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ABSTRACT

The authors present an innovative mechanical joining process that allows to connect per-
pendicular sheets to one another. This study is focused on joining similar and dissimilar
sheets, based on sheet-bulk forming technology, and it is supported by experimental data
and numerical simulation. Destructive tensile tests of different joined materials were per-
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lar materials

formed to determine the maximum force that the joints are capable to withstand without
failure. The joining technique should be chosen according to the materials joint combin-
ation. The two-stages technique could be a valid option to overcome the clearance between
the plastically deformed polycarbonate tenon and aluminium mortise.

1. Introduction

Nowadays, the growing demand for consumer goods
has enhanced the development of new materials and
products, leading to emerge innovative manufacturing
techniques, such as new metal forming and joining
processes. In fact, the need for processing new alloys
and joining dissimilar materials is responsible for the
establishment of new sheet-bulk forming and joining
by plastic deformation processes.

Plastic deformation is commonly used in forming
processes to manufacture mechanical components,
nevertheless it can also be applied to join parts.
Additionally, comparing with conventional techniques,
like welding, Figure 1(a), adhesive bonded joints that
normally require surface preparation, Figure 1(b), these
processes have the advantage of joining a wide range
of materials (including dissimilar materials), showing
less embrittlement, distortion, tensile residual stress
and higher process reliability among other benefits.
Although mechanical joint with fasteners or rivets is
also widely used, it involves extra mass to the compo-
nents derived from the utilisation of brackets, clips,
stiffeners, washers, screws, nuts and rivets, Figure 1(c).

In this context, the authors present an environment-
friendly mechanical joining process, that allow to con-
nect two sheets perpendicular to one another by sheet-
bulk forming. This process could be considered as a

varjant of the traditional ‘mortise-and-tenon’ joint
widely used in wood parts Figure 1(d). Sheet-bulk metal
forming process allow to manufacture parts with local
thickening, thinning or functional features such as teeth,
ribs and may possibly be used to join parts [1, 2].

This investigation, supported by experimental data and
numerical simulation, is focussed on joining similar and
dissimilar sheets by sheet-bulk forming. This method-
ology that draws from material characterisation to finite
element modelling allows to increase process know-how,
validate software use on this forming technology and
improve the technological practice during its develop-
ment. Through the numerical simulation software I-form,
it was possible to predict the load-displacement evolution,
the maximum force required from the hydraulic press
and, extremely important, the joint feasibility.

The joining method as well the punches’ design are
also discussed and special emphasis is placed on the
divided plastic flow in order to reduce the initial com-
pression forces and reduce elastic recovery, alloying to
eliminate a possible clearance in the joint.

2. Experimentation

2.1. Mechanical characterisation: stress-
strain curves

The stress-strain curve of the aluminium alloy EN
AW 5754 HI111 sheets with 5mm thickness was
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Figure 1. Types of joints to connect two sheets perpendicular to one another: (a) welded joint; (b) adhesive bonded joint; (c)
mechanical fastened or riveted joint; (d) the proposed ‘mortise-and-tenon’ joint.

performed by means of stack compression tests while
polycarbonate, since is pressure sensitive, was deter-
mined by means of compression and tensile tests [3].
The cylinder test specimens were assembled by pilling
up 3 circular discs machined out of the supplied alu-
minium and polycarbonate sheets by a hole-saw and
turning. To determine the tensile stress-strain curve,
the test specimens were machined out of the supplied
sheets in accordance to the ASTM D 638 standards.
The compression tests were performed at room tem-
perature on a hydraulic testing machine (Instron
SATEC 1200kN) and the resulting stress-strain curves
are shown in Figure 2.

2.2. Work plan, methods and procedures

The laboratory work is performed combining experi-
mental investigation and finite element modelling. To
accomplish this, a laboratory tool was designed to test
the specimens, identify the major process parameters
and understand their influence on the overall joining
feasibility. Special emphasis is placed on the utilisation
of V-shaped punches (acts like a ‘chisel’) at the early
stages of upsetting in order to reduce the initial com-
pression forces, change head design and reduce the
material elastic recovery.

