z.P.: Sizfext on strength of laminate-
S 40/ P-b foam sandwich plates: Finite element analysis with interface
.OED fracture. Composites Part B: Engineerid§(5), 337-348
g 201 (2009) DOI: 10.101f.compositesb.2009.03.005
S o T . : . : : ; 6 Mohan, K., Yip, T.H., Sridhar, I., et al.: fEect of face

o 1 2 3 4 5 6 7 8 sheet material on the indentation response of metallic foams.

Denting depth &/mm Journal of Materials Scienc&2(11), 3714-3723 (2007) DOI:
10.1007s10853-006-0373-4

7 Yang, M.J., Qiao P.Z.: Quasi-static indentation behavior of
honeycomb sandwich materials and its application in impact
simulations. Journal of Aerospace Enginee2i(4), 226-234
(2008) DOI: 10.1064ASCE)0893-1321(2008)21:4(226)

Fig. 4 Load-indentation curves of sandwich beam

—w/mm

R 1:» Iy 8 Du, L., Jiao G.Q.: Indentation study of Z-pin reinforced
\\\x‘x 21, N ) polymer foam core sandwich structures. Composites Part A:
g o — Theoretical Applied Science and Manufacturinf(6-7), 822-829 (2009)
\i —— Numerical DOI: 10.1016j.compositesa.2009.04.004

paSa
—6

9 Saadati, M., Sadighi M.: Indentation in lightweight composite
sandwich beams. Journal of Aerospace Enginee2RfG6),
X/mm 825-835 (2009) DOI: 10.12439544100JAERO416

Fig. 5 Theoretical and simulated profiles during denting 10 Flores-Johnson, E.A., Li, Q.M.: Experimental study of the
indentation of sandwich panels with carbon fibre-reinforced
polymer face sheets and polymeric foam core. Compos-
ites Part B: Engineeringd2(5), 1212-1219 (2011) DOI:

5 Conclusions 10.1016j.compositesh.2011.02.013

11 Shuaeib, F.M., Soden, P.D: Indentation failure of composite

. . ) . sandwich beams. Composites Science and Techndidgy
The indentation behavior of foam core sandwich beams 1249-1259 (1997) DOI: 10.10m266-3538(97)00060-2

without considering globally axial and flexural deformation 12 zenkert, D., Shipsha, A., Persson, K.: Static indentation and
was analyzed using the principle of virtual velocities. Acon-  unloading response of sandwich beams. Composites: Part B:
cisely theoretical solution of loading capacity and denting 35, 511-522 (2004) DOI: 10.10jj&compositesb.2003.09.006
profile was presented. The denting load was found to be prat3 Koissin, V., Shipsha, A., Rizov, V.. The inelastic quasi-
portional to the square root of the denting depth. A 2D finite  static response of sandwich structures to local loading. Com-
element model was established to verify the validity of the Pposite Structure$4, 129-138 (2004) DOI: 10.10180263-
theoretical result. It was found that the two results are in 8223(03)00221-6 _
good agreement. The influence of the diameter of the inl4 RizoV, V'(’j S_h'ESha’ A.,_fenkertl, D-(::'”de”t?t‘t'os'l stugg&ifoam
: . . Ccore sanawich composite panels. Composite Strucay; —
denter on the load-indentation curves and the profiles of the (2005) DO 10?10]/ﬁc%mpstruct.2(?04.05.013
dented zone were also discussed. The analytical method may

h - . Rizov, V.. Non-linear indentation behavior of foam core
Zﬁde:fl';en(:gd to study the coupled deformation of indentation™ . - composite materailas-A 2D approach.  Com-
Xxure.

putational Materials Science85, 107-115 (2006) DOI:
10.101¢j.commatsci.2005.02.009
16 Jones, N.: Structural Impact. Cambridge University Press,
References Cambridge (1997)
17 Soden, P.D.: Indentation of composite sandwich beams. Jour-
1 Gibson, L.J., Ashby, M.F.: Cellular Solids. Pergamon Press, hal of Strain Analysis for Engineering Desigi, 353-360
Oxford (1988) (1996) DOI: 10.124®3093247V315353

—60 =50 —40 =30 =20 =10 0 10 20 30 40 5.0 60

@ Springer



