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Sandwich panels having metallic corrugated cores had distinctly different attributes from those having
metal foam cores, the former with high specific stiffness/strength and the latter with superior specific
energy absorption capacity. To explore the attribute diversity, all-metallic hybrid-cored sandwich con-
structions with aluminum foam blocks inserted into the interstices of steel corrugated plates were fab-
ricated and tested under three-point bending. Analytical predictions of the bending stiffness, initial
failure load, peak load, and failure modes were obtained and compared with those measured. Good agree-
ment between analysis and experiment was achieved. Failure maps were also constructed to reveal the
mechanisms of initial failure. Foam insertions altered not only the failure mode of the corrugated sand-
wich but also increased dramatically its bending resistance. All-metallic sandwich constructions with
foam-filled corrugated cores hold great potential as novel lightweight structural materials for a wide
range of structural and crushing/impulsive loading applications.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction (quasi-static and dynamic), both experimentally and theoretically.
High performance lightweight sandwich constructions require
the cores to have high stiffness and strength as well as energy
absorption capacities. It was recently envisioned that this may be
achieved by combining stochastic foams with periodic lattice
trusses [1]. The concept was simple and straightforward. Sand-
wiches with lattice truss cores were widely applied as primary
loading structures due to high stiffness/strength to weight ratio
[2–7], yet they usually softened rapidly once the peak load was
reached due to node failure and/or core buckling. With a long pla-
teau region after initial failure was initiated, sandwich structures
with metallic foam cores were attractive for energy absorption
applications [8,9], yet their stiffness and peak strength were lim-
ited by a multitude of initial geometric defects induced during pro-
cessing [10,11]. To mingle the advantageous attributes of foams
and lattices, a variety of approaches had been attempted, including
combing polymer foams with metallic lattices [12–15], polymer
foams with polymer lattices [16–18], and metallic foams with
metallic lattices [1].

The hybrid lattice/foam-cored sandwich panels thus constructed
were so far studied mainly under out-of-plane uniform compression
The beneficial effect of foam filling was found to be strongly depen-
dent upon the type of combination. For instance, combining rela-
tively weak polymer foams with metallic lattices led only to
limited enhancement of stiffness/strength and energy absorption
[13]. Built upon the existing studies, the focus of the present inves-
tigation was placed upon examining the three-point bending perfor-
mance of metallic corrugated sandwiches filled with aluminum
foams using a combined experimental and analytical approach.

Using finite element (FE) simulations, Vaziri et al. [13] found
rather limited effect of inserting polymeric foams (Divinycell) into
the interstices of metallic sandwich panels with corrugated cores,
which was attributed to the insufficient lateral support provided
by the filling foam to the core members against buckling. Subse-
quently, also using sandwich panels having corrugated cores as
the prototype, Yan et al. [1] replaced the filling polymeric foam
with close-celled aluminum foams and demonstrated, both exper-
imentally and numerically, that the compressive strength and
energy absorption capacity of the corrugated sandwich panel were
much greater than the sum of those of an empty sandwich panel
and the aluminum foam alone.

Besides out-of-plane uniform compression, sandwich panels in
engineering applications were commonly subjected to other types
of load such as three-point bending. The bending responses of
sandwich structures with a variety of lightweight cellular cores
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Fig. 2. Schematic of corrugated sandwich beam subjected to three-point bending.

Fig. 3. Typical as-fabricated empty and aluminum foam-filled sandwich beams
with corrugated cores. Long beam: (a) empty; and (b) filled. Short beam: (c) empty;
and (d) filled.
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had been extensively studied, including lattice truss cores (corru-
gated plates [18–21], Y-frames [21], honeycombs [15,22,23] and
pyramidal trusses [24]) and metallic [25–27] and polymeric foam
cores [28]. The effect of dynamic loading was also examined
[23,29–31]. Nonetheless, the bending performance (including stiff-
ness, failure load and failure mechanisms) of all-metallic sandwich
panels with aluminum foam-filled cores was yet to be investigated.
In fact, sandwich panels with either periodic lattice or stochastic
foam cores were known to have relatively low resistance to
shear/bending. How this might be mended by combing metallic
lattices with aluminum foams to make use of their respective attri-
butes as the core for sandwich constructions was the main focus of
the present study.

