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Abstract

This paper presents a new joining by forming process to assemble longitudinally two metal-polymer sandwich
composite panels perpendicular to one another. The process combines sheet-bulk forming with mortise-and-tenon
joints to produce mechanically interlocked joints with large and stiff flat-shaped heads. Experimentation and finite
element modelling with representative unit cells give support to the presentation and special emphasis is placed on
the application of the process to the fabrication of lightweight composite panels for structural applications. Failure of
the joints takes place by cracking and not by disassembling after unbending the flat-shaped head of the joint back to
its original shape. The required forces to produce the new type of joints are below 15 kN, allowing them to be an easy
to implement alternative to existing solutions based on adhesives or fasteners.
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1. Introduction

In the last years there has been a growing interest in the utilization of lightweight sandwich composites for
applications requiring a combination of high structural rigidity, low weight and thermal, noise and/or vibration
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insulation. The range of applications is wide, spanning from civil engineering structures to floor and side panels of
transportation vehicles.

The automotive industry has been particularly interested in metal-polymer sandwich composites to make lighter,
safer and more fuel-efficient vehicles. A metal-polymer sandwich composite is typically made of three layers
consisting of a thick low-density polymer core and two thin metal sheets bonded to each side of the core. In case of
steel-polymer sandwich composites that will be the focus of this paper, potential applications in automotive encompass
a wide variety of parts such as the roof, hood, fenders, doors and floor panels [1]. This explains the reason why research
in metal-polymer sandwich composites has been mainly focused on forming [2, 3] and joining processes [4].

Despite the above mentioned advantages, the use of steel-polymer sandwich composites in automotive has been
limited because of the costs associated with the materials and processes, namely to the necessity of joining the parts
made from sandwich composites with the adjoining components and body-in-white structure. The applications in
aircrafts, ships and trains [5] have also been limited by the same type of difficulties. The conclusion is that there is a
need to develop new, less expensive, joining processes to make the use of metal-polymer sandwich composites more
affordable and widespread in industry.

The existing processes for joining two metal-polymer sandwich composites can be classified into three different
groups: adhesive bonding, mechanical fastening and joining by forming (Fig. 1) [6, 7].
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Fig. 1. Current processes for joining metal-polymer composite sandwiches. (a) Adhesive bonding; (b) Mechanical fastening (e.g. screws and nuts)
and (c) Joining by forming (e.g. hemming/seaming).

Adhesive bonding (Fig. 1a) is a well-known process that requires surface preparation, application and curing of the
adhesives at room or elevated temperatures [8]. During curing, clamps, jigs and fixtures are used to lock and hold the
metal-polymer sandwich composites in position and to ensure a uniform application of pressure. Major drawbacks are
surface preparation, long curing times and sensitivity to service temperature, applied stresses and fluids. Disassemble
of adhesive bonded joints is also difficult.

Mechanical fastening (Fig. 1b) is the leading process for joining metal-polymer sandwich composites. The use of
screws and rivets is widespread in transportation vehicles [9] and the resulting joints are easily assembled and
disassembled without damaging the sandwich composites. However, mechanically fastened joints subject the
sandwich composites to concentrated stresses, their performance is dependent on the maximum service load that
screws and rivets can safely withstand and are sensitive to creeping under the influence of thermal stresses. In addition,
mechanical fastening increases the overall weight of the structures by the use of screws and/or rivets.

Application of joining by forming to metal-polymer sandwich composites is nowadays limited to table-top
hemming (machine hemming) and roller hemming (Fig. 1c). Both processes are state-of-the-art solutions that have
been successfully applied in automotive door outer panels [1] but their industrialization is complex and costly,
preventing its use in small batch applications.

Under these circumstances, the main objective of this paper is to present a new joining by forming process to
assemble longitudinally in position two metal-polymer sandwich composite panels perpendicular to one another. The
concept draws from earlier developments of the authors for metal [10] and polymer [11] sheets, and envisages a new
solution based on a multi-stage sheet-bulk forming [12] sequence that is specially designed for sandwich composites.
The process is capable of producing mechanically locked joints with good pull-out forces and an example is given to
prove its adequacy for assembling floor or side panels for structural applications.



