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Abstract

Recent studies on innovative solutions in structural engineering fields highlight the effectiveness of closed-cell aluminum foams
as traditional material/architecture core replacement in sandwich structures. This study aims to investigate the mechanical
behavior and the collapse modes of innovative sandwich panels with aluminum foam as the core and stainless steel wire
mesh-grid as the skins; the manufacturing process was based on the powder compact melting technique. The results of quasi-
static three-point bending tests point out the beneficial effects, in terms of mechanical performance, of the reinforcement skin on
the sandwiches, compared to the plain foams; this joins by their effectiveness in withstanding thermal and mechanical loads.
Moreover, the investigation of the collapse mechanisms of the sandwiches with different thicknesses allows for testing the
goodness-of-fit of the experimentally observed collapses with the ones predicted by the failure map from analytical models

available in the literature.
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1 Introduction

The concept of structural sandwich panels, where a light-
weight core separates the stiff faces, dates back to the 1820s,
but the systematic use of sandwiches as structural elements
only gained acceptance in the middle of the twentieth century
for aircraft systems [1]; subsequently, their employment in
structural engineering applications is growing very rapidly
around the world. Sandwich systems are used extensively in
automotive, acrospace, marine, and industrial applications due
to their relatively high structural efficiency, proved by high
strength-to-weight and stiffness-to-weight ratios, and thermal
insulation and acoustic damping properties [2]. Their many
strong points, the development of new materials, and the need
for high-performance and low-weight structures insure that
sandwich constructions will continue to be in demand [3].

In recent years, metal foams proved to be a potential solu-
tion for enhanced sandwich cores, since they overcome some
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limitations typical of very common core architectures and ma-
terials for engineering applications, like honeycomb and poly-
mer foams [4]. Specifically, the first ones are characterized by
relatively high strength but show problems of deterioration
over time and anisotropy [5]. The second ones, mainly used
for the construction of building panels, have the advantage of
being lightweight and insulating by a thermal point of view
but deteriorate slightly above room temperature [6].

Metal foams are cellular structures consisting of solid met-
al, containing a large volume fraction of gas-filled pores, with
peculiar properties that arise from the combination of their
metal nature and their morphology [7]. Different metals can
be processed for obtaining foams and, among them, the alu-
minum alloys are very useful to realize cell-structured systems
characterized by relatively high properties, such as low spe-
cific weight coupled with high energy absorption capacity,
high specific stiffness, and reduced thermal and electrical con-
ductivity [8].

There are several ways to produce aluminum foams [9]; a
very promising method based on the gas-releasing particle
decomposition in semi-solids is known as powder compact
melting technique, where an aluminum alloy and a blowing
agent in the form of fine particles were mixed and then
compacted to obtain the so-called foamable solid precursor
[10, 11]. Heating the precursor to a little above the melting
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temperature of the alloy leads the compacted metal matrix in a
semi-liquid viscous state; the foaming agent, distributed ho-
mogeneously within the metal matrix, decomposes and re-
leases hydrogen, which blows bubbles in the soft alloy.
Under these conditions, the released gas forces the melting
precursor material to expand, modeling a highly porous struc-
ture taking the shape of the mold [12].

Generally, aluminum foam—based sandwich panels have
facing of composite materials (in particular, based on carbon
fibers) or lightweight metal alloys, due to their low density
and high specific strength and stiffness. Carbon fiber/
aluminum foam sandwich structures, although used in several
engineering fields [13, 14], show poor interfacial toughness
and poor residual properties after impact or crack initiation
[15]. In addition, their use at high temperatures is restricted
by the glass transition temperature of the matrices [16]. While
ensuring good performances at high temperatures compared
to the composite materials [17], also the lightweight metal
alloys however show problems related to the core/skin joining
methods. In fact, sandwiches obtained through adhesion can-
not be used under high temperatures [18], while the brazing
can cause an interfacial reaction and produce a brittle interme-
tallic compound [19].

Therefore, this research work aims to investigate the me-
chanical behavior and the collapse mechanisms of innovative
metal foam-based sandwich panels, capable of combining
lightness and thermomechanical properties, under flexural
working conditions, through an experimental approach; more-
over, the possibility of developing failure maps from analyti-
cal models available in the literature, so providing a helpful
tool to predict the collapse modes of such structures, is
analyzed.