The paper was organized as follows. Sandwich beams with alu-
minum foam-filled corrugated cores were fabricated and tested
under quasi-static three-point bending. For comparison, empty
(unfilled) corrugated sandwich beams were also tested. Analytical
predictions of the bending stiffness, initial failure load and peak load
were obtained and compared with those experimentally measured.
Failure maps were constructed to reveal the failure mechanisms
underlying the enhanced bending performance of the hybrid-cored
sandwich structures. Finally, the performance of the foam-filled
sandwich was compared with several competitive designs.

2. Experimental measurement

2.1. Fabrication of test samples

Fig. 1 illustrated schematically the fabrication procedures for
sandwich beams having empty and aluminum foam-filled corru-
gated cores. Both the face sheets and core web (i.e., strut) of the
sandwich were made of 304 stainless steel (density qs = 7900 kg/
m3). Commercial closed-cell aluminum alloy foam with density
of qf = 540 kg/m3 was selected as the filling material [32]. To this
end, triangular foam prisms having the same shape of the inter-
stices of the corrugated plates were cut by electro-discharge
machining (EDM) from aluminum foam sheets. The triangular
foam prisms were then inserted into the interstices and fixed with
epoxy glue. Before assembling, surface cleaning was applied to
both the empty sandwich beam and the foam prisms. The foam-
filled sandwich was hold at 25 �C for 4 h, heated up to 80 �C for
2 h, and then cooled to ambient temperature.

2.2. Three-point bending test

Quasi-static three-point bending tests (Fig. 2) were conducted
on MTS-880 materials test system, with fixed loading rate of
Fig. 1. Fabrication process of corrugated sandwich beam
0.5 mm/min according to ASTM: C393 and ASTM: D7249 for beam
flexure test of sandwich constructions. Both long and short sand-
wich beams were tested, as shown in Fig. 3, the former with a total
length of 312 mm (i.e., 9 unit cells) and the latter with 180 mm (i.e.,
5 unit cells), and the loading span L between the supports were 242
and 112 mm, respectively (Fig. 2). The force and displacement of
the specimens were measured by the loading cell of the test
machine. Unloading was performed to measure the bending stiff-
ness instead of the loading curve. A rig was manufactured for the
test to ensure the loading condition was simplified three-point
bending. The support and the head of the loading device were steel
cylinders of 10 mm in diameter, each attached to a flat pedestal
with width of 10 mm to avoid force concentration. To study the
deformation and failure modes of the sandwich beams, digital
deforming images of each specimen were acquired by video
camera.

As listed in Table 1, the sandwich specimens used for the pres-
ent three-point bending tests had fixed width of b = 40 mm, fixed
strut thickness of t = 0.41 mm, fixed inclination angle of h = 45�,
and fixed core height of hc = 17 mm. Further, closed-cell aluminum
s with unfilled and aluminum foam-filled cores [1].



Table 1
Parameters of empty and aluminum foam-filled corrugated sandwich specimens for three-point bending test.

Specimen A B C D E a b c d e

Core type Foam-filled Empty

Span L (mm) 242 242 112 112 112 242 242 112 112 112
tf (mm) 0.82 0.41 2.0 0.82 0.41 0.82 0.41 2.0 0.82 0.41
�q 0.18 0.14 0.27 0.18 0.14 0.12 0.08 0.22 0.12 0.08
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foam with fixed density of qf = 540 kg/m3 and averaged cell size of
�2 mm was chosen as the filling material.

With the densities of steel and aluminum foam denoted sepa-
rately by qs and qf, the average density of the foam-filled corru-
gated core qc was defined as:

qc ¼ msqs þ qf ð1� msÞ ð1Þ

where ms was the volume proportion of the core occupied by steel:

ms ¼ 2t=l cos 2h ð2Þ

Here, h was the inclination angle, t was the strut thickness, and l
was the strut length. For empty sandwich, qf = 0; for foam-cored
sandwich, ms = 0.

