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Plastic collapse modes for clamped sandwich beams have been investigated experimen-

Eﬂgiﬂeéfiﬂg Department, tally and theoretically for the case of aluminium face sheets and a metal foam core. Three

University of Cambridge, initial collapse mechanisms have been identified and explored with the aid of a collapse
TfoﬂpiﬂgtOﬂ Street, mechanism map. It is shown that the effect of clamped boundary conditions is to drive the

Cambridge, CB2 1PZ, UK deformation mechanism towards plastic stretching of the face sheets. Consequently, the

ultimate strength and level of energy absorption of the sandwich beam are set by the face
sheet ductility. Limit load analyses have been performed and simple analytical models
have been developed in order to predict the postyield response of the sandwich beams;
these predictions are validated by both experiments and finite elements simulations. It is
shown experimentally that the ductility of aluminium face sheets is enhanced when the
faces are bonded to a metal foam core. Finally, minimum weight configurations for
clamped aluminium sandwich beams are obtained using the analytical formulas for sand-
wich strength, and the optimal designs are compared with those for sandwich beams with
composite faces and a polymer foam cdi@Ol: 10.1115/1.1875432

1 Introduction tions and finite element simulations. The analytical formulas for

A large amount of research has been conducted recently on &-lﬁlltlal collapse are then used to determine minimum weight de-

mechanical performance of sandwich structures, stimulated by ns for clamped sandwich beams as a function of an appropriate

development of stiff and strong, lightweight core materjals3) uctural load index. These minimum weight configurations are
For example, Chen et al4] and Bart-Smith et alf5] have ex- compared with minimum weight designs for clamped sandwich

. ; . ; .. beams with composite face sheets and polymer foam cores. The
plored the quasi-static behavior of simply supported aluminiugy, 4, concludes with a short experimental study on the degree to

sandwich beams in three-poi.nt bendin.g. The ‘?O”‘Pe““g collapzich the foam core stabilizes the faces against necking.
modes of core shear, face yield, and indentation were observed,

and the sensitivity of the collapse strength to geometry and to

material properties was determined. However, there has been little

prior attention paid to the effect of the support condition upon the

collapse mechanism. Sandwich panels are often clamped to a s§iff .

and strong support framewofk.g., a ship hu)l and this can be sj Analytical Models for the Collapse Response

represented in the laboratory by a fully clamped end condition. We begin by summarizing analytical formulas for the elastic
In the present study, the response of sandwich beams compsiéifness, initial collapse load, and postyield behavior of sandwich

ing aluminium face sheets and an aluminium alloy foam core Bgams, assuming that both face sheets and core can be considered

explored for both simply supported and fully clamped bounda@ds elastic—perfectly plastic materials, and the beams are either

conditions. Potential modes of initial collapse are identified, ar&imply supported or fully clamped. The analytical formulas are

simple analytical models are stated. A mechanism map for initiged to construct collapse mechanism maps, and to enable the

collapse is generated from these formulas in order to relate tlesign of specimen geometries so that a variety of failure modes

governing collapse mechanism of clamped beams to their geoie activated.

etry and material properties. Three sandwich geometries are seConsider a sandwich beam of lengthand uniform widthb,

lected from the collapse map, with each one lying in a differeomprising two identical face-sheets of thicknéssonded to a

regime. Sandwich specimens with these geometries are manufaetal foam core of thickness, as shown in Fig. 1. A flat-

tured and tested with both simply supported and clamped ehdttomed punch of widtla is used to load the beam transversely

conditions. The operative collapse mechanisms and measured laathidspan by a forcE and corresponding deflectian The outer

versus deflection curves are compared with both analytical pred&tpports react with two vertical forcds/2 in the simply sup-

ported case plus bending momers and in-plane horizontal

_ ) o forcesP in the clamped case. When the beam is simply supported
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Fig. 1 Geometries of simply supported and clamped sandwich
beams transversely loaded by a flat punch
M,
Fig. 2 Initial collapse by face yielding of sandwich beams (a)
el gnd gl g% e (1) Simply supported case and  (b) built-in case
¢’ C, ¢’ ¢’ O'f7 Pt
Furthermore, we define the following nondimensional indices for
the loadF, energy absorptiolV, and masd as: I .
or ceramic-fiber composites.
F= F : W= VZ\/ ; M= L= (ZT+p)C ) Facg yield Consider the plastic collapse o_f a sir_nply supportt_ad
bl o¢ bl<oy b€<p; sandwich beam, with the collapse mechanism given by rotation

about plastic hinges adjacent to the central punch, as sketched in
2.1 Elastic Regime.Elastic theory for sandwich beams isFig. 2(a). The plastic bending moment for the beam is given by
well established6], and the transverse deflectiarat midspan of

the beam is ?

