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The tab and slot plug welding method applied to frame construction represents an interesting and low-
cost construction system. Regarding the materials used, it is possible to create both unique lightweight
aluminium frames, applied to service robots or effectors, as well as conventional steel frames for machines
and peripherals. This article firstly summarizes the technologies and general aspects of the frame struc-
ture, and then it presents the characteristics of the tab and slot plug welding method, followed by a brief
theoretical analysis. Furthermore, experimental and numerical simulations are performed based on the

I;g";z:jd;m comparison of the given method with the common construction system of extruded profiles. The main
Plug weld focus is on optimizing the tab and slot system based on extensive laboratory experiments, where empha-
Frame sis is placed on the dimensions of the joints in relation to used materials. This is followed by numerical

simulation of the stress fields in joints. In the conclusion, recommendations are made for frames of differ-
ent materials produced by the presented method; Work also includes selected real examples of structural

Lightweight structure
Construction system

applications of the given system.
© 2017 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction to frame design

Frames represent the basic supporting element of most machin-
ery and peripherals, means of transport, but also many buildings.
In all cases, the basic criteria are low or acceptable production costs
[1] and adherence to proportional design parameters [2]. The most
advanced developments in light and ultralight structures can be
seen in astronautics [3-5], and subsequently in avionics [6-8] from
drones onwards [9,10]. Another important area that develops the
application of such technologies and systems for mass use is the
automotive industry [11-13]. In all of these areas, the application
of lightweight frames has a direct impact on performance, both in
terms of performance parameters and cost savings [1,14,15]. How-
ever, it is necessary to bear in mind that special structures are
often connected with a high purchase price, both in terms of the
materials and production technologies used. In standard industrial
practice using frame structures, it is necessary to seek a compro-
mise between the cost of production and the resulting parameters
of the fabricated structure [16]. Frequent parameters of common
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structures include, in particular, the requirement for high rigidity,
often in relation to lowest possible weight, and, in the case of mov-
ing parts, low inertia. Another equally important requirement is
the overall level of development of the design task, from both a
technical as well as aesthetic point of view.

The development of frame structures generally includes the
areas of construction materials, modern methods for dividing
and processing the materials and, last but not least, the frame
connection technology. These areas are closely intertwined and
advancements in one of them often influences and expands the
possibilities in other areas. Examples include modern methods of
material separation and processing, which provide many new ways
of acquiring the desired design [16,17].

Modern cutting technologies include CNC cutting machines
based on a laser or water jet, or even plasma, which can favourably
reduce costs. This method falls into the promising area of digital
fabrication, where the use of metal plates as the input interme-
diate product enables easy and above all space-saving transport
of the resulting fragments to the place of assembly or to the cus-
tomer. The use of a wide range of plate thicknesses also expands
the variability of the resulting assembly. An alternative is the use of
3D printing [9,18,19], which represents an unconventional modern
technology in the engineering industry with a wide range of appli-
cations, which provides, among other things, a high potential for
new types of construction. One of the main advantages is not only
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the shape variability of the products, but also the possibility to use
awide range of materials and their combinations, from plastics and
ceramics to metals.

In general, the most promising materials are composites, which
have excellent mechanical properties in relation to low weight. For
structural purposes, carbon fibre composites are the most suitable
for ultra-light rigid frames [20,21]. However, the purchase price
is very high, so in the vast majority of cases they are only used
in aviation applications or in luxury cars, etc. Furthermore, the
price is also not favourable in terms of production costs, including
subsequent machining, because the composites are very hard and
abrasive [22,23]. For conventional applications, it is more econom-
ical to use conventional materials such as steels, materials based on
aluminium alloys, and also titanium or plastics [24-26]. Titanium
alloys have the best ratio between maximum strength and mini-
mum weight but their cost is very high and in most cases their use
for structural applications would be unprofitable. Conversely, plas-
tics are not widely used as conventional frame structures because
of their low rigidity. Steel materials can be divided into conven-
tional and stainless steel in this context. In terms of mechanical
properties, conventional structural steels have a relatively high
rigidity and a low weight if the rigidity is proportional to the shape
relief. The cost of conventional structural steels is relatively low,
but the emphasis has to be on the surface treatment. Stainless
steels have considerably higher intermediate product costs, which
can be partly offset by eliminating surface treatment. Aluminium
alloys are best suited for less stressed structures, where empha-
sis is primarily placed on low weight. Acquisition costs are lower
for aluminium alloys than they are for stainless steel, but they are
relatively comparable with conventional steel in terms of material
density. The products costs depend on the geometrical complexity
of the parts in the case of machining, which is closely related to the
choice of the machining technology used. By using unconventional
cutting methods, the price depends on the dimensional size and
usually only marginally from the flat shape complexity.