With the facesheets of the sandwich beam considered, the total
average relative density of the sandwich beam �q ¼ q=qs may be
expressed as:

�q ¼ 2tf þ hcqc=qs

2tf þ hc
ð3Þ

where q was the total average density of the sandwich beam, tf was
thickness of the steel facesheet, and hc was the core height. The
thickness of core web t = 0.41 mm, core height tf = 17 mm and core
web inclination angle tf = 45� were fixed for each specimen. Close-
celled aluminum foam with density of tf = 540 kg/m3 was used as
the filling material. The facesheets and core webs were both made
of 304 stainless steel (density tf = 7900 kg/m3). The top and bottom
facesheets had identical thickness tf. Accordingly, the average
density of the empty and foam-filled corrugated cores was fixed
at qc = 253 and 776 kg/m3, respectively. The total relative densities
of the sandwich beams investigated in the present study were listed
in Table 1.

3. Theoretical analysis of foam-filled sandwich beams under
three-point bending

As previously mentioned, whilst the deformation, failure and
optimal design of empty corrugated sandwich beams have been
investigated extensively, no such study was carried out for foam-
filled corrugated sandwiches subjected to three-point bending,
either experimentally or theoretically. To address the deficiency,
this section focused on theoretical analysis of the foam-filled sand-
wiches in three-point bending. The results were used in the next
section to compare with the present experimental measurements.
Numerical results obtained with finite element (FE) simulations
and optimal design for three-point bending loaded foam-filled
sandwiches were reported in an companion study [33].

3.1. Sandwich stiffness

For an empty or foam-filled corrugated sandwich beam loaded
in 3-point bending, the total deflection d at its mid-point may be
given as the sum of the deflections due to bending of the face
sheets and shear of the core [34]:

d ¼ FL3

48ðEIÞeq
þ FL

4ðGAÞeq
ð4Þ
where (EI)eq and (GA)eq were the equivalent flexural rigidity and
shear rigidity, respectively, that may be expressed as:

ðEIÞeq ¼
Ebtf d2

2
þ

Ebt3
f

6
þ CH

22bc3

12
ð5Þ
ðGAÞeq ¼
bd2

c
CH

44 � bcCH
44 ð6Þ

Here, CH
22 was the in-plane elastic modulus of the core in the 2-

direction, and CH
44 was the out-of-plane shear modulus of the core

in the 2–3 direction. By using the homogenization method, these
two elastic constants may be obtained as [33]:
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In the foregoing expressions, E and v denoted the elastic modulus
and Poison ratio of the parent material of the face sheets and core
webs, Ef and vf referred to the elastic modulus and elastic Poison
ratio of the filling foam, and ms was the volume proportion of the
core occupied by the steel defined by Eq. (2).
3.2. Initial failure

For foam-filled corrugated sandwich beams subjected to three-
point bending, four main modes of collapse were identified: (1)
face yielding, (2) face elastic/plastic wrinkling, (3) indentation
and (4) core shear, which were confirmed by systematic FE simu-
lations [33]. Typical failure modes corresponding to indentation
and core shear were illustrated schematically in Figs. 4 and 5,
respectively. In the following, plane strain assumed so that for
the core webs, the effective Young’s modulus bEs ¼ Es=ð1� t2Þ and
the yield stress r̂y ¼ 2ry=

ffiffiffi
3
p

. Similarly, for the filling foam, the
effective Young’s modulus bEf ¼ Ef =ð1� t2

f Þ, the plateau stress
r̂plateau ¼ 2rplateau=

ffiffiffi
3
p

, and the shear strength ŝplateau ¼ r̂plateau=2.



Fig. 4. Schematic of sandwich beam with core indentation collapse mode at: (a)
initiation of indention; and (b) limit load for indentation [3,25].

Fig. 5. Schematics of sandwich beam with core shear collapse mode: (a) Mode A;
and (b) Mode B [3].
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Under three-point bending, when failure was initiated in the
foam-filled sandwich, relevant formulae governing the four differ-
ent modes were summarized as follows.