c
M, = dtbo; + szrC (6)
R Fe
u= 48E| + AAG ® A straightforward work calculation gives the plastic limit load
ed ed Feys for face yield of the simply supported beam as

in the simply supported case, and
, . 4bt(c+1) . bc? o
=——0;+t——0
u= F¢ . Fe @ FYs (-a T e=a’
384Ely, 4AGy ) . . .
) ] . which can be re-expressed in nondimensional form as
in the fully clamped case. The equivalent flexural and shear rigidi-

ties are given b — 2
e Frvs= 0= S [4f(1+0 + ] ®
£, JEbtf EbC EbS  Ebte? blor 1-a
ed 2 6 12 2 The same result can be obtained by considering equilibrium and
(5) Yyield, via the lower bound theorem, but this is not detailed here.
bd? Consequently, this formula is exact within the context of rigid,
AGgq= TGC ~ bcG, ideally plastic beam theory.

A closely related result follows for the clamped sandwich beam.
whereG; is the shear modulus of the core athdc+t. The flex- Now, however, four plastic hinges exist, two at the punch and one
ural and shear terms have comparable magnitudes for the samideach support. The collapse load is twice that for the simply
wich beams considered later, and so it is necessary to incluglgpported beam, and is given in nondimensional form as
both.

— F 2
2.2 Mechanisms of Initial Collapse.Consider the response Frye= b'(,jJ: = —5[4t(1 +t) + 7] 9

of an elastic-ideally plastic sandwich beam, with an end condition o 1

of either fully clamped or simply supported. As the applied load ifr face yield of the clamped beam.

increased a limit load is attained, corresponding to initial plastic ) )

collapse. For the case of a clamped beam, membrane effects bd=Cré shear The transverse shear force on a sandwich beam is

come significant with continued deformation beyond initial colc@rried mainly by the core, and plastic collapse by core shear can

lapse, and a subsequent hardening behavior is observed. result. C_:on5|der first the case of a simply supported sandv_vlch
The initial limit load for initial plastic collapse is calculated forP€am with an overhangi beyond the outer rollers, as shown in

a number of trial collapse mechanisms using the upper bouft§- 1. Two competing collapse mechanisms can be identified.

theory of plasticity. The face sheets and core are taken to be righic de A entails plastic shear of the core and rotation apout plastic

ideally plastic with uniaxial strengthr; for the faces andr, for hinges in the face sheets at the central punch, see f&y. /®te

the core. Ashby et a[1] have identified the competing collapsethat the sandwich beam shears beyond the outer supports. Alter-

modes for sandwich beams with metallic face sheets and cored'a8vely, in mode B, the sandwich beam does not shear beyond the

face yield, core shearand indentation We calculate collapse outer supports_but this necessitates the formation of addltlonal

loads for each of these mechanisms, for both simply supportB@stic hinges in the face sheets at the outer supports, see Fig.

and clamped boundary conditions, and since the transverse deffég). Simple work calculations give the collapse loads for modes

tions are small, we neglect membrane effects. A and B, respectively, as

In the current study only plastic collapse mechanisms are con- )
sidered. Alternative failure modes are expected when the face Fa=2 U'f+2bc’7'c<1+ H ) (10
sheets or core are made from elastic-brittle solids such as ceramics {-a {-a
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Fig. 3 Two alternative modes of initial collapse by core shear

Fig. 5 |Initial collapse mechanism map for simply supported B

bi2 and clamped sandwich beams in three-point bending. o
Fg= 4€—(7f +2bcr, (11) =0.034 and a=0.1. Test geometries are marked on the map.
-a

A comparison of these formulas confirms that mode A is more
likely to occur at short overhangs; Chen et[dl] have found the
characteristic overharig; associated with transition from mode A

to mode B 2.3 Mechanism Maps for Initial Collapse.The observed ini-

20y tial collapse mechanism for a sandwich beam is the one associated
— (12)  with the lowest collapse load for a given geometry and material
properties. The active modes can be shown graphically by plotting
in which the shear strength of the corg can be taken asc 5 npondimensional measure of the upper bound collapse Foad
~20¢/3. =F/(bfo;) on a diagram with the nondimensional axeandt,

For the case of clamped beams the only possible collapse —  — . .
mechanism is mode B, with the associated collapse load givenfs r selected values af anda. This method follows that pioneered

Eq. (11). In the present study we consider simply supported bearﬂ Glbson and Ashby7] for polymeric foam cores and alu-
with an overhang lengthl exceeding the transition valug,, so minium alloy face She?ts- .