290 T.R.M. Contreiras et al. / Procedia Manufacturing 29 (2019) 288-295

2. Experimentation
2.1. Stress-strain curves

The development of the new proposed joining by forming processes was performed with litecor sandwich
composite panels supplied by ThyssenKrupp. The panels had a thickness % =2 mm and consisted of a polymer core
layer (1 mm) made of a mixture of polyamide and polyethylene and two thin metal sheets (0.5 mm) made of an
interstitial free steel bonded to each side.

The stress-strain curves of the polymer core and of the steel sheets were determined by means of stack compression
tests, which allowed obtaining the stress response of both materials for large values of strain, namely for those beyond
necking in tension [13] (Fig. 2). Tension tests were not performed for the complete characterization of the strength
differential effect of the polymer core because the main acting stresses in joining by forming are compressive.
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Fig. 2. True stress-strain curves of the skin and core materials of the litecor sandwich composite panels. Note: The left vertical axis applies for the
skin (steel) and the right vertical axis applies for the core (polymer) materials.

The stack compression tests were carried out at room temperature in a hydraulic testing machine with a cross-head
speed equal to 10 mm/min and the specimens were assembled by piling up circular discs cut out from the two different
layers of the sandwich composite panels.

2.2. New joining by forming process

The new proposed joining by forming process is shown in Fig. 3¢ and is made of three different stages. In the first
stage, the polymer core of the tenon placed above the surface of the mortise is removed with a small cutting tool
having a straight cutting edge. The second and third stages perform the nosing and the flat punch upsetting of the outer
thin metal sheets of the tenon. The goal is to produce a flat-shaped head with a compression bead in order to increase
the overall strength of the joint, as will be shown later in the paper.
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Fig. 3. The three different stages (cutting, nosing and upset compression of the tenon) of the new proposed joining by forming process to assemble
longitudinally two metal-polymer sandwich composite panels perpendicular to one another.
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The development of the new proposed joining by forming processes was carried out in ‘representative unit cells’
that replicate the mortise-and-tenon joints utilized for fixing longitudinally in position two sandwich composite panels
perpendicular to one another. The ‘representative unit cell’ concept had already been used by the authors in a previous
experimental work on tee joints made from metal and polymer sheets perpendicular to one another [10], [11] and in
lap joints made from metal sheets in which one sheet is partially placed over another [14].

The typical ‘representative unit cell’ utilized in this work is made of a small sample with a tenon, which is wider
than longer and another small sample with a mortise consisting of a rectangular through-thickness hole (Fig. 4). The
‘representative unit cells” were cut-out from the supplied litecor sandwich composite panels by water jet.
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Fig. 4. Representative unit cell with the geometries of the tenons and mortises that were utilized in the experiments.

Fig. 4 summarizes the geometry and dimensions of the mortises and tenons that were utilized in the experiments.
As seen, only the free length [, of the tenon was allowed to vary because the width w, and thickness ; of the tenons
were kept unchanged. The lack of influence of width w, results from near-plane strain material deformation
conditions and allowed decreasing the total number of experiments and focusing the investigation on the most critical
parameter regarding workability and feasibility of the new joining by forming process.

3. Numerical modelling

The experiments were carried out at room temperature under a very small displacement rate of the cross head speed
of the mechanical testing machine. The absence of inertial effects allowed numerical modelling of the new joining by
forming process to be performed with an in-house computer program built upon the quasi-static finite element flow
formulation.

The numerical simulation made use of two-dimensional plane strain deformation models. The cross-section of the
sandwich composite panels was discretized by means of quadrilateral elements and the tools were modelled as rigid
objects with their geometries discretized by means of linear contact-friction elements (Fig. 5).

(a) (b)

Fig. 5. Finite element simulation of the (a) second and (b) third stages of the new joining by forming process (£, =4 mm).
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A detailed description of the implementation of the finite element flow formulation in the computer program i-
form utilized by the authors, with special emphasis on the numerical treatment of the contact with friction between
deformable objects and between deformable and rigid objects is given by Nielsen et al. [15].

4. Results and discussion
4.1. Joining the representative unit cells

Fig. 6 shows the computed and experimental geometries of the representative unit cells at the end of the second
(nosing) and third stages (flat punch upsetting) of the new joining by forming process. The process ensures the

formation of mechanical joints with large flat-shaped heads for fixing longitudinally the two metal-polymer sandwich
composite panels perpendicular to one another.