(1) Face yielding

Ffy ¼
4btf ðc þ tf Þ

L
r̂y ð12Þ

(2) Face elastic wrinkling

Ffw ¼
4btd

L
rw

f ð13Þ

where rw
f was the wrinkling stress of the face sheet, given by:

rw
f ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffibEs
bEfoam

3
tf

c

� �s
ð14Þ

(3) Indentation

Find ¼
ffiffiffi
2
p

btf

ffiffiffiffiffiffiffiffiffiffiffiffiffi
r̂yR

cY
33

q
þ abRcY

33 ð15Þ
where RcY
33 was the compressive stress of the core in 3-direction, and

rcr is the failure stress of core web [35]:

RcY
33 ¼ k sin2 hþ ð1� msÞ

bEfoambEs sin2 h

" #
rcr ð16Þ

rcr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffibEsbEfoam

3 cos h
t
c

� �r
; if rcr 6 r̂y core web buckling

r̂y; otherwise core web yielding

8<: ð17Þ

(4) Core shear

Mode AðFig: 5aÞ : FA ¼
2bt2

f

l
r̂y þ 2bcRcY

23 1þ 2H
l

� �
ð18Þ

Mode B ðFig: 5bÞ : FB ¼
4bt2

f

l
r̂y þ 2bcRcY

23 ð19Þ

where RcY
23 was the shear stress of the core in the 2–3 direction,

given by:

RcY
23 ¼

ms

2
sinð2hÞ þ ð1� msÞEfoam

ð1þ tf ÞbEs sinð2hÞ

" #
rcr ð20Þ

For the present three-point tests, the overhang (H, see Fig. 3)
was large enough that only Mode B of core shear (Fig. 5b) was pos-
sible. Further, since the foam used in this paper is stiff enough,
buckling of the core web cannot occur as a kind of collapse mode
in transverse bending. Only yielding of the core web was consid-
ered here, whether in the mode of indentation or core shear.

3.3. Limit load

When failure was initiated in the foam-filled sandwich, the
foam insertions remained elastic so that the sandwich could con-
tinuously bear the load until the foam yielded. Hence, to predict
the limit load corresponding to core shear or indentation failure
mode, the compressive and shear stresses of the core should be
modified as:

RcY
33 ¼ ms sin2 hr̂y þ ð1� msÞr̂plateau ð21Þ

RcY
23 ¼

ms

2
sinð2hÞr̂y þ ð1� msÞŝplateau ð22Þ

Also, to determine the limit load corresponding to face sheet
failure modes, the contribution of the tensile yielding of the core
in bending should also be considered, as:

RcY
22 ¼ ms cos2 hr̂y þ ð1� msÞr̂plateau ð23Þ

(1) Face yielding
The limit load for face sheet yielding was given by:

Ff ¼
4btf ðc þ tf Þ

l
r̂y þ

bc2

L
Rcy

22 ð24Þ

(2) Face plastic wrinkling
With the strain hardening effect of the face sheet considered,

the limit load for face plastic wrinkling may be expressed as:

Ff ¼
4btf ðc þ tf Þ

l
rw

f þ
bc2

L
Rcy

22 ð25Þ

Here, different from existing analysis, rw
f was expressed in

terms of the plastic wrinkling stress as:

rw
f ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ee
bEfoam

3
tf

c

� �s
ð26Þ
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where the efficient modulus Ee for plastic wrinkling was given by
[36]:

Ee ¼
1=Et þ ð1� 2vÞ=ð3EsÞ
3=ð4EtÞ þ ð1� 2vÞ=Es

Et ð27Þ

(3) Indentation
As shown in Fig. 5(b), two more plastic hinges in the upper face

sheet should be considered. Correspondingly, the limit load of
indentation should be modified as:

Find ¼ 2btf

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ry

f R
cY
33

q
þ abRcY

33 ð28Þ

(4) Core shear

FB ¼
4bt2

f

l
r̂y þ 2bcRcY

23 ð29Þ

More details of the theoretical analysis were presented in Han
et al. [33]. The validity of the present formulae for both initiation
failure load and limit load was checked in the next section against
experimental measurements. These formulae were also employed
in Section 5 to construct the failure mechanism maps.

4. Results and discussion

In this section, the three-point bending responses of sandwich
beams with foam-filled corrugated cores were compared with
those of empty core sandwiches. The experimentally measured
force versus displacement curves as well as failure modes were
also compared with analytical predictions. Whilst typical
responses of both long and short sandwich beams were presented
in the following sections, Table 2 summarized the experimental
and theoretical results for all the specimens considered in the
present study, including stiffness, load at initial failure, peak load,
and failure mode(s).