that the collapse mechanism is again mode B. The initial collaps A collapse me(_:har_llsm map, for both SImpIy_supported and
load is insensitive to the boundary condition, and is given by tfe@mped beams, is given in Fig. 5, for the chotee0.034 and

H,=
2cT

nondimensional form of11), as a=0.1, and the map is representative of the materials used in this
_ . study. It is assumed that the overhdidor the simply supported
Fos Fs _ ic i a (13 case exceeds the transition valdeso that core shear mechanism
es” blo; 1-a 3 is mode B. The regimes of dominance for each collapse mecha-

nism are marked, and the three data points marked on the figure
Indentation An alternative collapse mode is plastic indentadive the three structural geometries tested and analyzed later.

tion of the upper face sheet beneath the central punch, as sketchddote that the maps for simply supported and fully clamped
in Fig. 4. Again, a simple analytical formula can be obtained fdtoincide along the indentation—core shear boundary, since only
the plastic collapse load using an upper bound approach, $ee face yield collapse load changes when we switch from the
Ashby et al.[1] and Bart-Smith et al[5]. The mode involves Simply supported to the clamped boundary condition. The regime
plastic crushing of the core over a length(@h +a) and the for- Of face yielding is significantly larger for the simply supported
mation of four plastic hinges in the upper face sheet. The spacifgam than for the fully clamped beam.

\ between the hinges is obta}ined by minimizing the upper bounds 4 Finite Deflection of Clamped Sandwich Beamslt is
collapse load. For both the simply supported and clamped beaygen experimentally and theoretically later that simply sup-

the nondimensional indentation load is ported beams undergo continued plastic collapse at nearly con-
FN _ m e o stant load; eventually, the transverse deflection becomes suffi-
= t\/— (14  ciently large that the structure fails by fracture of the face sheets
c or core. In contrast, clamped beams undergo membrane stretching
of the face sheets beyond initial yield, and this gives rise to a
F i hardening macroscopic response. We now analyze the postyield
’ response of clamped sandwich beams.
A Initial plastic collapse of clamped sandwich beams occurs by
—= — face yield, core shear, or indentation at small transverse deflec-
__W tions. Subsequent transverse deflection, however, involves tensile
T T stretching of the faces and core. The stress distribution within the
beam evolves from that associated with the initial collapse load to
c that of pure membrane action, with the membrane solution
achieved when the deflection is about equal to the thickness of the
beamHg=C+2t. Thereafter, the beam deforms in a membrane
—= mode, and yields axially until the face sheets tear when the axial
plastic strain attains the material ductility. Equilibrium consider-
Fig. 4 Initial collapse of sandwich beams by indentation of the ations give an expression for the load versus deflection response
upper face sheet in the membrane phase as
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Fig. 6 Stages of collapse of simply supported and clamped true strain
sandwich beams ) . -
Fig. 7 Tensile response of the annealed aluminium face
sheets
_ 8tb0'f
Flu=>2_"u (19 3 Materials Characterization and Test Technique
assuming that the deflectianis small compared with the spdi Tk:rr]‘eae sotfrllj:(.:turgl g(.etﬁrggtcrlfs :;)T/]the?nnse!ﬁcgegﬁvé'tg;ﬂ tge.gall-
and that the net axial force in the faces is much greater than thatif, 2P o F19. 5, with €ach g ry ying | ITerent region
the core of the map. The sandwich bearnsf width about 50 mm were

It is difficult to obtain a general failure criterion for the beamrq%nuiggrl:]recdorg bggg”\:\?ef;u;mg's%m feanctle Stggteéz E?} ?#:g_mzmt
since the plastic strain distribution within the sandwich structur% Y ' ubsequently P

depends upon both the initial collapse mechanism and the metllr?-r;dmsge' dAtoCr?wrQrT?;f:Ita”r)é Fhugefafcu;g aﬂg?:;esdthiufrg;mu::norzhegts a
brane stretching phase of deformation. Here, we state a sim as u utactu » W w

failure criterion based on an estimate of the strain in the fa ostgd-c(;ell a!tu )(rr(;lnlur_?-allfot)r/] fofam, V(\;'.th. dtrzds-r;ﬁmg AIp_(t}rasfsth
sheets due to stretching of the beam, and neglect the plastic stréﬂ% Ive densittdensity o f oam divided by the densily ot Ine
due to bending. For an assumed ductility of the face sheet cell wall materia] was p=119%, and the average cell size was 3

material, the deflectiony at failure is given by mm. .Anneale.d aluml.nllum was us.e.d to ensure that the clamped
specimens did not fail in the transition phase, in order to observe
U = fv‘%(l ~Aer (16) the membrane regime.