The study was focussed on the connection of poly-
mer and metal sheets perpendicular to one another,
joining different combinations.

The tests were performed in the tool developed,
schematic represented in Figure 3, highlighting the
forming punches (‘P1:flat and ‘P2’:V-shaped) and the
blank holder that allow to clamp the lower sheets
firmly. The tool installed in testing machine Instron
SATEC1200kN where carried out in displacement
control at 5mm/min and room temperature.

The unit cell that fixes longitudinally in position
two sheets perpendicular to one another is character-
ised by a rectangular cavity, from now on called
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Figure 2. Polycarbonate and aluminium AA5754-H111 sheets
stress—strain curves.

‘mortise’, and a tenon longer than wider that passes
completely through the other sheet. The mechanical
locking is performed by a compression force perpen-
dicular to the thickness direction that plastically
deform the free length of the tenon along z-axis.

Firstly, the authors studied the upset compression
of the polycarbonate and aluminium tenons. This
allows to determine the process window without signs
of plastic instability and risk of failure by buckling.
Different tenons’ length-to-width ratio were tested in
both materials, setting the width twice the sheet thick-
ness fo/wo = 0.5 (Figure 3).

The connection of two individual sheet specimens
by means of the new proposed mechanical joining
process, takes different parameters in consideration,
the length-to-width ratio Ir/w,, material and the
geometry of the punch. The authors present two tech-
niques, the first performed with just one-stage (with-
out performing) and second with two-stages (with
performing). The later involved the utilisation of flat
(P1) and V-shaped (P2) punches, Figure 3, in order to
evaluate the influence of promoting and facilitating
the occurrence of divided flow in the plastically
deformed tail of the tenon.

Destructive testing is carried out to characterise the
overall performance of the new proposed ‘mortise-



INTERNATIONAL JOURNAL FOR COMPUTATIONAL METHODS IN ENGINEERING SCIENCE AND MECHANICS . 285
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Figure 3. Laboratory tool schematic representation for joining a unit cell of two sheets perpendicular to one another with one-

stage and two-stages technique.

and-tenon’ joint and determining the maximum force
to detach the two sheets.

3. Numerical modelling

3.1. Extended finite element flow formulation to
pressure sensitive polymers

The investigation on the joining of metal, polymer
and polymer-metal sheets perpendicular to one
another was supported by numerical simulations with
the in-house finite element computer programme I-
form. I-form is based on the finite element flow for-
mulation and includes an extension to pressure-sensi-
tive polymers that allows modelling metal and
polymer deformable objects simultaneously [4].

The extension of the finite element flow formulation
to pressure-sensitive polymers utilises the yield func-
tion F(a;) proposed by Caddell et al. [5] for modelling
cold plastic deformation of polymers with strength-dif-
ferential effects resulting from the difference between
tensile o1 and compressive o¢ flow stresses,

2

F(ojj) =6"—0c-0or+ (6c—0r)0k =0 (1)

where & = %agjoﬁj is the effective stress
and oy = 00i;.
However, and in contrast to what is commonly
done in metals, the extension to pressure-sensitive
polymers makes use of a non-associated flow rule in
which the plastic potential Q is not related to the yield
function F(o;) but to the second invariant of the
deviatoric stress tensor Q = J,,
0 = 5 29)
y 80,']'

(2)

where /. is a scalar factor of proportionality.

This methodology has been successfully applied by
other authors to ensure incompressibility in the cold
forming of pressure-sensitive polymers [6, 7] and to
perform numerical simulations with finite element
computer programmes [8].