For this purpose, sandwiches with three different thick-
nesses were manufactured by an innovative and time-
effective in-mold foaming process, based on the powder
compact melting technique [20]. More in detail, an essen-
tial role for the success of the sandwich structures is played
by the core/skin interface that must be able to transfer loads
between faces and cores [21], and the solution employed in
this work allows for avoiding the core/skin joining step; in
so doing, the process can be preferable to two-step
(foaming and core/skin joining) methods like the hot-
rolling [22] and the friction stir welding [23].

A stainless steel mesh-grid, with high corrosion and heat
resistance, was used as reinforcement skins. Its size was cho-
sen to withstand thermal (heating) and mechanical (foam ex-
pansion) loads, ensuring a satisfying core/skin coupling and
reinforcing the foam panels [24]. In fact, this product was
already used as die [25, 26] for the manufacture of aluminum
foam components with complex shape, since the precursor
can be foamed by optical heating (because the light passes
through the mesh), but not as reinforcement. Actually, it was
chosen with smaller diameter of the wires and clearer opening,
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to result in an effective solution to make the peel off of the
mesh-grid from the foam easier.

Quasi-static three-point bending tests were performed on
both sandwiches and plain foam panels, in order to quantify
the improvement in load-carrying capacity as effect of the
reinforcement skin. Moreover, great attention was paid to
the failure modes of the investigated systems as well as the
collapse mechanisms governing the sandwich constructions,
by varying the dimensions of the panels and the load condi-
tions. In particular, the possibility of using the failure maps
obtained by the analytical models proposed by Ashby et al.
[12] was explored.

2 Theory and methodology

This section concerns the materials, the foaming process, and
the mechanical tests for the manufacture and the characteriza-
tion of the foam-based sandwiches. Furthermore, it describes
the theoretical background at the basis of the failure maps
according to Ashby et al. [12] and the approach followed in
this work to adapt the theoretical models to the proposed
sandwich structures.

2.1 Materials and manufacturing process

The source constituents used for the manufacture of the sand-
wich panels were:

* A T-316 0/90 stainless steel wire mesh-grid as skins

* A foamable solid precursor supplied by Alulight, made by
a powder mix of AlSil0 as aluminum alloy and titanium
hydride (0.8 wt.%) as foaming agent, for the core

The main characteristics of the constituents and the nomi-
nal dimensions of the sandwich panels are reported in Fig. 1;
the sandwich thickness is indicated as 2 t+c, where ¢ and ¢ are
the face and core thicknesses. The face thickness (£) was con-
sidered constant and equal to 1.4 mm, namely, the thickness of
the mesh-grid.

Each sandwich panel was produced by the precursor in
such quantity (from 80 to 160 g) as to have a nominal density
of the aluminum foam equal to 0.6:10 > g/mm?>; this value
translated into a relative density of about 0.23, falling into
the typical range of commercial metal foams (that is
0.1 =0.312)).

Besides, also panels of plain foam with the same relative
density of the sandwich cores were manufactured (a thickness
of 12 mm was considered), to compare them to the sand-
wiches and to estimate the enhancement of bending properties
when using the reinforcement.
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Fig. 1 Main characteristics of the wire mesh-grid
source constituents, nominal
dimensions of the sandwich
panels, and particular of the

foam/reinforcement coupling

areal density : 1.92:10°3 g/mm?
wire diameter : 0.8 mm
clear opening : 3 mm

sandwich panel 2t+c=8;12;16 mm

A mamam,

= o 250 0 0 1

The main mechanical properties of the aluminum foam and
the mesh-grid are summarized in a previous experimental/
numerical authors’ work [24].