The bending stiffness eE and failure load eF were normalized by �q
as:

eE ¼ F=d
�q

ð30Þ

eF ¼ F
rY bL�q

ð31Þ

where rY was the yield strength of 304 stainless steel, b and L was
the width and loading span of the sandwich beam, and �q was the
Table 2
Summary of experimental measured (Exp.) and analytically predicted (Anal.) results.

Specimen Stiffness eE (N mm�1) Initial failure

Anal. Exp. Predicted Failure mode Failure load (eF�
Anal. E

Filled
A 19.64 19.38 FY 6.40 6
B 13.78 12.95 FY 4.02 4
C 161.94 78.78 ID 37.23 3
D 138.46 113.11 FY 29.89 3
E 111.5 93.97 FY 29.96 3
Empty
a 26.29 20.61 E-FW 4.37 3
b 21.18 11.35 E-FW 1.70 2
c 142.71 53.80 E-CB 15.40 1
d 162.22 84.33 E-FW 24.52 2

E-CB 26.69
e 157.42 25.55 E-FW 13.61 1

�Observed failure modes were labeled as: Face yielding (FY); Plastic face wrinkling (P-
Debonding (DB).
total average relative density of the sandwich beam defined by
Eq. (3).

4.1. Responses of long sandwich beam

The long sandwich beams had a fixed loading span of
L = 242 mm. A typical loading force versus displacement curve of
the long sandwich beam with foam-filled corrugated core (Speci-
men B, Table 1) was plotted in Fig. 6(a). For comparison, the corre-
sponding curve of the empty sandwich beam (Specimen b, Table 1)
was also plotted. Optical images of the specimen at selected load-
ing points as marked on the force displacement curve were pre-
sented in Fig. 6(b), revealing the initiation and evolution of
failure as the loading was continuously increased.

It was seen from Fig. 6(a) that filling of aluminum foam into the
interstices of corrugated core changed dramatically the force versus
displacement curve of the sandwich beam, enhancing significantly
its load-bearing capacity. In the case of the empty sandwich, after
the initial linear elastic stage, the loading force increased nonlinear-
ly, peaking at 325.2 N as the displacement was increased to
0.49 mm; subsequently, the loading force dropped immediately
due to face sheet wrinkling. In sharp contrast, the curve of the
foam-filled sandwich exhibited both linear and stable nonlinear
stages before the peak load of 1920.7 N was reached at a displace-
ment of 2.68 mm. Subsequently, wrinkling of the top face sheet due
to local debonding (failure of epoxy glue; see Fig. 6(a) and (b))
occurred in the central portion of the specimen (adjacent to the load
platen), causing rapid decrease of the loading force. However, dif-
ferent to the empty sandwich, beyond the peak load, the foam-filled
sandwich still had a load-bearing capacity of 1500 N, much higher
than even the peak load (325.2 N) of the empty one. In addition
to the significantly elevated peak load, filling with aluminum foam
also led to dramatically increased bending stiffness, from 908.2 N/
mm to 2067.5 N/mm.

Whilst plastic face wrinkling (P-FW) along with interfacial deb-
onding dominated the failure of the foam-filled sandwich beam,
elastic face wrinkling (E-FW) was the main failure mode for the
empty one as indicated in Fig. 6(a). In other words, under the pres-
ent three-point bending, foam filing not only increased dramati-
cally the mechanical properties of the sandwich such as bending
stiffness and peak loading force, but also altered the failure mode.
Similar conclusions were reached under quasi-static out-of-plane
compression [1]. Further, Fig. 6(b) also revealed that no breakage
of welding joint occurred in either the empty or foam-filled
Failure at peak load Observed failure mode

103) Failure mode Failure load (eF�103)

xp. Anal. Exp.

