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Abstract
An aluminium foam sandwich (AFS) material was formed by V-die bending and roll forming. The V-bent sections showed
material failure by shear fracture of the aluminium foam core and by delamination at the core-cover sheet interface. This led to a
high-gull wing defect and a limited section depth that could be formed. In contrast, the roll forming process allowed the
manufacture of long sections with acceptable profile depth. Only minor gull wing was observed, and this was related to a
low-shear deformation of the aluminium foam core and an intact adhesion at the core-cover sheet interface. The higher material
formability observed in roll forming compared to that in V-die bending was attributed to a more evenly distributed contact
pressure and more homogeneous forming, due to the incremental nature of the process, combined with a continuous contact of
the metal sheet with the top and bottom rolls. Some forming problems were also observed in the roll-formed AFS components,
but overall, the results of this study suggest that roll forming represents a good alternative to bending or stamping for the forming
of longitudinal components of simple cross section shape that are of interest to the transport, solar or housing industries.
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1 Introduction

Aluminium foam sandwich (AFS) panels are new light-
weight products. They consist of a porous aluminium inter-
layer that is bonded to two aluminium cover sheets [1]. This
gives AFS panels a high stiffness to weight ratio combined
with good thermal insulation properties and excellent sound
and vibration-damping capabilities [2]. AFS materials are
promising light-weight solutions for the aerospace and the
automotive sector, but this requires the AFS materials to be
formed into complex shapes. One strategy involves the
forming of foamable precursors that contain a blowing agent
and are bonded to two metal face sheets [1, 3]. After forming,
the core is expanded by heating to the foaming temperature of
the blowing agent. The advantage of this method is that the
core material is formed in a compact condition which makes it

less likely to be crushed by the forming tools or to fracture
when sheared. Nevertheless, the process limits the alloys that
can be used and is restricted to closed pore foams [4]. Only a
few studies have focused on the direct forming of AFS panels.
In the channel drawing of AFS material, Contorno et al. [5]
observed extensive core shear deformation which led to early
failure by core extrusion and delamination at the core-cover
sheet interface. In addition, extensive thinning of the laminate
was observed due to the crushing of the foam core layer. A
similar observation was made by Jackson et al. [6] for the
incremental forming of AFS components, where compressive
deformation of the foam core led to an uneven part surface and
delamination. Also in gas pressure forming, compression of
the foam core was observed and this led to thickness reduc-
tions of the overall AFS laminate of up to 40% [4]. In
hydroforming, crushing of the core layer could be avoided
by filling the porous foam core with pressure fluid; however,
component complexity still remained limited due to delami-
nation at the core-cover sheet interface [7].

When bend-forming metal laminates that have two cover
sheets of high strength with a softer interlayer, it is well known
that shear deformation of the core material occurs [8]. For AFS
sheets with low-adhesion strength at the core-cover sheet inter-
face, this can lead to component failure by delamination [9];
while in cases where adhesion is high, shear failure by cracking
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of the foam core has been observed [9]. Mohr [10] suggested
that for the successful forming of AFS materials, adhesion and
shear strength of the core needs to be as high as possible.
Strengthening of the foam core can be achieved by reducing
the pore size, but this increases core density and reduces the
light-weight potential of the laminate. On the other hand, the
thickness of the core can be decreased to lower the shear defor-
mation during forming but this reduces the load-bearing capa-
bility of the laminate [11]. Improvements in the forming prop-
erties of laminates are therefore limited, and this suggests that
alternative formingmethods that lead to lower compression and
lower shear deformation of the foam core are required.