A schematic diagram of the manufacturing sequence and
the process parameters are reported in Fig. 2. Two rectangles

filled sealed mold (charge)

mesh-grid split mold
skins precursor

——
N J

Y
step |
Ifﬂ sandwich panel
LS .
Y
step Il

aluminum foam precursor
density : 2.60-10 g/mm?
form : extruded strip
cross section : 20x5 mm?

foam/reinforcement coupling

of wire mesh-grid with the dimensions of the skins, alternate
to chops of precursor, were placed inside a stainless steel thin-
walled split mold (Fig. 2, step I; further details about the mold
in [20]). This last was sealed, setting the desired distance be-
tween its inner faces, in order to obtain the designed sandwich

e —

furnace

~
step Il

Foaming time : 15 minutes
Foaming temperature : 670°C

Cooling up to room temperature : forced and still air

Fig. 2 Manufacturing sequence and process parameters for the sandwich panels
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thickness (2¢ + ¢ = 8; 12; 16 mm). The charge was heated to a
little above the melting temperature of the alloy into a
N200/G Nabertherm chamber furnace with wire heating;
the decomposition of the foaming agent created voids with
a high internal pressure that expanded by semi-solid flow
until the swelled alloy filled the mold correctly (Fig. 2, step
II). Afterwards, the charge was taken out from the furnace
and cooled (first in forced and then in still air) up to the room
temperature and, then, the sandwiches were extracted from
the split mold (Fig. 2, step III).

A previous authors’ work [20] highlighted that the chosen
process parameters guarantee complete filling of the mold
and correct foaming (similar bending properties of commer-
cial Alulight foam panels) and avoid undesirable phenomena
like growth, coalescence, and collapse of the gas bubbles
[27]; in addition, ad hoc shear adhesion tests ensured that
they allow leading an efficient foam/mesh-grid mechanical
coupling (see the particular in Fig. 1), with a satisfying load
transfer from the matrix to the reinforcement and without in-
curring in the skin slip.

2.2 Mechanical tests

Quasi-static three-point bending tests were carried out through
an MTS Alliance RT/50 testing machine, measuring the load
with a 50 kN load cell. A crosshead speed of 4 mm/min was
set; the radiuses of the supports and the loading nose, namely,
the cylindrical indenter, were 5 mm.

Sandwiches with the three different thickness values were
tested to estimate the capacity of enhancing the bending
strength of the foam panels through the wire mesh-grid rein-
forcement (the comparison was made between plain foam and
sandwich panels with a thickness of 12 mm) and, mainly, to
investigate the collapse modes for different (c/l, #/c) coordi-
nates of the failure map. The tests were performed by varying
the span length, /, from 20 to 220 mm (compliance with the
limits imposed by the longitudinal dimensions of the speci-
mens and the dimensions of the fixtures) in order to generate
load conditions that can cause the different sandwich col-
lapses. The bending test plan is reported in Table 1. Three
specimens were tested for each test typology for the repeat-
ability of the experimental results.

2.3 Failure maps

Ashby et al. [12] associated the collapse of a sandwich struc-
ture to the lowest collapse load among the ones related to the
working conditions at which the structure is subjected.
Relatively to three-point bending addressed in this work:
Fig. 3 sums up the operative collapse modes that are face
yielding, core shear, and indentation, and the authors men-
tioned above reported a formula of the collapse load for each
case (Fry, Fcs, and Fy, respectively).
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Table 1 Bending test plan

Panel thickness, 2t + ¢ (mm)  #/c (=)  Span length, / (mm) c¢// (—)

8 0269 20 0.26
25 0.208
30 0.173
40 0.13
50 0.104
140 0.037

12 0.152 25 0.368
40 0.23
100 0.092
200 0.046

16 0.106 50 0.264
100 0.132
220 0.06

The collapse mechanisms can be represented on a diagram
(the failure map) with the non-dimensional axes ¢// and #/c.
Non-dimensional curves, reported in Fig. 3 and identifying the
collapse domains, can be drawn for determined values of a/l
and oy /oy where a represents the dimension of a flat-
bottomed indenter that transfers the load (flat surfaces of the
loading nose and the supports) and oy, and oy the yield
strength of core and faces, respectively. To completion of
the features reported in Fig. 3 7y represents the shear yield
strength for the foam core and b the width of the sandwiches.