In addition to the materials and methods of cutting and machin-
ing, the formation of non-monolithic frame constructions is closely
related to the connection system [27-29], which includes sev-
eral factors - joining method, locating and holding. Joining can
be achieved by adhesion, mechanical components or welding. In
the case of the use of mechanical elements, except for self-tapping
screws, a hole must be made in both joints to achieve, in addi-
tion to the rigid connection, positioning of the part in the correct
position relative to the assembly. Positioning can be accomplished
by external means, i.e. positioning devices [30], or within the
assembly itself, with the help of internal or external (pins) shape
elements. Specific positioning devices are particularly suitable for
mass production. In the case of single-piece production, univer-
sal positioning devices are often used. Positioning systems using
external shaped elements in the form of pins or centring cavities
etc., carry greater demands on the workpiece, i.e. the production
of holes and grooves. In relation to modern cutting technologies,
where the complexity of the plate shape is not an essential item
in the cost of fabrication, positioning elements may be used as an
integral part of the finished product. This is generally referred to as
the tab and slot method.

2. Tab and slot method

The tab and slot system is a well-known design system
[16,31,32] with a wide range of applications. Perhaps the best
known is the use of tabs and slots for the positioning of parts in
welded structures (Fig. 1b) [33], thus reducing or even eliminat-
ing the requirements for positioning devices. Another structural
area utilizing the tab and slot system is the joining of plates, which

occurs by means of bending or other deformation of the overhang
tabs (Fig. 1d) [34,35]. In a broader sense, a specific manufacturing
process called origami [36] can be included in the field. Also, the
system is widely used in small workshops, in the construction of
frames without welding, where the inserted tabs are deformed in
the slot, for example by a punch, or screws are used as fasteners
and nuts are inserted into the slot (Fig. 1e).

A less-known yet very promising method is the tab and slot
welded construction system, where welding is only performed in
the area of the tab and slot joints (Fig. 1c). This is a method with
high potential application for producing frames, representing an
alternative to conventional welded frames from profiled bars but
at similar or even lower production costs. A great advantage of the
system is the easy application of relief, while maintaining a compa-
rable or even higher frame rigidity. The main advantage of the tab
and slot plug welding system is the shape precision of the result-
ing welded structure where, unlike the application of continuous or
intermittent fillet welds [37-39], there is no thermal deformation of
the frame. Another advantage is the ability to create relatively inter-
esting industrial designs of exposed frame structures. By grinding
the area of the welds, it is possible to achieve an aesthetically inter-
esting frame without any visible connection. The presented method
is able to produce both cheap steel structural frames of equipment
and peripheries, as well as lightweight aluminium alloy frames,
usable in avionics, effectors and conventional devices requiring a
lower weight.

Metal sheets cut by laser, water or plasma cutting centres can
be used as intermediate products. The thickness of usable plates is
limited, in particular, by the production limits of the cutting centres
in relation to the selected material [40-42]. The method is partic-
ularly suitable as a replacement for frames of thin-walled profiles,
where the thickness of the wall is normally in the range of several
millimetres (typically 2 or 3-6 mm). For sheet cutting, any shape
relief can be realized, which, when properly designed, results in
weight saving of the resulting frame while maintaining its strength
and stability. They can also be used for easy access to the internal
area of the final frame, for example for electrical wiring, pneumatics
or hydraulics.