The finite element flow formulation giving support
to i-form is built upon the following extended vari-
ational that allows metals and polymers to be treated
simultaneously,

H:Jaz’ dV+%KJéﬁ v — JT,-u,- ds

v v Sy

[ur|
+J (J tfdu,) ds (3)
0
S

i
where, ¢ is the effective strain rate, &, is the volumet-

ric strain rate, K is a large positive constant enforcing
the incompressibility constraint of both metals and
polymers and V is the control volume limited by the
surfaces Sy and Sy, where velocity and traction are
prescribed. Friction at the contact interfaces S; is
treated as a traction boundary condition and the add-
itional power consumption term is modelled through
the utilisation of the law of constant friction 1y = mk
[9]. Further details on the finite element flow formula-
tion and on its computer implementation can be
found in reference [10].

To investigate the tenon critical length length-to-
width ratio Ir/wy to generate plastic instability and
out-of-plane buckling it was employed finite element
modelling, using three-dimensional and simplified
two-dimensional models under plane strain deform-
ation conditions and the sheets were modelled as
deformable objects. When the simulations make use
of three-dimensional models, the specimens were
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(b)
Material
Aluminium Polycarbonate
0.5 Symmetric Symmetric
I, /Wo 1.0 Symmetric Symmetric
1.5 Symmetric Buckling
2.0 Buckling Buckling
(c)

Figure 4. Specimens with different length-to-width ratios /r/w, loaded in uniaxial compression perpendicular to the sheet thick-
ness (to/wo = 0.5). (a) Photographs of compressed aluminium specimens. (b) Photographs of compressed polycarbonate speci-

mens. (c) Summary of the observed deformation modes.

Force (kN)

Exp. Iffw0 =1 AL

FEM 3D Iffw0 = 1 AL

Exp. Ifiw0 = 1.5 AL
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FEM 3D Iffw0 = 1.0 PC
------- Exp. Iffiw0 = 1.5 PC
FEM 3D If'w0 = 1.5 PC

Displacement (mm)

Figure 5. Experimental and finite element predicted evolution of the force with displacement during the upset compression of
polycarbonate and aluminium tenons with different length-to-width ratios.

discretized by means of hexahedral elements and the
blank holder and punch were discretized by means of
contact-friction spatial linear triangular elements. As
will be seen later, the simplified 2D models provide
results near to the experimental observations and
force evolutions and the complete simulations just
take a few minutes. In Figure 5 the images show the
initial and final deformed meshes for two different
test specimens which give rise to a symmetric plastic
deformation and non-symmetrical upset deformation
resulting from out-of-plane buckling.

Finite element analysis was also employed to
simulate the joining of the individual sheet speci-
mens of a ‘unit cell’ locked by sheet-bulk forming,
made from aluminium, polycarbonate and combina-
tions of both. The experienced gained in the upset
compression of the tenons was special important,
because allowed to better understand the process
and, if considered viable, permitted to simplify the
simulation modelling, building two-dimensional
models, halving the two sheets lengthwise and dis-
cretizing the resulting cross section by means of
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quadrilateral elements under plane strain deform-
ation conditions.

4. Results and discussion
4.1. Upset compression of the tenon

To characterise the process and identify the joinability
window, the first task was to determine the critical
length-to-width ratio Ir/w, that gives rise to plastic
instability by upset compression of the tenon. To
achieve that, different ratios where tested with alumin-
ium, Figure 4 (a), and polycarbonate, Figure 4(b).
There are typically two deformation modes, symmetric
and asymmetric, resulting from instability and out-of-
plane buckling [11], characterised by two different
trends of the force-displacement evolution.

Figure 4(c) summarises the observed deformation
modes and allows identifying the acceptable free tenon
length to join sheets by sheet-bulk forming without
instability.

In spite of the experimental conditions and geome-
tries be exactly the same, the critical instability arise
with different length-to-width ratio depending on the
test specimen material. For polycarbonate, the critical
instability arises when 1.0 <If/wy < 1.5, but for alu-
minium alloy it arises when 1.5<Ir/wy <2.0. The
ratios before this instability give a rise to symmetric
deformations and are suitable for the desired joints,
instead of the non-symmetrical deformations because
they are unsuitable to fix longitudinally in position
two sheets perpendicular to one another.