The aluminium face sheets were degreased and abraded, and

2.5 Summary of Clamped Beam Respons@he load versus were then adhered to the foam core using Redux 322 epoxy ad-
deflection response of clamped beams may be subdivided i[q[%swe on a Dylon carrier mesh. The sandw[c_h beams_ were air-
three phases, as sketched in Fig. 6 cured at 180 C for 1 h, e_lnd bonding was facilitated by imposing

' a dead load with a nominal contact pressure of 0.01 MPa. The
. : : . shear strength of the cured Redux 322 adhesive was taken to be 20

@ E|Ii2?jm|:oz(ejnglt?§i:2 ethbee?mtigffé%(ﬁtaspifﬁg?ﬂyaggcﬁgﬁegp MPa, from Hexcel's data sheets: this strength is about one order of

with the operative collapse mechanism. The Idad is magnitude higher than that of the Alporas foam, and so no adhe-

reached at an elastic deflectiop as dictated by Eq4). sive failure was observed.

(2) Plateau phaseOnce initial collapse has been attained, itis 3.1 Face Sheet Material.The mechanical properties of the
assumed that the load remains constant under increasiighealed aluminium face sheets material were measured as fol-
transverse deflection up to a transverse deflectignat lows. Tensile specimens of dog-bone geometry were cut from the
which the load predicted b§15) equals the initial collapse aluminium face sheets. The tensile tests were performed in a servo
load. hydraulic test machine at a strain rate of 10-4/s; the axial strain

(3) Membrane phaseThe beam stretches in the manner of avas measured using both strain gauges and a laser extensometer,
plastic string and the load versus deflection response vighile the transverse strain was measured with a strain gauge.
given by Eq.(15). The sandwich beam deflects until there The measured true stress versus true strain response is given in
is a sudden loss of load carrying capacity due to face shegty. 7. The Young’'s modulus i8=70 GPa, and the Poisson ratio
tearing when the deflection attains the valye is 1;=0.33. The annealed aluminium has a 0.2% offset yield

S strength of 30 MPa, an ultimate tensile strength of 85 MPa and an
The energy absorptiow is the area under the load versus deejongation to failure of about 40%.

flection curve of the sandwich beam. Upon neglecting the elastic ) ) ]

contribution to energy absorption, the nondimensional measure3-2 Core Material. The tensile, compressive, and shear stress

W=W/b¢20 for a clamped beam. is taken as versus strain response has been already reported by Chen et al.
- f P ' [4]. In brief, the Young’s modulus of the Alporas foam k5

— — ¢ -, =1.06 GPa, and the compressive and tensile yield strength is
W=Feur+ Uz ~up) (17)  =2.1 MPa, with a tensile ductility of 1.1%.
where 3.3 Test Method for Sandwich BeamsThe sandwich beams
—_ UT. — _ Ur T . . .
Ur=—; Ug=— (]_8) European supplier, Karl Bula, Innovation Services, Ch-5200 Brugg, Herrenmatt
4 € 7F, Switzerland.
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sponse. Both the simply supported and clamped tests were ar-
rested prior to tensile tearing of the face sheets. Fig(ag if-
cludes photographs of two duplicate specimens tested under
different boundary conditions. The extent of deflection of these
duplicate specimens is labeled on the collapse responses. The two
different modes of collapse at large deflections are evident.

Clamped test

4.2 Core Shear Specimengrigure 9b) gives results for the

al2 sandwich beams initially collapsing by core shear. Again, the tests
I_)l were not taken to final failure and again photographs are shown of
ﬂ Simply supported two duplicate specimens. The degree of deflection of these dupli-

cate specimens is labeled on the load versus deflection curves to

aid their interpretation.

@ The simply supported beam was given a very large overhang in
>

order to inhibit collapse by core shear mode A. With this choice,
FE model of the initial collapse mechanisifand therefore the initial collapse
clamped test load) is identical for the clamped and simply supported cases. The
measured responses confirm this prediction, see Kiy. 8low
consider the collapse responses beyond initial yield. The load car-
ried by the simply supported beam increases slightly to a peak
Fig. 8 The loading configurations, with boundary conditions value at a large transverse deflection of 8 mm. The peak in the
used in the finite element calculations load versus deflection curve is due to shear fracture of the foam
core.