.23 P-FW 14.58 11.75 P-FW

.09 P-FW 7.50 6.75 P-FW
1.75 FY 51.82 47.12 FY+DB
7.03 P-FW 78.73 71.06 P-FW
0.89 P-FW 48.70 47.32 P-FW

.07 E-FW 4.37 3.07 E-FW

.0 E-FW 1.71 2.0 E-FW
5.56 E-CB 15.40 15.56 E-CB
5.12 E-FW 24.52 25.12 E-CB

E-CB 26.69
1.88 E-FW 13.61 11.88 E-FW

FW); Elastic face wrinkling (E-FW); Elastic core buckling (E-CB); Indentation (ID);



Fig. 6. Transverse bending behavior of empty and foam-filled sandwich beams with corrugated cores (long specimens b and B, with L = 242 mm; Table 1): (a) force versus
displacement curve; and (b) photographs illustrating the deformation history and evolution of failure at selected points marked in (a).
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sandwich during the whole test: only overall beam bending and
face sheet failure were observed.

Analytical predictions for the bending stiffness, initial failure
load and peak load of the foam-filled sandwich beam were
presented in Fig. 6(a); see also Table 2. The predicted stiffness
agreed well with that measured experimentally, having a deviation
of only 6%. With face yielding assumed, the predicted initial failure
load of 1144.4 N was close to that measured, 1163 N. Consequently,
initial failure of the specimen was caused by face yielding. The peak
load calculated by assuming plastic face wrinkling was 2133.1 N,
slightly higher than the measured one, 1920.7 N. The over predic-
tion was attributed to local debonding between aluminum foam
and face sheet that was not considered in analytical modeling.

For the empty sandwich beam, based on experimental observa-
tions (Fig. 6), elastic face wrinkling was assumed to calculate both
the initial failure load and the peak load. As seen from Fig. 6 and
Table 2 the analytical predictions of stiffness, initial failure load
and peak load were considerably higher than those measured
experimentally. This was largely due to the effects of initial geo-
metric imperfections induced during the fabrication stage in the
empty sandwich specimens. In contrast, due to the support of foam
insertions, the foam-filled sandwiches were insensitive to initial
geometric imperfections, as confirmed by finite element simula-
tions [1]. This was another advantage of the foam-filled sand-
wiches over the empty ones.

4.2. Responses of short sandwich beam

The short sandwich beams tested had a fixed loading span of
L = 112 mm, in comparison with L = 242 mm for long beams. For
both empty and foam-filled short sandwich beams (Specimens e
and E, Table 1) subjected to three-point bending, Fig. 7(a) com-
pared the experimental measurements with those predicted ana-
lytically. Optical images of the specimens at different loading
stages as marked in Fig. 7(a) were presented in Fig. 7(b). Further
comparison was provided in Table 2.

Similar to long sandwich beams, the resistance of the short ones
to bending was increased dramatically due to foam filling. For
instance, the peak load was increased nearly 7 times from
894.1 N to 6232.2 N whilst the displacement at which the peak
load was reached was increased almost 10 times from 0.38 mm
to 3.75 mm. Subsequently, the load was nearly halved due to plas-
tic face wrinkling (P-FW) as well as local debonding before it
increased gradually to a constant level of about 4000 N. Upon
reaching the peak load, the long plateau stage exhibited by the
sandwich as shown in Fig. 7(a) was attributed to the considerable
stabling effect of foam filling against strut buckling. In contrast, in
the absence of foam filing, upon reaching the peak load where the
failure of elastic face wrinkling (E-FW) occurred, the load bearing
capacity of the sandwich was continuously reduced with increas-
ing bending deformation. The initiation and evolution of the differ-
ent failure modes associated with the empty and foam-filled
sandwich beams were shown in Fig. 7(b). Here, similar to long
sandwich beams, the alteration of failure mode due to foam filling
was the main cause underlying the elevated bending resistance of
the foam-filled sandwich.

Besides experimental results, Fig. 7(a) also presented the ana-
lytically predicted stiffness, initial failure load and peak load. The
results of Fig. 7(a) and Table 2 suggested that, in contrast with
the foam-filled beam, the stiffness of the empty beam was



Fig. 7. Transverse bending behavior of empty and foam-filled sandwich beams with corrugated cores (short specimens e and E, with L = 112 mm; Table 1): (a) force versus
displacement curve; and (b) photographs illustrating the deformation history and evolution of failure at selected points marked in (a).
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significantly over-predicted. This was because the empty beam
was sensitive to initial geometric imperfections yet the present
model did not consider the effects of imperfections. By assuming
that the initial failure and failure at peak load for the empty sand-
wich were dominated by elastic face wrinkling, the predicted fail-
ure load was 1024.5 N, slightly higher than the experimental
measured 894.1 N. For the foam-filled sandwich, the predicted ini-
tial failure load with face yielding assumed agreed well with that
measured. Based on the observed failure mode (Fig. 7(b)), the peak
load predicted with the mode of plastic face wrinkling also had
good agreement with experimental measurement, indicating the
creditability of the present analytical predictions.
4.3. Summary and comparisons