Figure 5 shows the experimental and finite element
predicted evolutions of the force with the Z-axis dis-
placement. For aluminium experimental force evolu-
tion, until reaching the critical value, a steep rise is
followed by a monotonic increase. The occurrence of
out-of-plane buckling failure promotes a different force
evolution, after the first step increase, depending on
the free tenon length, the compression force may
remain approximately constant or may even decrease.
Afterward the strain hardening and the contact area
with the punch grow, increasing the compression force.

Although the experimental force evolution of the
polymer specimens be similar, some differences
should be emphasised. Independent of the deform-
ation mode, the initial force increases up to a max-
imum value, then decreases slightly and starts to rise
again until the end of the test. This behaviour is simi-
lar to the previously determined stress-strain curve of
polycarbonate. The major difference when is reached
the critical instability is related with the lower increase
rate of the compression force.

Figure 5 also shows that the finite element force
evolution obtained from two-dimensional and three-
dimensional simulation could predict quite well the
force variations with the punch displacement,
although the plain strain simplification in two-dimen-
sonal simulation give a slightly overestimation in the
beginning of the test.

4.2. ‘Mortise and tenon’ joints without preforming

This investigation is focussed on joining similar and
dissimilar sheets perpendicular to one another, based
on sheet-bulk forming. Bearing in mind that, it was
chosen a constant length-to-width Ir/w, ratio that
ensures symmetric upset compression of tenons, equal
to 0.5, since it promotes less material waste and lower
compression forces. Thus, the aim now is to discuss
the feasibility of the new mechanical joining process
to connect sheets with different materials combina-
tions, employing just one deformation stage with a
flat punch (without preforming).

Four different combinations are presented, using
two sheets of the same material, aluminium
(Tenon_AL Mortise_AL) and Polycarbonate
(Tenon_PC Mortise_PC), and two connections with
arrangements of both  materials (Tenon_PC
Mortise_AL; Tenon_AL Mortise_ PC). All connections
tested were well performed and do not present defects
like the upper sheet bent or defects involving buckling
of the tenons [2], showing agreement with previous
observations in Section 4.1.

Figure 6 shows the experimental and finite element
predicted evolutions of the force with displacement
for different testing conditions. In all cases the experi-
mental maximum force is observed at the end of the
unit cell joining, attaining the deformed flat surface
with approximately some thickness. When the tenon
is aluminium, the compression forces are much higher
and with step increase in the early stage, on the other
end for polycarbonate tenons, lower compression
forces are required to produce the unit cell, despite
the total displacement to produce the mechanical lock
being identical.

The material of the mortise has also a major influ-
ence in the maximum compression force independ-
ently of tenons’ materials, but far noticeable when
testing the aluminium tenon. As observed in Figure
6(a,b), the mortise tends to deform when higher
forces are applied, especially if the material is less
resistance (see cross section of Tenon_AL Mortise_ PC
in Figure 6(c)). This observation is supported by the
stress-strain curves of both materials, but could also
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FEM 3D Tenon_AL Mortise_AL
FEM 2D Tenon_AL Mortise_AL
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Figure 6. Joining sheets with different materials perpendicular to one another by means of a ‘mortise-and-tenon’ joint locked by
sheet-bulk forming. (a) Schematic representation of the joining process without preforming and photograph showing polycarbon-
ate sheets joint. (b) Finite element predicted cross section of aluminium sheets joint /r/wo = 0.5. (c) Experimental and finite elem-
ent predicted evolution of the force with displacement for various materials combination of sheets.

be understood evaluating the project area of the tail,
strain hardening and material flow. So, with alumin-
ium tenons, the forces required to lock the sheets are
higher and polycarbonate mortises promotes lower
compression forces. The forces evolutions are also dif-
ferent and depend mainly from the material of the
tenon, showing similar trends to the observed in
Section 4.1. The aluminium mortise tends to influence
the final evolution of the connection showing a grow-
ing rate in the end, and when joining the aluminium
tenons it is also observed a significant difference of
the force along the connection.