In conventional sheet forming, the initially flat metal
sheet is generally forced by an upper tool into a die cavity.
This leads to localised contact on the tool profile radii and,
in the case of AFS sheets, has been shown to result in
localised indentation of the metal cover sheet and high-
shear deformation in the core layer [12]. The roll forming
process promises lower and more evenly distributed tool
contact compared to conventional sheet forming. In roll
forming, the sheet is incrementally bent into shape by pass-
ing it through successive roll stands [13] and the process
allows forming of materials that combine high strength
with limited ductility [14]. For this reason, roll forming is
increasingly used in the automotive industry for the
forming of long crash and structural components [15]. In
roll forming, the material is usually supported by an upper
and a lower tool and this has been shown to reduce local-
ised or unstable deformation that is often observed when
conventionally bending hard-to-form materials [16]. The
more evenly distributed tool contact in roll forming prom-
ises to lower compression and shear deformation of the
foam core layer, and this may lead to increased forming
limits when shaping AFS materials. Therefore, roll
forming may allow the cost-effective production of long
components of simple cross sectional shapes from AFS
sheets for potential applications in the transport, building
or solar panel industries [2].

The scope of this study is to experimentally investigate
the possibility of roll forming simple section shapes from a
commercially available AFS panel as an alternative to the
commonly used V-die bending process. To understand
forming defects, such as material thinning due to the com-
pression of the foam layer or laminate failure by delamina-
tion at the core-cover sheet interface, the mechanical prop-
erties of the laminate are investigated in the initial part of
this work. The individual mechanical properties of the cover
sheets and the foam core are determined by conventional
tensile and adhesion tests on the metal cover sheets and
the laminate, respectively. To understand the adhesion
strength at the core-cover sheet interface, double lab shear
tests are performed, while the tendency for compressive
deformation of the foam core is analysed by compression

tests. Comparison with previous studies is performed to
verify the results. In the second part of the work, the forming
of the same V-shaped profile is experimentally investigated
for roll forming and V-die bending. The final part shape and
forming defects, as well as the level of compression and
shear deformation of the foam core, are compared between
both processes. The results show that shear deformation in
the foam core is lower in roll forming compared with that in
the V-die bending process and that this allows the forming
of tighter profile radii using roll forming. Nevertheless, due
to the bending and re-straightening of the strip when enter-
ing the roll station, delamination at the core-cover sheet
interface is observed for roll-formed parts. This is related
to a low-adhesion strength and is common for ex-situ bond-
ed AFS materials, where the cover sheets and the core layer
are bonded with an adhesive layer after the interlayer mate-
rial has been foamed. The problemmay be overcome by roll
forming AFS materials that have a metallic bond with in-
herently higher adhesion strength at the core-cover sheet
interface. Overall, the results of this study suggest that roll
forming may be a promising alternative to conventional
bending or stamping for the manufacture of long and simple
components from AFS sheets.

2 Experimental setup

2.1 Material

The material analysed in this study is an industrially pro-
duced ex-situ bonded AFS panel. The materials consist of
two 1 mm cover sheets of AW 5754 aluminium that are
bonded to a 6.2 mm thick ALPORAS® aluminium foam
core using a 2-Komponenten-polyurethane (PUR)-adhe-
sive, as shown in Fig. 1.

Fig. 1 Picture and schematic side view of the AFS panel
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2.2 Uniaxial tensile tests

Tensile tests were performed at room temperature on the
cover sheet material using a 50 kN Instron hydraulic test
frame according to Australian Standard AS 1391–1991
[17]. Specimens oriented at 0° and 90° to the rolling direc-
tion were cut. To separate the cover sheets from the core
material, first a cut was performed through the core layer
and parallel to the cover sheet using a band saw. After this,
a milling machine was used to remove the remaining core
layer material from the cover sheets. The sample gauge
length was 50 mm, a video extensometer was used to mea-
sure the engineering strain and a cross-head speed of
2 mm/min was used. At least four tests were performed
and averaged for each specimen orientation. The Swift
(Eq. 1) hardening equation was fitted to the true stress–
strain (σ − ε) data for each sample direction tested.

σy ¼ K ε0 þ εp
� �n ð1Þ

In the above equation,K is the strength coefficient, n is the
strain-hardening exponent, ε0 the strain offset constant and
εp the equivalent plastic strain.