The performances of selected long and short sandwich beams
subjected to three-point bending were discussed in previous sec-
tions. For comparison, the experimental results and analytical pre-
dictions for all the specimens were summarized in Table 2. In
general, the analytical predictions agreed well with the experimen-
tal measurements and observations. The most notable features
were as follows: (i) For empty sandwiches, elastic face wrinkling
(E-FW) and elastic core buckling (E-CB) were the dominant failure
mechanisms, whereas for foam-filled sandwiches plastic face
wrinkling (P-FW) became the dominate failure mode. (ii) As a
result of the altered failure mechanisms due to foam filling nor-
malized initial failure load and peak load all increased dramatically
for each sandwich beam. (iii) The face sheet thickness tf and the
loading span L had significant effects on the bending performance
of both foam-filled and empty sandwiches; as either tf or L was
increased, both the bending stiffness and failure load were
increased dramatically. (iv) For empty sandwich beams, the pre-
dicted bending stiffness was considerably smaller than that mea-
sured. This was attributed to the initial geometric imperfections
induced during processing as the thickness of core web was rela-
tively thin (t = 0.41 mm). (v) At large deflections, local debonding
between the face sheet and the filling foam only occurred in spec-
imen C of foam-filled sandwiches, for which debonding became the
dominate peak failure mode.
5. Failure maps of initiation failure

Formulas for predicting the initial failure modes of sandwich
beams with both empty and foam-filled cores were adopted in this
section to construct the failure maps so that the dominant initial
failure mechanisms may be revealed. To this end, the ratio of core
height c to loading span L was selected the abscissas of the failure
map, while the ratio of face thickness tf to core height c was the



Fig. 8. Initial failure map for sandwich beams with (a) empty and (b) aluminum
foam-filled corrugated cores subjected to three-point bending. Face wrinkling and
core buckling were all elastic failure, tf was face sheet thickness, L was loading span,
and c = 17 mm was core height.
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ordinate axis. In the present study, the core height was fixed at
c = 17 mm. Relevant materials properties used to develop the fail-
ure maps were given as follows: for face sheets and core webs
made of 304 stainless steel, the Young’s modulus E = 210 GPa, Pois-
son ratio t = 0.3, and yielding stress ry = 210 MPa; whilst for
closed-cell aluminum foams, the Young’s modulus Ef = 2.6 GPa,
Poisson ratio tf = 0.3, and plateau stress rplateau = 14.5 MPa.

Figs. 8(a) and (b) presented the predicted maps of initial failure
for empty and foam-filled sandwich beams, respectively. The
experimental data were added to the map, shown as solid squares.
Note that, for foam-filled sandwiches, the predicted face wrinkling
line (red1 thick line in Fig. 8(a)) was very close to the abscissas, for
face wrinkling occurred only when the face sheet was sufficiently
thin. Therefore, due to the remarkable strengthening effect of foam
filling, the failure mode of elastic face wrinkling was unlikely to
occur in foam-filled sandwiches [1]. Further, as shown in Section 3.2,
two different failure modes of core sheer were expected to occur.
However, for the large overhang of the specimens studied here, only
mode B was considered and plotted in Fig. 8(b).

As shown in Fig. 8(a), for empty sandwich beams considered in
the present study, failure was dominated by elastic face wrinkling
(E-FW) and elastic core buckling (E-CB), which agreed well with
experimental observations as shown in Table 2. Note that for
Fig. 9. Comparison of experimentally measured (a) peak compressive strength and
(b) specific energy absorption of competing sandwich core designs (unless
otherwise stated, test data obtained from the present study).

1 For interpretation of color in Fig. 8, the reader is referred to the web version o
this article.
f

specimen d of Table 2, the analytically predicted failure load with
the failure mode of either E-FW or E-CB was close to that experi-
mentally measured. Consequently, in the failure map of Fig. 8(a),
specimen d was located in between the E-FW and E-CB regimes.
For relatively long sandwich beams, it may be expected that face
yielding would occur when the face sheet thickness was increased.