The numerical results support and validate the
experimental investigation. A comparison of two-
dimensional and three-dimensional finite element pre-
dicted evolutions of the force with displacement pre-
sented in Figures 5 and 6, allows concluding that two-
dimensional models can also be successfully utilised
for modelling the instability tests and joining opera-
tions under plane strain deformation conditions.

However, the small overestimation provided by
finite elements could be related to a stiffer physical
model than the real experiment, as a result of a

significant amount of material being replaced by fixed
displacement boundary conditions.

The good agreement between the numerical and
experimental results, the higher time consuming of
the three-dimensional finite element simulation and
the symmetry deformation, shows that the two-dimen-
sional simulations could be a better solution to imple-
ment in industrial applications.

4.3. ‘Mortise and tenon’ joints with preforming

In order to understand the possibility to reduce the
initial forces, the clearance between some connections
and the risk of failure by buckling at the early stages
of deformation, a two-stages technique involving pre-
forming with a V-shaped punch (P2) was carried out
before upsetting and locking the joint with the flat
punch (P1, see Figure 3). The V-shaped punch acts as
a chisel and promotes divided material flow along its
central edge to increase the width of the upper tail of
the tenon (Figure 7(a,b)).

Figure 7(c) shows the experimental and finite elem-
ent predicted with

evolutions of the force
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Figure 7. Joining sheets with different materials perpendicular to one another by means of a ‘mortise-and-tenon’ joint locked by
sheet-bulk forming. (a) Schematic representation of the joining process with a V-shaped preforming punch and Photograph show-
ing aluminium polycarbonate sheets joint Ir/wo = 0.5. (b) Finite element predicted cross section showing aluminium sheets joint
I/wo = 0.5. (c) Experimental and finite element predict evolutions of the force with displacement for a unit cell with preforming
by means of a V-shaped punch (P2). (d) Experimental and finite element predict evolutions of the force with displacement for a
unit cell with preforming by means of a Flat punch (P1) after first stage compression (P2). Joints produced without preforming are

also presented for comparison.

displacement using a V-shaped punch. The reduction
in force derived from the utilisation of a V-shape
punch at the early stages of deformation, may be
important for reducing the deformation inside the
mortise, promoting less locking defects, or could even-
tually prevent the use of clamps to rigidly fix
the tenons.

Figure 7(d) shows the experimental and finite
element predict evolutions of the force with displace-
ment for a unit cell by a flat punch after a performing
by means of a V-shaped punch. Comparing with the
one-stage specimen, the initial force at early stages is
lower, but in the end of the locking, the force is simi-
lar. However, this two-stages technique is a good solu-
tion to eliminate the clearance observed in hybrid
joints due to the different elastic recovery of the

materials. In fact, the elastic recovery of polycarbonate
tenons may give rise to a small clearance between the
deformed tenon and the aluminium mortise. This
may not compromise the maximum tensile force that
the joint is capable to withstand without failure, but
could be unacceptable for applications in which the
connection must be rigidly clamped.

In Figure 7, the finite element method allows to
simulate the deformation mechanism of all process
stages, namely the divided flux and the flat head dur-
ing upsetting. The force evolution with punch dis-
placement is quite well predicted such as the
maximum loading force.

Figure 8 shows the difference between the two
methodologies studied to join the unit cell and helps
to understand that the V-shaped punch that promotes
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(a)

Figure 8. One-stage and two-stage variant of the joining process to eliminate the elastic recovery of polycarbonate tenons. (a)
Joint showing a clearance between the plastically deformed tenon and the mortise. (b) Joint produced by the two-stages variant

of the process without clearance.
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Figure 9. Destructive testing of the new proposed ‘mortise-and-tenon’ joint with and without preforming by means of a V-shaped
punch. (a) Schematic representation of the experimental setup for tensile testing. (b) Schematic representation and Photographs of
different joints. (c) Experimental evolution of the force with displacement for different material combination with preforming by
means of a V-shaped punch. (d) Experimental evolution of the force with displacement for different material combination without
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the initial divided flux may also be used in materials
with higher elastic recovery.