In contrast, the clamped beam undergoes axial stretching of the
were loaded in three point bending using a fully clamped rig arfdces beyond initial collapse and the load steeply rises above the
a simply supported rig, as sketched in Fig. 8. Selected specimémgal collapse strength, as suggested by Bd). After a transi-
were instrumented in order to confirm the mechanism of collapgé@n phase, of up tai=Hs, the load rises almost linearly with
Laser extensometers were used to measure the deflection anddgféection; this supports the assertion of the analytical model that
change in height of beam directly under the indenter, and)120he specimen is in a pure membrane state.
resistance strain gauges of length 2 mm were placed at midspaivisual observations during the tests on the clamped and simply
on the bottom face sheet. A clip gauge was used to measure stgported beams revealed that inclined shear cracks developed
relative sliding displacement of the face sheets, and thereby tighin the core once the core had sheared by a few percent. This
average shear strain in the core. is consistent with the fact that the Alporas foam has a shear duc-

The sandwich beams were loaded at a constant speedtiliy of 2%, see Chen et a[4].

0.3 mm/s by flat indenters of width @oller) to 18 mm. Fixed . . )
. . : 4.3 Indentation Specimens.The load versus deflection re-
rollers of diameter 19 mm were used in the simply supported tes(%%onses of the indenptation geometry are given in Fig), 9o-
i ,

4/2

€

while a stiff steel rig, bolted to an underlylng I-beam, was used ether with photographs of the as-tested specimens. It is clear
the fully clamped tests to restrain the specimens against end Sm the images that the specimens are squat in shape and col-
placement and rotation. lapsed by indentation. Visual observations during each test con-
o firmed that initial collapse was by indentation beneath the central
4 Effect of Boundary Conditions on Collapse Re- punch. The initial collapse load of the clamped beam is approxi-
sponse mately 20% greater than that of the simply supported beam, while

In order to investigate the effect of boundary conditions on tH&e analytical predictions for the rigid, ideally plastic case give an
response of sandwich beams, three geometries of specimen Hegatical yield load for both grip conditions. A possible explana-
been manufactured and tested in the simply supported &if@n is that the bending moment at midspan for the clamped case
clamped conditions. The geometries are summarised in TableisLonly half that for the simply supported case, at any given load.
For each geometry, we compare the measured load versus defldtgrefore, the higher bending moments in the simply supported
tion response of the clamped and simply supported beams. beam give rise to higher compressive stresses within the upper

) ) ) ) face sheet, and this facilitates the indentation mechanism.

4.1 Face Yield SpecimensConsider first the measured col-  Now consider the finite collapse response of the beams subse-
lapse response of beams undergoing face yield, see @g.The quent to the initial collapse. For the simply supported specimen,
two beams initially collapse at different load levels; as predictafle separation of the faces diminishes with increasing transverse
by Egs.(8) and (9), the collapse load for the clamped beam igeflection, and so the plastic collapse mom@mtd consequently
about twice that for the simply supported beam. After initial Colthe applied loayidrops. Finally, the bottom face tears at midspan.
lapse, the simply supported beam deflects at almost constant loadj, the clamped beam test the continued activation of the inden-
it fails by tearing of the bottom face at midspan when the tensilgtion mechanism is inhibited by the development of membrane
plastic strain has attained the material ductility. The clampegnsjon within the faces. At sufficiently large transverse deflec-
beam first undergoes face yield; then, at deflections exceeding {{3fs the stress state again approaches the pure membrane state.
to plastic stretching of the faces and core. This stretching phasenighough the total transverse deflection is very similar in the two
characterized by a steeply rising linear load versus deflection Khecimens, the degree of core crushing in the clamped beam is
much less than that observed in the simply supported beam. This
is consistent with the fact that tensile membrane stresses within
the indented face of the fully clamped specimen have stabilized it
against indentation.

Table 1 Geometry of sandwich beam specimens

No. t(mm) c(mm) I(mm) a(mm)
1 (FY) 0.8 3 200 O(rollery 5 Numerical Simulation of Beams Response
2(CY 0.8 4 70 18 . . .
3 (IN) 0.8 15 100 35 The three-point bending response of simply supported and

clamped sandwich beams has been modelled with the commercial
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Fig. 9 Measured load vs deflection response and photographs of simply supported and clamped sandwich beams.
Initial collapse is by (a) face yield, (b) core shear, and (c) indentation

finite elements codeBAQus in order to compare it with analytical a uniform vertical displacement to the appropriate boundary nodes
predictions and experiments. Due to symmetry, only half thef the upper face sheet, as sketched in Fig. 8. In the simply sup-
length of the sandwich structure has been modeled. Eight-nodsatted case, contact between the beam and the rollers is modeled
two-dimensional rectangular elements, with full integration, havey the contact surfaces provided byaQus. In the clamped case,
been used to discretize the sandwich core and the aluminilooth the vertical and horizontal displacements of nodes along the
skins. Typically, each face sheet has three elements in the thiekds of the beam are constrained to vanish. This boundary condi-
ness direction and 200 elements along the semi-span, while ttom is somewhat stiffer than the actual clamped condition used in
core is twenty elements deep by 200 elements along the sethie experimental investigation, see Fig. 8. A preliminary mesh
span. sensitivity study has been performed to ensure an accurate repre-
Loading by the frictionless flat punch is modeled by prescribingentation of the sandwich specimen.
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In the finite element model, the aluminium skins are modeled (a) 1400 ‘