For the foam-filled sandwich beams, the dominant failure mode
was face yielding (FY) rather than elastic face wrinkling (E-FW) and
elastic core buckling (E-CB) for the empty ones; see Fig. 8(b).
Although the observed failure mode was plastic face wrinkling
(P-FW) at large deflections as discussed in the previous sections,
the FY failure mode was the cause of initial failure. For specimen
C, however, the predicted failure mode of indentation agreed well
with experimental observation (Fig. 8(b) and Table 2), suggesting
that its initial failure mode was ID even though local interfacial
debonding occurred later at large deflections.

6. Comparison with competing core designs

Figs. 9(a) and (b) compared separately the measured out-of-
plane peak compressive strength rPeak

33 and specific energy absorp-
tion (SEA) Wm of foam-filled sandwich with several competing core
designs, including empty corrugated cores, diamond cores [37],
square-honeycomb cores [38] and pyramidal truss cores [39,40].
Except for the aluminum foam filling, the facesheets and the com-
peting cores were all made of 304 stainless.

The energy absorption capacities of different sandwich core
designs were typically characterized using the area of the
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compressive stress–strain curve. However, for weight sensitive
applications, energy absorbers with minimum mass were critical,
so SEA (absorbed energy per unit mass) was more important. The
absorbed energy per unit mass, Wm, may be defined as:

Wm ¼WV=qc ð32Þ

where WV ¼
R �e

0 rde was the energy absorbed per unit volume. In
the present study, the integration was up to the strain of �e ¼ 0:5.

To plot Fig. 9, the peak compressive strength and SEA of each
sandwich were normalized as rPeak

33 =ðqrY Þ and Wmqs=ðrY�eÞ, where
rY and qs were the yield stress and density of 304 stainless steel,
and q = qc/qs was the average relative density of the sandwich core.

The results of Fig. 9 demonstrated that the compressive
strength and specific energy absorption of the aluminum foam-
filled corrugated core were considerably more competitive than
empty corrugated, diamond and pyramidal truss cores, and compa-
rable with the square-honeycomb core. Further, given the inelucta-
ble defects during vacuum brazing and fabrication cost of square-
honeycomb and pyramidal truss cores, the defect-insensitive
foam-filled corrugated core became even more advantageous. It
had also been established that, compared with empty corrugated
cores having the same relative density, the aluminum foam-filled
corrugated cores resulted in significant increase of peak compres-
sive strength and energy absorption capacity. The significant
increase of the peak stress and SAE was contributed to the suffi-
cient lateral support to the corrugated core member supplied by
the filling aluminum foam, altering not only the deformation
modes but also delaying considerably core member buckling [1].
In contrast, whilst the filling of polyurethane foams into hexagonal
aluminum honeycombs increased substantially the mean crushing
strength and energy absorption capacity, it did not lead to
enhanced SAE [41]. In addition, to increase the mean crushing
strength and energy absorption of hexagonal cell aluminum hon-
eycombs [41] and thin walled sections [42], increasing simply
the wall thickness was proved to be more effective than filling with
polyurethane foams.
7. Conclusions

Sandwich beams with aluminum foam-filled corrugated cores
were fabricated and experimentally studied under three-point
bending. The bending stiffness, initial failure load and peak load
of the sandwich structure were all predicted by theoretical analy-
sis. The analytical predictions agreed well with those experimen-
tally measured. Relative to an unfilled corrugated sandwich, the
filling of aluminum foams led to dramatically increased bending
stiffness, initial failure load, peak load, and sustained load-carrying
capacity after peak failure. This was accompanied by observed dis-
tinct changes in failure mechanisms, from elastic face wrinkling
and elastic core buckling to plastic face yielding/wrinkling and
indentation, which matched well with those predicted. Failure
mechanism maps were subsequently constructed for both empty
and filled sandwich beams. With outstanding bending perfor-
mance as well as high specific compressive strength and specific
energy absorption, metallic foam-filled sandwich constructions
hold great potential as novel lightweight structural materials for
a wide range of structural and crushing/impulsive loading
applications.
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