2.3 Lap shear test

To analyse the shear strength of the interlayer, double lap
shear tests [18] were performed using the test sample ar-
rangement shown in Fig. 2. The tests were performed using
a 50 kN Instron hydraulic test frame. The specimens were
fixed in the tensile grips of the machine, and a standard
upper cross-head displacement of 0.5 mm/min was used as
previously suggested in [19]. During the test, the shear re-
action force, FS,on the upper cross head was recorded while
the displacement, Δl,relative to the two marks positioned on
the sample was determined with a video extensometer.

The shear strain and stress, γ and τ, respectively, were
determined using the relations

γ ¼ Δl
tcore

ð2Þ

and

τ ¼ 0:5
Fs

wls
ð3Þ

with the core thickness, tcore, the sample width, w, and the
shear test length, ls.

2.4 Adhesion test

The tensile adhesion strength between the core and the
cover sheet was determined using the procedure described
in [20] and the fixture and test setup shown in Fig. 3.
Square-shaped specimens of side length L = 50 mm were
cut using a band saw and glued to the testing blocks using
“Araldite Super Strength”, a two-part epoxy paste adhe-
sive. The tests were performed in the 50 kN Instron hy-
draulic test frame. The reaction force, Fa, was measured on
the upper cross head while the relative displacement of two
markers, Δl, positioned on both cover sheets was deter-
mined with a video extensometer.

Fig. 2 Schematic of the lap shear test sample and arrangement

Fig. 3 Adhesion test. Sample between test plates showing the white
markers applied for strain analysis
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The adhesion strain and stress, εa and σa, respectively, were
analysed using the relations

εa ¼ Δl
tcore

ð4Þ

and

σa ¼ Fa

L2
ð5Þ

2.5 Compression test

For the compression tests, square-shaped samples of side
length L = 50 mm were placed between two loading platens
that were attached to a 50-kN Instron hydraulic test frame
and a negative cross-head displacement of 0.5 mm/min
applied (Fig. 4).

During the test, the compression force, Fc, was measured.
Similar to the adhesion test setup, the relative displacement of
the two markers, Δl, positioned on both cover sheets was
determined with a video extensimeter. The maximum cross-
head displacement was limited to half the core thickness, giv-
en that after this value the aluminium form core mainly de-
formed by compaction with an abrupt increase in the compres-
sion reaction force. Compressive stress and strain, εc and σc,
respectively, were analysed using the relations

εc ¼ Δl
tcore

ð6Þ

and

σc ¼ Fc

L2
ð7Þ

2.6 V-die bending test

The V-die bending tests were performed using the tooling
shown in Fig. 5 in an Instron hydraulic test frame with a
30-kN load cell and a punch profile radius of 15 mm. AFS
samples cut in the transverse direction had a length of
100 mm and a width of 20 mm. No lubrication was ap-
plied, and the cross-head speed was 0.5 mm/s. Videos were
recorded during the test and evaluated visually to enable
analysis of material behaviour and failure of the foam ma-
terial and failure at the interface between the foam and
cover sheets. For this, a high-definition camera with a mac-
ro objective was used and the picture rate was 1 frame/s.
The sample was first aligned with the punch, and the punch
moved down until contact was established. After that, the
test and the video recording were started. The final part
shape after release from the tooling was studied for parts
formed to final punch strokes of 5, 6 and 8 mm.

2.7 Roll forming of a V-section

The roll forming trials were performed in a conventional roll
forming line (Fig. 6a). A V-section of similar shape com-
pared to that in the V-bending test was formed in four
forming passes without lubrication. The “constant length
of neutral line” roll forming method was used, where the
length of the neutral line in the bend section remains con-
stant throughout all forming passes while the bend radius
decreases incrementally [13]. The minimum forming radius
in roll forming could be checked visually from the quality of
the roll-formed sections after each forming station. The dis-
tance between the shaft centres in the roll former was
305 mm, the roll gap set according to the material thickness,
and both top and bottom rolls were driven. The forming
sequence (flower pattern) is shown in Fig. 6b. AFS strips
of 1 m length and 100 mm width were roll formed.