4.4. Destructive testing of the ‘mortise-and-
tenon’ joint

The maximum force that the joined unit cell can
withstand was evaluated by destructive tensile (pull-
out) tests. An experimental test setup was developed,
as shown in Figure 9(a), which was designed to pre-
vent the deformation of the sheets by bending during
the tests.

The experimental evolution of the tensile force
with displacement of the different joints is shown in
Figure 9(c,d). As seen, the tensile force required to
destroy the joints depends significantly of the joint
materials and joining technique.

Observing Figure 9 (b-d), could be considered that
there are two main different trends in the failure
mechanism. In case of joints with aluminium mortise
produced with a one-stage technique, the test allows
concluding that failure occurs due to necking and/or
cracking of the tenon. In contrast, the joints produced
by two-stages technique and polycarbonate mortise
joints produced with a one-stage technique, failure is
accomplished by drawing of the flat-shaped surface
head of the tenon through the mortise.

There are some differences in the overall perform-
ance of the joints that were produced with and with-
out preforming. Although there are exceptions after
referred, when a two-stages technique (V-shape plus
flat plate) is used, the maximum force is ~15 to 20%
lower than the force supported by the sheets joined
with one-stage technique.

Comparing the maximum force values that the
joints withstand when using aluminium tenons and
the two-stages technique, see Figure 9(c), it is possible
to verify that the maximum tensile force is approxi-
mately equal independently of being tested with an
aluminium or polycarbonate mortise. Although the
mechanical properties of the mortise be significantly
different, during the tensile destructive tests a similar
deformation occurs and primarily in the tenon’s tail.

Comparing the maximum force values between the
joints preformed with the one-stage or two-stages
technique, it is also possible to verify that the connec-
tions manufactured with the V-shape punch and an
aluminium tenon, show much higher mechanical ten-
sile strength values. This difference should be related
to the plastic deformation preformed during the con-
nection. In fact, when polycarbonate mortise is used,
which has a lower mechanical resistance than

aluminium mortise, the deformation essentially results
in an increase in the thickness of the entire height of
the tenon, as shown in Figure 6(c). On the other
hand, due to the V-shape punch geometry, a conse-
quent reduction of the initial compression force is
observed and plastic deformation occurs essentially in
the free part of the tenon instead inside the mortise
changing its geometry, as observed in Figure 7(a).

5. Conclusions

The proposed mechanical joining process is an alter-
native to the existing solutions that allows connecting
sheets with similar and dissimilar materials perpen-
dicular to one another.

Initially upset compression tests were performed to
identify the process window that is characterised by
length-to-width ratio and material of the tenon. These
variables influence the development of two modes of
deformation, symmetric and asymmetric.

The joining feasibility of sheets perpendicular to
one another with different materials were evaluated.
Experimental tests show that force evolution is differ-
ent, depending mainly from the tenons’ material and
the finite element force obtained from two-dimen-
sional and three-dimensional simulation could predict
the force evolution with the punch displacement as
well the deformation mechanism of all the joining
operation stages.

The utilisation of preforming by means of a V-
shaped punch diminishes the upset compression
forces at the early stages of deformation. The experi-
mental evolution of the force with displacement dur-
ing destructive testing (pull-out) do not reveal
considerable differences between the ‘mortise-and-
tenon’ joints produced with and without preforming
(one-stage or two-stages techniques), but a significant
exception exists if a joint with aluminium tenon and
polycarbonate mortise due to the final head geometry.

Excluding this case, the first choice for an indus-
trial application should be placed on ‘mortise-and-
tenon’ joints locked by sheet-bulk forming without
preforming (one-stage), unless a different head design

is desired or some clearance between sheets
is observed.
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