by the J, flow theory of plasticity, and the foam is described by ====:FEM i
the metal foam constitutive model of Deshpande and Fl8tkas 1200 | +msms Analytic q
implemented inaBaQus by Chen[9]. In this model the yield e Meaisured .
function ® is assumed to be 1000 - P
R z
b=0-Y=0 (19 W 800 | /.‘ ]
whereY is the uniaxial yield strength andl is the effective stress, B ’."
defined by G 600 - , 4
1 e
0= O'2+ 20'2 20 400 [ smima ---‘_’_—"' b
T+ (afap 7+ o 20 7 ali

where « defines the aspect ratio of the elliptical yield surface in 200 F Tu —H i
the Mises stress, and mean stress,,, space. For the case=0, 0 ‘ ‘ ‘ ‘ ‘ ‘
the effective stressr reduces too. and theJ, flow theory is 0 2 4 6 8 10 12 14
recovered. For simplicity, isotropic hardening is assumed, i.e., the deflection u, mm

yield surface grows in a geometrically self-similar manner with

strain. To model the postyield behavior, an effective plastic strain (b) 4000 ‘
- : P B L L LLL FEM
rate e, the work rate conjugate t0, is introduced as 3500 (|,.... Analytic
22:[1 +(a/3)2](é§+éﬁ1/a2) 3000 || == Measured
£2=(23hef, em=if (21) z 2500 - -
whereéﬁ is the plastic strain raté, j=1,2,3, and the convention - 2000 - .
of summation over repeated indices applies. With the assumption 3
of normality, the plastic strain rate is given by — 1500 | - 7
A 2 1000 + A o -
po:0®_ & (3§ o on 27 - -
&j=¢ 2\ 5 ~ i~ (22)
(70'”' 1+(ald)*\2 o 3 o 500 Tu —H *
wheres; =oj; — 0, is the deviatoric stressj; is the Kronecker 0 ! ! ! !
delta, and the effective strain rate is connected to the effective 0 2 4 6 8 10
stress rate by deflection u, mm
.5 (c) 4000 ;
&= 23 7 e FEM 77’
H(o) 3500 H _ 7
smums Analytic .
Here,H(o) is the tangent of the uniaxial true stress versus loga- 3000 L Measured g i
rithmic plastic strain curve at stress leweko. The constitutive r
models for both the aluminium faces and the foam core were > 2500 - __.-“.,-’ -~
calibrated against measured uniaxial data. w LT
2000 - . ]
k=] . e
® .7 K
6 Comparison of Experiments and Predictions S 1500 [ .-° 7 8
It is instructive to compare the analytical predictions of the 1000 T 4
elastic-plastic collapse response with detailed finite element
analysis for the three clamped beam geometries as detailed in 500
Table 1 and shown in Fig. 5. A similar comparison has already u=H
been presented by Chen et[a] for simply supported aluminium 0 0 ‘5 1‘0 1‘5 20

sandwich beams, where excellent agreement is demonstrated.
Figure 10 shows the measured and predicted load versus deflec-

tion response for a specimen initially collapsing by face yieldfig. 10 Comparison of measured and predicted collapse re-

core shear, and indentation, respectively. Each plot includes gR@nses for sandwich beams collapsing by (&) face yield, (b)

analytical predictions of the elastic stiffness, the initial collapsg®re shear, and (c) indentation

load and the large-deflection membrane solution. The predicted

transition point between the end of initial plastic collapse and the

start of the membrane phase occurs at a deflection equal to thserved previously for simply supported beams by Chen et al.

height of the beam, and this transition point is marked in tHe], and has been analyzed in detail by Chen and Hl&6k They

figures. have discussed boundary layers for sandwich layers subjected to
It is clear from Figs. 1) and 1@b) that, for the cases of face simple shear and shown experimentally and theoretically that the

yield and core shear, there is a good agreement between the ati@ngth is enhanced when the thickness of the core is comparable

lytical predictions, the numerical model and the measured r& the cell size. A similar elevation is expected when the width of

sponse. In particular, the prediction of the membrane phase acthe indenter is comparable to the cell size, as in the present study.

rately captures the measured response>aHg, In contrast, both The source of the boundary layer is the fact that the foam cell

the finite element predictions and analytical formulas underestiralls are adhered to the face sheets and behave as encaster beams.