Fig. 5 Schematic of the V-bend test
Fig. 4 Compression test [21]. Sample between test plates showing the
white markers applied for strain analysis
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2.8 Analysis of shear deformation in the foam core

The level of shear deformation was estimated by analysing
the “gull wing defect”. During bending of homogeneous
metal strip, the bending legs remain straight. However, in
metal laminates where the core layer is weaker than the
metal cover sheets, shear deformation of the interlayer
generally leads to the curving down of the laminate out-
side the forming tool [22], as shown schematically in
Fig. 8a.

The gull wing defect over the strip width was analysed
for the V-bent and the roll-formed sections after forming
and release from the forming tool. The samples were
sprayed with a white paint and then their top and bottom
surfaces scanned using an “ExaScan” 3D scanner. The res-
olution of the scanned surface was 0.05 mm giving an
accuracy of 0.04 mm. 2D section cuts were performed
using the software package “Geomagic” [23] at the front
and in the centre of the roll-formed components (Fig. 7a)
and in the sample centre of the V-bent samples (Fig. 7b).

To measure the gull wing defect, the x and y coordinates
of the 2D section cuts were imported into Microsoft Excel

and the angle from the x-axis, α, between two accompa-
nying points determined using the relation (Fig. 8b)

α ¼ arctan
Δy
Δx

� �
ð8Þ

As already mentioned above, in a homogeneous metal
sheet without gull wing, the bending legs are straight,
leading to a constant value for α outside the profile radius
area. In contrast, if there is gull wing, the section legs
curve down (Fig. 8a) and α decreases towards the strip
edge. In this study, the maximum level of gull wing, Δα,
was defined as

Δα ¼ αmax−αmin ð9Þ

with the maximum and the minimum gull wing angles αmax

and αmin, respectively (Fig. 8b). Measurements were aver-
aged over the left and the right side of the sample but deter-
mined separately for the top and the bottomcover sheets. The
maximum level of gull wing was analysed on sections that
were roll formed to a final profile radius of 58.4 mm (station

Fig. 6 Roll forming trials: a Schematic of the process set up. b The forming sequence (flower pattern)

Fig. 7 Scanned part surfaces and 2D section cuts performed in Geomagic: a roll-formed profile. b V-bent sample section
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3) which represents the minimum profile radius formable
without part failure. For V-die bending the gull wing defect
was determined for punch strokes of 5, 6 and 8 mm.

2.9 Analysis of material thickness distribution

The thickness of the samples after V-die bending and roll
forming was determined using the 3D scan data of the top
and bottom surfaces obtained from the ExaScan measure-
ments and 2D section cuts described in Section 2.8 above.
Based on the 2D section data, the normal distance from the
bottom surface to the top surface was measured, as illustrated
in Fig. 9. Material thinning Δt was then determined by
subtracting the material thickness, t, measured after forming
from the initial laminate thickness of 8.2 mm.

Δt ¼ 8:2−t ð10Þ

Since material thinning varied depending on the position
on the sample, the distribution of thinning along the strip
width, x, was examined and plotted.

3 Results and discussion

3.1 Mechanical properties

The tensile tests revealed identical tensile properties for both
cover sheets, and therefore, Fig. 10 only shows the true stress–
strain curves for cover sheet 1 for the two orientations mea-
sured. The mechanical properties are given in Table 1, and
only minor planar anisotropy was observed.

The shear stress–strain curves determined in the lab shear
tests are shown in Fig. 11. High scatter was observed be-
tween the tests, and all samples showed delamination on the

Fig. 8 a Schematic of the gull
wing bend [24]. b 2D sectional
shape of the top surface for a
sample V-bent to a maximum
punch displacement of 5 mmwith
the distribution of the gull wing
angle, α, and the resulting
maximum level of gull wing, Δα,
shown

Fig. 9 Schematic of the
measurement of thickness, t, over
the strip width, x, based on the
scanned top and bottom cover
sheet surfaces
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interface between the core and the cover sheets by failure of
the adhesive layer; no residual core layer material was iden-
tified on the cover sheets. This suggests that shear deforma-
tion mostly occurred in the adhesive between the core and
the cover sheet and not in within the aluminium foam core.
Under pure shear, deformation failure of the AFS panel can
therefore be expected to appear by delamination at the core-
cover sheet interface.