It is worth noting that for the core shear collapse mode,
two competing collapse mechanisms can be identified for a
sandwich panel in three-point bending test. The former,
generally labeled as mode A, comprises plastic hinge for-
mation at mid-span of the sample, with shear yielding of
the core; the latter, referred as mode B, consists of plastic
hinge formation both at mid-span and at the outer supports
of sandwich panel. The core shear collapse mode taking
place was proved to be strictly related to the length of
overhang H beyond the outer supports. Collapse mode A
is activated for small lengths of overhang, whereas col-
lapse mode B is activated for large overhangs. The transi-
tion length of overhang (H,) is defined accordingly in Eq.
1. An illustrative simple sketch is shown in Fig. 4 to make
more clearly the description of the two collapse modes
involved. Further details are reported by the authors [12].

1 t2 .
Hy=-—2" (1)

2c¢ Ty
It was proved that for all the bending conditions tested in
this activity, the value of H exceeds H,, proving that the col-
lapse mode B only can take place; the core shear collapse load
by mode B is referred as Fgin Fig. 3.
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Fig. 3 Schematization, formulae, 4bt(c +t) bc?
and diagrams for the collapse Fpy = - v + 7 Ove

mechanisms under three-point
bending of sandwich panels,

2

according to Ashby et al. [12]

Fes = Tay,f + 2bcty,

Note that the formulae for the different collapse loads were
derived by Ashby et al. [12] idealizing the core and the faces
by rigid-ideal plastic solids, neglecting the elastic deforma-
tion; moreover, they consider homogenous metals as skins,
perfectly bonded to a metal foam. Finally, this treatment was
limited to the case of flat-bottomed indenters, whereas in prac-
tice, the loading of the sandwiches was by rollers.

Concerning the goodness-of-fit testing of the models pro-
posed by Ashby et al. [12] to the experimentally observed
collapses, a value of @/l equal to 0.005 was set for the repre-
sentation of the failure map; it represents a credible value to
take into account that the sandwiches were loaded by rollers
(small contact area with the sandwiches) and not by a flat-
bottomed indenter. Moreover, and in order to enter the data
required by the formulae in Fig. 3, compression tests on cy-
lindrical specimens [28] and short-beam three-point bend tests
on rectangular specimens of plain foam were carried out.
Finally, the yield strength of the skin was evaluated according
to the ASTM C393 standards, by considering a bending test
that experienced face yielding (2¢ + ¢ =12 mm and / =
200 mm).

Plastic Hinge
Formation

E Collapse mode A
l H < H;

Core Shear

F; =2bt [0y 0y + aboy,

FY-Face Yielding
CS-Core Shear
I-Indentation

/It

3 Discussion and results

The main results obtained and the discussion of them in terms
of mechanical behavior and collapse modes of the sandwich
structures from the three-point bending tests are reported in
this section; moreover, the goodness-of-fit testing of the fail-
ure map is analyzed and extensively discussed.

It is worth nothing that each sample typology under the
bending loads showed a significant repeatability of the results
concerning the load-deflection behavior as well as the failure
modes. Therefore, only the load-deflection curves from the
tests of the exemplificative cases, namely, the curves that the
authors defined as representative of the different collapse
modes and the failure mechanisms involved (and not relative
to the single specimen analyzed), are reported in the manu-
script, for the sake of brevity.

Furthermore, the good repeatability of the results proves
the effectiveness of the manufacturing method here devel-
oped as well as the beneficial effect of the reinforcement that
strongly improves the mechanical behavior of aluminum
foams.

Plastic Hinge F Collapse mode B
Formation l H > H,
[T
/ Core Shear

| I

Fig. 4 Illustrative simple sketch of core shear collapse modes A and B for sandwich panels
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3.1 Collapse modes and mechanical behavior

Figure 5 reports a log-log failure map (with three different
levels of #/c ratio, corresponding to the three different sand-
wich panel thicknesses) and all the different damages (see the
dots labeled with the indication of the failure mode and of the

span length) observed by the bending tests.