mate the measured initial collapse load for the specimen collapsr the indentation geometry the membrane solution is recovered

ing by indentation, see Fig. 1© It is argued that this is due to the when the transverse deflectians comparable to the heights of

fact that the predictions neglect the presence of a strengthertled sandwich beam; the predicted large deflection solutions are

boundary layer within the metal foam. This phenomenon has beagain in reasonable agreement with the measured response.

deflection u, mm
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Table 2 Geometry, face sheet strength, and observed mechanism of initial collapse for an additional set of experiments

= simply supported, CL

= clamped, FY = face yield, CS = core shear, IN = indentation )

(key: SS

Spec. No.  t(mm) c(mm) I[(mm) a(mm) b(mm) Face sheet alloy ov(MPa) Support conditions  Observed collapse mode
1 0.5 7 240 19 56 1 110 SS FY
2 0.5 7 240 19 56 1 110 CL FY
3 2 10 160 12.6 49 2 287 SS CS
4 2 10 160 12.6 49 2 287 CL CSs
5 0.5 40 160 12.6 50 3 90 SS IN
6 0.5 40 160 12.6 50 3 90 CL IN
7 3 19 220 19 57 1 120 CL CS
8 2 10 160 12.6 49 2 287 CL CSs
9 0.5 7 100 8 50 3 90 CL CS
10 0.5 40 160 12.6 50 3 90 SS IN
11 0.5 42 220 19 57 4 70 SS FY
12 3 19 220 19 57 1 120 SS CS
13 0.5 42 220 19 57 4 70 CL FY

Additional Tests. Additional tests have been performed on The first step is to construct a collapse mechanism map in terms
clamped and simply supported specimens, using Alporas foaihthe nondimensional geometrical parameigrs/¢ andt=t/c,
core and four different grades of aluminium alloy for the facgor a given a set of material properties of face sheets and core. A
sheets (the alloys are labeled in Table 2 as alloy ltypical map is given in Fig. 12 for a clamped sandwich beam with
=BS HH/S1C, alloy 2=BS HE30TF, alloy 3=BS HBAC, and aluminium alloy faces and an Alporas foam core, with the choice
alloy 4=commercially pure, fully annealed aluminiunThe ge- o=0./0¢=0.034,a=a/€=0.1,p=0.11. The dominant collapse
ometry and strength of the faces have been varied over a wigiedes are shown, as in Fig. 5, along with contours of non-

range in order to explore the accuracy of the analytical prediCtiOHﬁnensional collapse lodg=F /bc; and masl=M/bZp;. The
of initial collapse strength. A summary of the specimen geom- — f pr-

etries and the associated face sheet properties is presented in Tagfmetry which minimised! at any fixedr is obtained by scan-
2. The predicted mode of collapse is in agreement with the ob@ along the contour df to locate the point where the gradient
served mode. In Fig. 11 the predicted initial collapse loads &g\ is |ocally parallel toVF. Upon repeating this procedure for
compared with the corresponding measured values. It is evident —

that the analytical predictions are adequate for design purpose€icreasing values of a minimum mass trajectory is located, as
shown in Fig. 12. Algebraic calculations, not reported here for the

. . . sake of brevity, give explicit analytical expressions for the depen-
7 Minimum Mass Design of Clamped Sandwich Struc- Y g_ ) P _yt 2 exp _ P
dence on the minimum mass indé4,,, as a function of the

tures i,
. . _ . . _required structural strength.
A common requirement is to optimize the design to achieve a —

minimum mass for a given structural stiffness, strength, or level of 1N€ definitions(2) for F and M involve the strengtho and
energy absorption. Here we make use of the formulas develogd'Sity P Of the face sheets. To allow for a direct comparison of
in Sec. 2 in order to design clamped sandwich beams of minimdftf Performance of various material combinations, the normalized
mass for a given initial collapse strength in three point bending. valuesFN of F andMN of M are introduced, by using the strength
complementary optimisation task has already been performed farand densityps of a medium strength steel, taken as 400 MPa
simply supported aluminium sandwich beams by Chen déél. and 8000 kg/r, respectively;

v

=TT MN=2y (24)
G Face yield - simply supported Os Ps
S e woporid The normalized minimum mass desidt, is plotted as a func-
W Core shear - dlamped tion of the structural load inde&N in Fig. 13. The figure includes
A Indentation - simply supported
A Indentation - clamped
5000 5 0.25
Z, 4000 - e i 02—
ko] 1
©
ke 1
g 3000 - Ny 1 -
ko] S
= z g (
L 13
o 2000 - ro 4 1 0.1 ks <o
3] - - T
g —> —» N &\’;-';'
5 1000 - 8 FACE < ‘\5.J§RENTATIGN‘
YIELD N o=
0 ‘ ‘ ‘ ‘ 0 01 _— 02 03
0 1000 2000 3000 4000 5000 (84

collapse load, N Fig. 12 Collapse mechanism map with contours of the nondi-

mensional strength and mass index  (¢=0.034,a=0.1,p=0.11).
The minimum mass trajectory is included.