The adhesion test revealed a different failure mode com-
pared to the shear test, with fracture mainly situated in the
foam interlayer and only minor delamination at the foam
core-cover sheet interface (Fig. 12). Significant scatter in
the adhesion stress-strain curves can be observed, and this
may be due to differences in the failure modes. In samples 1
and 3, failure occurred purely in the foam core. However,
for samples 2 and 4, some delamination can be observed at
the core-cover sheet interface, which may have resulted in
the lower values for maximum adhesion stress observed for
those samples. The average maximum adhesion stress is
σamax = 1.68MPa± 0.3MPa (Table 2). A previous study that
analysed the tensile properties of ALPORAS® aluminium
foam material by conventional tensile tests perpendicular to
the core thickness direction reports maximum tensile stress
values between 0.8 and 1.44 MPa [25]. The higher level of
adhesion stress observed in this study compared to the ten-
sile stress values reported may be related to differences in

core density. The same study has shown that the material
strength of aluminium foams significantly increases with
core density [25]. The high-adhesion strength combined
with fracture being majorly situated in the foam interlayer
suggests that during tensile loading perpendicular to the
AFS material surface, failure is to a large extent governed
by the tensile strength of the aluminium foam core.

The compressive stress–strain curves for loading up to a
strain of 25% are shown in Fig. 13. The shape of the curves
presented here is similar to that reported in previous stud-
ies. The average maximum compressive stress is σcmax =
2.2 MPa± 0.07 MPa. Previous studies that analysed the
compressive properties of ALPORAS® aluminium foam
material by conventional compression tests perpendicular
to the core thickness direction report lower values for the
maximum compressive stress between 1.46 and 1.84 MPa
[25]. Similar to the adhesion test results presented above,
the higher values for maximum compressive stress ob-
served in this study may be related to a higher density of
the ALPORAS® aluminium foam material tested. At ap-
proximately 15% strain, the foam core starts compacting,
which can be observed by an increase in the compressive
stress. In contrast to previous studies [26], no slippage of
the skin layers or extrusion of the core layer at the sample
edges was observed.

A summary of the material parameters determined in the
laboratory shear, adhesion and compression tests is given in
Table 2. It is clear that the values for the Young’s Modulus
and material strength are very similar between the adhesion
and the compression tests, which suggests that material be-
haviour in both tests was governed by the aluminium foam
core. In contrast, the material strength and elastic modulus
in shear are significantly lower, which indicates that the
material behaviour in the shear test is dominated by the
deformation and failure of the adhesive layer between the
aluminium foam core and the aluminium cover sheets. This
is also confirmed by the failure surfaces shown in Fig. 11. In
addition, high scatter can be observed for the adhesion and
the lab shear test in regard to τmax and σamax as well as γmax

and εamax. This indicates that the shear and adhesion prop-
erties can vary between different sections of the sandwich
panel. This may influence the results when forming large
sample dimensions as it is the case in the roll forming trials
where 1 m long sections were formed.

Fig. 10 True stress–strain curves for samples oriented at 0° and 90° to the
rolling direction, determined for the AW 5754 cover sheet 1

Table 1 Mechanical properties of
AW 5754 cover sheet 1 Test orientation Offset yield

strength σ0.2%

(MPa)

Ultimate tensile
strength

(MPa)

K n % uniform
elongation

00 166 251 436 0.2 11.8

900 144 226 540 0.2 12.2
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3.2 V-die bending tests

Figure 14 shows typical load-deflection curves obtained dur-
ing the V-die bending test. All curves start with an elasto-
plastic phase until a peak value is reached, after which the
load decreases. Previous studies suggest that the decrease in
the punch force is due to compressive deformation of the foam
core in the contact zone between the punch and the sheet [12].