The three collapse modes, listed in Section 2.3, are found:

Face yielding (FY)—The sandwiches affected by this fail-
ure (see Fig. 5, for 2¢ + ¢ =12 mm and / = 100 mm) ini-
tially show core failure, followed by the progressive plas-
tic deformation and necking of the wires, up to the com-
plete sandwich failure; for this case, Fig. 6 shows the load-
deflection curve (the curve for a 12-mm-thick plain foam
specimen, setting a span of 100 mm, is also reported). A
first fall of the load corresponds to the initial core failure,

whereas the stepped shape of the descending region of the
curve highlights the progressive failure of the wires.
During this last phase, the failure of the foam propagates,
but not dramatically, as happens for the plain foam panels.
The occurrence of additional failures is even possible, so
as highlighted in Fig. 5 for 2#+4c =8 mm and / = 140 mm.
The considerations set out above mean that the presence of
the reinforcement allows a more distributed and gradual
load transfer into the foam and, consequently, improved
energy absorption capacity of the sandwich panels.

Core shear (CS)—This failure is fostered by the relatively
low shear strength of the aluminum foam. The main char-
acteristics of this collapse mode (see Fig. 5, for 2¢ + ¢ =

12 mm and / = 40 mm) are a non-uniform and unsymmet-
rical bending of the sandwich and brittle through-
thickness failure of the core [29], which propagates at
about 30° with respect to the skins. It appears at the initial

0.269f——————™

EilN
FY cs/i
2t+c=8 Y
M . 3 L
=200 FY cs | Lcsh
2t+c=12

2t+c=16 B cs Iy

FY-Face Yielding
CS-Core Shear
I-Indentation

.
*
=220 =100 1=50
FY FY/I I

0.5

C// [_]0.1

Fig. 5 Failure map and damages 0.4
observed on the sandwich panels
under bending
= 0.152
N
0.106
0.05
0.01
2t+c=12 mm
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/=25 mm

(core shear/indentation)
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Fig. 8 Failure map according to Ashby et al. [12] and experimental

0.5

Fig. 6 Load-deflection curves from bending tests for (12-mm thick, /=
100 mm; quasi-brittle failure) plain foam panel and (2t+c=12 mm, 1=
100 mm; face yielding) sandwich panel

stage of the loading, after the initial linear elastic phase,
and an abrupt drop of the bending load follows its peak.
These aspects are evident in Fig. 7, where the steady-state
after the drop indicates that the sandwich panel continues
to resist to bending despite the extensive core crack for
shear.

Indentation (I)—This local collapse mode can occur with
the increasing core thickness and the decreasing span
length. Under these conditions, the deformation of the
compressed upper face of the sandwich reaches a critical
value; as a consequence, the deflection of the panel be-
neath the loading nose increases locally, forming a dent
(see Fig. 5, for 2t + ¢ = 12 mm and / =25 mm). The load-
deflection curve (Fig. 7) highlights an increase of the
force, due to the local densification of the foam, after
which the tests were stopped without waiting for further
damages.

___ 2t+c=12 mm _ 2t+c=12 mm
/=25 mm /=40 mm
4000
— s core failure _
- forshear | ___---"77 "
3000
22500
© 2000 .
© %
S 1500
1000 ’/ core densification
/ (local indentation)
500 3
0
0 1 2 3 4 5 6 7

Deflection [mm)]

Fig.7 Load-deflection curves from bending tests for 2t+c=12mm, 1=
25 mm; indentation) and (2t+c=12 mm, 1=40 mm; core shear)

sandwich panels

For completeness, mixed collapse modes were observed,
for these cases, the load-deflection curves are not reported
as they show the same characteristics of the curves previ-
ously presented; however, the main features of the curves
are discussed. In detail, both core shear and face yielding
can be followed by incipient indentation. The first one
(CS/I) was observed for the thinnest sandwich panels
and with the increasing ¢// ratio (see, e.g., Fig. 5, for
2t +c¢ =8 mm and / =25 mm). In this case, the trend of
the load-deflection curve is similar to what was observed
for the specimens subject to the core shear failure only (see
Fig. 7), presenting an increase of the load (and not a
steady-state behavior) after the drop of the load, due to
the beginning indentation. The second one (FY/I) interest-
ed the thickest panels, as an intermediate case between
face yielding and indentation (2¢ + ¢ =16 mm and / =