(b)

Fig. 6. Assembling two sandwich composite panels perpendicular to one another by means of the new joining by forming process. (a) Finite element
predicted cross section and photograph of a joint at the beginning and end of the second stage ( /, = 2.5 mm); (b) Finite element predicted cross
section and photograph of a joint at the beginning and end of the third stage ( /, = 2.5 mm).

The final cross-sectional shape of the joint resembles that of a mechanical lock with a cotter pin. The final size of
the flat-shaped head is directly influenced by the initial free length /; of the tenon, as can be observed by comparing
the finite element results for /, =4 mm (Fig. 5) and /, =2.5 mm (Fig. 6). In fact, the new joining by forming process
takes advantage of plastic instability to produce large compression beads and, therefore, large flat-shaped heads
instead of being limited by any sort of difficulties related to plastic instability, The metal reinforcement of the flat-
shaped heads caused by metal folding over itself (compression beads) contributes to increase the overall strength of
the joint and the pull-out forces that are required to detach the two sheets.

The evolution of the force with displacement in Fig. 7 allows distinguishing between the monotonic growth under
small applied forces of the first stage (nosing) and the two region trend of the second stage (upset compression). In
case of the later, it is worth mentioning the steep increase of the force as the flat-shaped head of the tenon is subjected
against the lower sandwich composite panel containing the mortise. Still, the maximum force per representative unit
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cell is below 15 kN allowing the process to be easily performed with low cost equipment.
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Fig. 7. Evolution of the experimental and finite element predicted force with displacement for the second and third stages of the new joining by
forming process shown in Fig. 6 (/, = 2.5 mm).

4.2. Pull-out tests of the representative unit cells

The overall performance of the new joining by forming process was assessed by means of destructive pull-out tests
aimed at determining the maximum force that the representative unit cells are capable to withstand before failure. The
tests were carried out for the entire set of experimental conditions listed in Fig. 4.
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Fig. 8. Destructive pull-out tests of the joints produced by the new joining by forming process. (a) Schematic representation of the experimental
setup and (b) maximum pull-out forces as a function of the free length /, with a photograph of a joint before and after testing;

The pull-out testing setup is schematically illustrated in Fig. 8a and the results of the experiments are included in
Fig. 8b. It is interesting to observe that the pull-out forces increases with the length /, of the tenon up to a maximum
value beyond which the force remains approximately constant due to the formation of large and stiff symmetric flat-
shaped heads that fail by cracking (Fig. 8b). In fact, only the joint with ly=2 mm fail by disassembling after
unbending the flat-shaped head back to the longitudinal axis of the tenon.

4.3. Application to the fabrication of lightweight structural panels
This last section of the paper includes the application of the new joining by forming process to the assembly of

lightweight structural panels made from a series of representative unit cells. The exploded view of Fig. 9a shows the
various parts, namely the location and orientation of the different tenons and mortises that were utilized to fabricate
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the panel. As seen, tenons and mortises were orientated along two different directions in order to prevent preferential
deformation in a given direction.
Fig. 9b shows the real panel at two different intermediate stages of assembly and after being produced.
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Fig. 9. Application of the new joining by forming process to the fabrication of lightweight structural panels. (a) Exploded view of the panel and

(b) photographs showing the real panel at different stages of assembly.

(b)

5. Conclusions

This paper presents a new joining by forming process to assemble longitudinally in position two metal-polymer
sandwich composite panels perpendicular to one another. The process is performed in three different stages
comprising, cutting out the polymer core of the tenon placed above the surface of the mortise, and mechanical interlock
by nosing and flat punch upsetting of the outer thin metal sheets of the tenon. The resulting joints have large and stiff
flat-shaped heads and their cross-sections resemble that of a mechanical lock with a cotter pin.

Representative unit cells of the joints can withstand pull-out forces of approximately 4.5 kN and fail by cracking
of the flat-shaped heads instead of being disassembled after unbending the flat-shaped heads back to the longitudinal
axis of the tenon.

Despite being reinforced with metallic compression beads, the representative unit cells assembled by the new
joining by forming process still require less than 15 kN to be produced. This makes the process an effective,
inexpensive, solution for assembling lightweight sandwich composites with portable equipment and also makes the
utilization of these materials more affordable and widespread in industry. The fabrication of structural panels for civil
engineering and transportation vehicles with design requirements of thermal, noise and vibration insulation are good
examples of application of the new joining by forming process.
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