However, close inspection of the core layer suggests that
the failure mode is a mix of delamination at the core-cover
sheet interface and shear fracture of the core (Fig. 14b). It also
becomes clear that, in most cases, failure was already initiated
at a punch stroke of 3 mm. This indicates that the drop in
punch load after 3 mm punch stroke observed (Fig. 14a)
may be partly due to the delamination and fracture of the core
layer quite early in the test.

3.3 Roll forming trials

Figure 15 shows images of the roll-formed components.
Forming of the AFS panels was possible up to the third
forming station—corresponding to a minimum radius of ~
58.4mm formed at the inner sheet—before initiation of failure
in the core was observed.

In some regions of the profile, wrinkles developed at the
strip edge. These are due to the delamination of the core layer
from the cover sheet, as can be seen in Fig. 15b, and were only
observed in some small regions of the profile. Only a small
amount of the foam core material remained on the
delaminated cover sheet, which suggests that failure occurred
in the adhesive layer.

The front and back section views of a roll-formed compo-
nent are shown in Fig. 16a and b, respectively. At the front, it

Fig. 11 Shear stress–strain curves
determined in the lab shear test
and shear test sample 4 showing
dominant failure by delamination
at the core-cover sheet interface

Fig. 12 Adhesion stress–strain
curves and failure modes
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is evident that there is significant compression of the core
layer in the centre and the edge regions. The compression in
the centremay be due to the contact of the sheet with the upper
roll. The compression of the edge could be the result of the
sheet being bent over the outer bottom roll radius, which may
have led to high-contact pressure and core compression, as
can be seen in Fig. 16c. At the back end for some samples,
delamination was observed. It is important to note that the
front and the back sections of roll-formed components repre-
sent the most severe forming conditions, given that at the
front, the sheet needs to feed into the next forming station
while in the back, the material is not supported by preceding
rolls when formed in a particular station [13].

3.4 Comparison of material deformation in roll
forming and V-die bending

The final cross-sectional shape after release of the roll-formed
section from the roll tooling is compared to that of the V-bent
sections formed to final punch strokes of 5 and 8 mm in
Fig. 17. Only minor gull wing can be visually observed in
the roll-formed section. However, both V-bent strips show
significant reverse curvature (gull wing) in the part of the strip

that is situated outside the tool, i.e. the region that extends
beyond the contact with the bottom die radius. It also can be
seen that with increasing punch stroke in V-die bending, there
is increased compression of the foam interlayer in the contact
zone under the punch. This indicates indentation of the top
cover sheet, which is a failure mode that has been observed in
previous studies for the bending of AFS panels [12]. In gen-
eral, Fig. 17 indicates that roll forming enables the forming of
a deeper section profile, with less defects, compared to the
depth that is possible in V-die bending.

Figure 18 shows the maximum gull wing level,
Δα,measured separately for the top and bottom cover sheets,
at the front and centre section of the roll-formed component,
and for V-die bending after three levels of punch stroke. The
results confirm that there is only very minor gull will in the roll-
formed sections which indicates low-shear deformation of the
aluminium foam core. Only minor differences in gull wing can
be observed when comparing the front and the centre section of
the roll-formed strip, which suggests homogeneous forming
over the length of the part. In contrast, there is major gull wing
in the V-bent sections and the defect increases with increasing
punch stroke. Gull wing is also higher in the top compared to
the bottom cover sheet. The high gull wing defect is an indica-
tion of significant shear deformation in the core layer, and this
confirms previous findings that observed shear deformation in
V-die bending of AFS panels [27]. The results shown in Fig. 14
suggest that the high-shear deformation and resulting gull wing
in the V-bend samples are largely due to shear cracking of the
aluminium foam core and delamination of the foam-cover sheet
interface. This delamination is an indication of part failure,
where the strength and stiffness of these parts would be signif-
icantly reduced as a result of this delamination mechanism.
Conversely, the small level of gull wing observed in the roll
forming trials suggests forming of an intact AFS material with-
out major cracking of the core or delamination issues.