100 mm). For this mixed collapse mode, no figure is re-
ported since the damages, occurring on the two opposite
sandwich faces, are similar to the already examined and
shown single cases; in addition, the load-deflection curve
is very similar to what was observed for the specimens
subject to the face yielding failure only (see Fig. 6), with
a first fall of the load that was proved to be less prominent.
Finally, skin wrinkling can occur because of the combined
action of the compression forces in the top facings of the
sandwiches and the bonding discontinuities at the
core/skin interface; this phenomenon could be observed
for sufficiently thick cores and high span length [30]. An
example of skin wrinkling is reported in Fig. 5, for 2¢ +

¢ =16 mm and / =220 mm; it was observed after the initial
foam failure of a sandwich collapsed for face yielding.
Moreover, it was proved that the load-deflection curves
for both the skin wrinkling and the face yielding failures
are very similar.
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Figure 6 also shows a better bending behavior of the sand-
wiches, compared to the foam panels, while preserving the
lightweight condition. In fact, net of a weight increase of about
50%, for the load conditions reported in figure the sandwich,
records a 325% increase of the maximum load; furthermore,
the slope of the curves in their first straight-line portion (cor-
responding to the elastic deformation region) and the areas
under the curves suggest an increase of stiffness and energy
absorption capability, respectively, for the reinforced panels.

3.2 Goodness-of-fit testing of the failure map

From compression tests on cylindrical specimens [28] and
short-beam three-point bend tests on rectangular specimens
of plain foam, a plateau stress of 9 MPa and a shear strength
of 3.5 MPa were measured; they represent the values to assign
to oy, and Ty, respectively.

Concerning the yield strength of the skin, a value of oy
equal to 38 MPa was measured by the bending test for 27+ ¢ =
12 mm and / = 200 mm, which experienced face yielding. This
value could be predicted quite well by the weighted mean of
the yield strengths of the steel wires and of the foam. In fact,
for a skin thickness of 1.4 mm and by considering the areal
density of the mesh-grid (see Fig. 1), its volume fraction is
0.17; by considering that the yield strength of the steel wires
was equal to 195 MPa (from tensile tests on single wires, after
a heat treatment similar to that during the foaming process),
this procedure furnishes a value of oy ,=40.6 MPa.

Figure 8 reports the failure map, on which the collapse
modes from the experimental campaign are labeled and rep-
resented with dots in correspondence of the (¢//, t/c) sandwich
coordinates. The collapse domains are delimited by plotting
the formulae of the collapse loads (see Fig. 3), in which the
mechanical parameters above reported and an appropriate a//
value (see Section 2.3) were implemented. The figure clearly
highlights that the experimental collapses from the bending
tests fall into the respective domains and, then, it is possible
to affirm that the collapse prediction model proposed by
Ashby et al. [12] can be used effectively for the enhanced
sandwich panels described in this work.

4 Conclusions

The study shows the results related to the three-point bending
behavior of sandwich panels, made of aluminum foam as core
and a T-316 0/90 stainless steel wire mesh-grid as reinforce-
ment, obtained by an innovative manufacturing method based
on the powder compact melting technique, which allows
foaming and core/skin joining in one step. The mechanical
properties of the sandwiches were evaluated and compared
to the ones of plain foam panel; moreover, the failure mecha-
nisms were analyzed, through the observation of their
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occurrence and propagation, depending on the thickness of
the sandwiches and by varying the span length.

The main results from the quasi-static three-point bending
tests can be summarized as follows:

* The use of the reinforcement implies a significant im-
provement of the mechanical properties, compared to the
plain foams, in terms of bending strength, stiffness and
energy absorption capability.

» The collapse modes of the sandwiches change from face
yielding to indentation with the increasing core thickness
and the decreasing span length, whereas core shear occurs
for high #/c and ¢/I ratios.

*  Mixed collapse modes and skin wrinkling (this last fos-
tered by the bonding discontinuities at the core/skin inter-
face) also occur.

* The analysis of the collapse modes as a function of the
dimensions of the sandwiches and of the load conditions
highlights that the experimental data fit well with a con-
solidated prediction model based on failure maps.
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