Fig. 11 Comparison of measure and analytical prediction of
initial collapse strength for the specimens listed in Table 2
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Fig. 13 Normalized minimum mass vs structural load index for B
a clamped sandwich beam of metallic construction and of com- S 3000 ¢ 7
posite construction (key: FM = face microbuckling, FY = face
yield, CS = core shear, IN = indentation ) 2000 - .
w00l predicted | |
= measured
the minimum weight design plot for a clamped beam with glass- 00 0 0‘05 0 61 0.015
vinylester composite faces and H100 Divinycell foam core, taken : strain ) )

from a parallel study11]. The metallic sandwich performance is
similar to that of the composite construction, and additional befig. 14 Scanning electron micrographs of the tensile necks in

efit would accrue from the use of heat-treated aluminium alloy?) aluminium alloy face sheet with no foam support, and  (b)
face sheets. aluminium alloy face sheet as part of a sandwich plate. (c) Mea-

sured tensile load vs strain response for a sandwich dog-bone
specimen. The predicted response by an upper bound, rule-of-
mixtures calculation is included.

8 Effect of Foam Core Upon Plane Strain Necking of

Face Sheets
The present experimental study made use of annealed aEzssandwich specimen remains stable up to a strain of 1.45%.

minium alloy face sheets. These possessed adequate strain h .-. supports the hy_pothesis that the foam core stabilises the faces
ening capacity to maintain stability and not undergo necking dufgainst tens[le necking. . Lo .
ing the beam bending tests. Preliminary experiménts reported The magmtude of the delay in .necklng is dependent upon ratio
here using high strength aluminium alloy revealed that the pe face_s_heet thlckm_ass to core thickness as shown by_the ratio
load of clamped beams is set by sheet necking of the faces. o du.ct|||ty of sandw[chasw to that. of the facesfs, see.Flg. 15. It .

It is anticipated that the presence of a foam core delays t evident from the figure that this ratio increases with decreasing
onset of tensile necking of the face sheets in the membrane ph%& Sh?]et tfr;lckness banld W't.h hdecrea5|ngddcljjctlllllty Off tlt:e facg
of the response. Sheet metal necking involves a local reductionSicet: The effect can be large: the measured ductility of the sand-

thickness of the sheet, and a foam core provides resistance to J{i§h Specimen can be almost doubled by the presence of the

instability. This phenomenon has been explored experimentally '2&M:
follows. Dog-bone shaped tensile specimens were made from a )
sandwich plate with faces comprising a BS HH/S1C grade & Concluding Remarks

commercially pure, cold rolled aluminium of thickness  Thjs study has focused on the effect of boundary conditions on
=0.9 mm, and Alporas form core of relative density 11% anghe flexural response of sandwich beams comprizing aluminium

thickness in the range 3—-25 mm. The dog-bone specimens hag@es and an aluminium foam core. For both simply supported and
gauge length of 70 mm and a width of 25 mm); testing of the

sandwich specimens was performed both along the rolling direc-
tion of the faces and transverse to the rolling direction. 2
The choice of material for the face sheets of the sandwich
specimens was dictated by the requirement for the faces to un-
dergo tensile necking at a low ductilitpf the order of 1% prior 181 ® 5 =112%
to tensile rupture of the foam core. The measured tensile ductility
of the faces waseg=0.82% in the rolling direction and:g 166 ]
=1.12% in the transverse direction; for the two orientations the 8SW
0.2% offset yield strength equals 100 and 120 MPa, respectively. e O
Longitudinal sections of the necked face sheet are shown in FS 147 &
Fig. 14a) (no foam core presen@and in Fig. 14b) (foam core
presenk A typical load versus nominal strain curve for the sand- 12
wich specimer(core thicknes€=25 mn) is given in Fig. 14c), ' ®
for the case of loading transverse to the roll direction of the faces.
The figure includes a simple rule-of-mixtures estimate for the ten- 15 = : o
sile response of the sandwich plate, based on the assumption that 10 10 5x10
the axial strain is uniform across the section. It is evident that the t/c
prediction is accurate up to an axial strain of about 0.8%; beyomg. 15 Sensitivity of tensile ductility of dog-bone sandwich
this strain, unsupported face sheets undergo tensile necking whipecimens to the ratio of face sheet to core thickness

O g = 0.82%
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