Figure 19 shows the distribution of material thinning
over half of the strip width for the V-die bending (for three
different punch strokes) and the roll-formed section (front
and centre). The thinning measurements shown in Fig. 19 are
for the samples where the maximum gull wing measurement,
Δα,is closest to the average value shown in Fig. 18. For all
forming conditions, material thinning was observed in the

Table 2 Shear, adhesion and compression properties of the AFS material, providing information about the aluminium foam core and foam core-cover
sheet interface

Lab shear test Adhesion test Compression test

τmax

(MPa)
γmax

(%)
GS

(GPa)
σamax

(MPa)
εamax

(%)
Ea

(GPa)
σcmax
(MPa)

εcmax

(%)
Ec
(GPa)

Average 1.01 8.5 0.12 1.68 2.0 0.93 2.2 3.1 1.0

STDEV 0.13 2.8 0.05 0.3 0.4 0.21 0.07 0.5 0.2

Fig. 13 Compression stress–strain curves
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punch radius area. The level of thinning was approximately
1 mm for V-die bending to punch strokes of 5 and 6 mm
(Fig. 19a) and between 1 and 1.4 mm in the roll-formed sec-
tions (Fig. 19b). This suggests that, despite the incremental
nature of the roll forming process, there is some crushing of
the foam core under the top forming tool. Nevertheless, the
profile depths produced when V-die bending to the punch
strokes of 5 and 6 mm are significantly lower compared to
the profile formed by roll forming (Fig. 17). This may indicate
that tool indentation and compression of the aluminium foam

core are lower in roll forming compared to V-die bending. The
highest reduction in material thickness (approximately
2.0 mm) was determined for the V-die bending to a final
punch stroke of 8 mm (Fig. 19a) which may explain the high
level of gull wing observed for this forming condition. In
addition to a reduced material thickness in the profile radius,
the roll-formed section also shows some material thinning in
the outer strip edge (Fig. 19b). This thinning has already been
visually observed in section 3.3 and related to a high-contact
stress between the strip and the bottom roll (see Fig. 16c).

Fig. 14 a Representative force
displacement curves determined
in the V-bending test. b Close
inspection of core deformation
indicating early initiation of core
fracture and delamination

Fig. 15 Roll-formed parts. a
Wrinkles indicating some
delaminated areas. b View of the
strip edge of an intact section
length and a delaminated section
length
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4 Discussion

The V-die bending tests revealed early failure of the laminate
by shear fracture and delamination at the foam-cover sheet
interface. It is well known that the bending of laminates that
consist of strong cover sheets bonded to a relatively weak core
material leads to high-shear deformation of the core [8].
Previous work suggested that, for the successful forming of
AFS materials, adhesion and shear strength of the core layer
need to be as high as possible [10]. The laminate investigated
in this study was ex-situ bonded with an adhesive, and previ-
ous work has revealed that this type of laminate is much more
prone to early failure by delamination at the core-cover sheet
interface compared to metallurgical bonded counterparts [12].
This is verified by the shear tests of this study, which identified
very low shear adhesion strength and early failure by delam-
ination in the adhesive layer in the V-die bending trials. This
indicates that the low formability observed in the V-die bend-
ing tests of this study is primarily due to the low-shear adhe-
sion strength of the laminate at the core-cover sheet interface.

Despite this, the material was successfully roll formed to a
V-section profile of significant depth without major failure.

The roll-formed sections also showed significantly less gull
wing defect compared with the V-bent counterparts, and this
indicates that shear deformation and delamination of the inter-
layer were minor. One reason for this may be the incremental
nature of the process where the material is formed in successive
roll stands [28]. This could have led to a more evenly distrib-
uted contact on the upper cover sheet compared with V-die
bending and therefore lower indentation and compressive de-
formation of the foam core and reduced shear stresses in the
interlayer. The indentation of the top cover sheet by the V-die
bending punch was observed in V-die bending at high-punch
displacement but was found to be small in the roll-formed sec-
tions (see Fig. 17, 19a and b). Previous studies have revealed
that the full tool contact provided by the top and bottom rolls in
roll forming leads to more homogeneous material deformation
and hence less shape defects compared to V-die bending [16].

Some shape defects were observed in the roll forming tri-
als, such as the compression of the foam layer at the strip edge
which is related to high-contact pressures between the bottom
roll and the strip edge (Fig. 16c). In addition, some localised
areas showed delamination in the strip edge over the length of
the part and the development of wrinkles. In roll forming, the

Fig. 16 Roll-formed
components. a Front section
showing compression in the
profile radius and the edge. b
Back section showing
delamination. c Strip edge bent
over the outer roll radius
indicating compression of the
core

Fig. 17 Comparison of final
shape after roll forming and V-
bending to 5 and 8 mm punch
displacement with gull wing
defect in bent samples
schematically indicated
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strip edge travels a longer distance compared to the centre-line
section and this leads to longitudinal deformation in the strip
edge. If this deformation is in the plastic range, compressive
stresses in the longitudinal direction and wrinkling of the strip
edge can result when the material leaves the roll station [13].
This defect can be controlled with an improved bending se-
quence or flower design.

Another explanation of the delamination observed at the
strip edge could be the bending and re-straightening deforma-
tion over the bottom roll that is generally required when the
material enters the roll gap [29]. Previous studies performed
on the channel drawing of metal laminates have revealed that

such deformation can lead to shear in combination with trans-
verse stresses perpendicular to the core-cover sheet interface
and through that to delamination [30]. The shear adhesion
strength of the ex-situ bonded laminate used in this study
was low (Fig. 11) while the adhesion strength showed high
variation between samples (Fig. 12). These factors, in combi-
nation with the observation that delamination at the strip edge
was only observed in distinct areas over the strip length of the
roll-formed components, suggest that this shape defect is pos-
sibly due to a low and inhomogeneous adhesion strength be-
tween the core and the cover sheet material. Therefore, im-
proved part quality could be achieved by roll forming metal-
lurgical bonded AFS materials that generally show higher
adhesion strength. In addition, the severity of forming the
material over the bottom roll radius can be reduced by increas-
ing the roll diameter [29].

5 Conclusion

A commercial and ex-situ bonded aluminium foam sandwich
(AFS) material was formed to a simple V-section profile by V-
die bending and roll forming.

Tensile-adhesion, compression and lap shear tests were
performed and revealed that the behaviour of the AFSmaterial
in tension and compression is governed by the aluminium
foam core, while the shear strength was low due to failure of
the adhesive layer at the core-cover sheet interface.

In V-die bending, early delamination of the AFS material
was observed and related to high-shear deformation of the
core layer as a result of the core-cover sheet strength mis-
match. In addition, shear fracture of the core was observed.

Fig. 18 Maximum level of gull wing determined in the V-bend tests at
maximum punch stroke of 5, 6 and 8 mm and on section cuts taken in the
front and the centre of the roll formed (RF) components

Fig. 19 Distribution of material
thickness over half the strip width
for the following: a V-bend tests
at maximum punch stroke of 5, 6
and 8 mm. b Roll forming centre
and front section
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The early failure of the AFS material in shear manifests itself
by a high-gull wing defect in the V-die bent samples.

In roll forming, only minor gull wing defect was observed
for the forming of a similar part shape, indicating low-shear
deformation and an intact adhesion at the core-cover sheet
interface. Some delamination in the strip edge was observed.
This was related to the bending and re-straightening of the
material when entering the roll gap in combination with the
low-adhesion strength at the core-cover sheet interface. This
issue may be resolved by an improved roll design and by
forming metallurgical bonded AFS sheets with higher core-
cover sheet adhesion strength.

In general, the results of this study suggest that roll forming
represents a promising alternative to conventional stamping or
bending for the forming of AFS components. Shear deforma-
tion in roll forming was lower in comparison to V-die bending,
and this led to reduced shape defects and the successful
forming of longitudinal components that are of interest to
the transport, solar and housing industries.

Even though the current study is limited to AFS panels, the
findings of this work are applicable to the forming of other
metal hybrid materials (for example metal/carbon fibre lami-
nates), which are receiving increasing attention for weight
reduction in the transport industry.
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