In order to obtain the optimal strength and appearance param-
eters of the resulting construction system, including production
and cost optimization, it is necessary to observe the basic appli-
cation procedures. These are mainly given by the optimal shape
and dimensions of the tabs and slots, which are dependent on the
applied structural material and the thickness of the used plates. To
create tabs and slots, there are principles that need to be met for
the production technology.

The shape of the tabs and slots is given by the following rules
(Fig. 2).In the case of tabs, the width (a) is determined by the thick-
ness of the selected sheet metal. The optimum length of the tabs
(b) is assumed in the basic theory of the given technology to be
similar to the width, i.e. the base of the tabs is formed by a square
or pseudo-square profile, which is derived from the weld plug. Of
course, it is also possible to apply a rectangular base profile, which
is also the subject of presented optimization, see Chapter 5. The
height of the tabs (c) is given by the thickness of the used plate (d)
counter piece with the slot, with the specific value being derived
from the material used based on the practical knowledge of the
local welding technology (c=f(d)). The tabs also include recesses
to facilitate contact with the surfaces. In addition, the slots must
be fitted with characteristic grooves, whose orientation in relation
to the mounting must be parallel to the thickness of the oppo-
site plate due to its flatness. The groves are desirable not only in
relation to the production technology but also in terms of reduc-
ing the local stress in the corners of the elements. The profile of
the slot (g x h) is defined by the tab dimensions (a x b), which is
increased by approximately 0.2 mm (g=a+0.2 mm, h=b+0.2 mm).
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Fig. 1. Installation and connection of basic types of connections - a) Reference joint with fillet weld (requires external fixture), b) Tab and slot butt joint with fillet weld, c)
Recessed tab and slot butt joint with plug weld, d) Tab and slot butt joint with bent tab, e) Mechanically fastened butt joint with nut and bolt.

Fig. 2. Dimensional characteristics of the tab and slot system.

The specific value of the addition mainly depends on the accuracy
of the cutting machine, which is usually approximately 0.1 mm. In
addition to their relation to the shape and position precision of the
intermediate product, these are also desirable in view of their easy
installation and the possibility of the additional effects of thermal
stresses. When welding the joint, the material heats up and the
subsequent cooling results in a thermal effect which, due to ther-
mal expansion, produces the desired tightening of the tab and slot
connection.

Asignificant advantage of the tab and slot plug welding method
is that the technological process (local welding) results in only min-
imal thermal deformations of the structure. Due to modern material
cutting, the resulting design has fairly accurate dimensional geom-
etry (in the order of tenths of a millimetre) and therefore, in most
cases, there is no subsequent complicated and expensive machin-
ing of the functional surfaces. Another advantage is the relatively
low weight of the resulting structure due to the possibility to apply
shape relief while maintaining a sufficiently high rigidity. Last but
not least, the tab and slot plug welding systems provide the struc-
ture with a high design effect, especially during additional grinding
of the local welds, making the final construction look uniform.
A design-limiting aspect can be characteristic overhanging of the
plates at the edges of the structure, which depend on the thickness
of the plate used.

3. Basic theory and calculation

The fixed connection created by the given technology represents
a combination of the shape of the fitting and the weld plug or weld
slot. The weld is made by the method of fusion welding, which leads
to a connection by the local welding of the welding surfaces of the
basic materials. The resulting melt pool is further enriched with an

Weld reinforcement = L Weld face
Melt pool ——— Heat
> affected
zone

bn

Fig. 3. Cross section of a plug welded joint.

additive material of the same or very similar chemical composition
as the base material.

Modelling of the melt pool (Fig. 3) represents a very complex
process [43,44], which will be briefly described here. The mathe-
matical equations describing the physical processes taking place
within welding processes are those mass and heat flow. The ele-
mentary differential equations describe the conservation of mass
(1), momentum (2) and energy (3) for an incompressible fluid [45].

V-u=0 (1)

p<%+u Vu) =-Vp+pg+ut;—gAp+JxB (2)
oT

pep | 5 +u- VT =V.(kVT)+E (3)

where u is the velocity, p is the density, t is the time, g is the gravity,
 is the viscosity, 7 is shear stress tensor, p is the pressure, T is the
temperature, k is the thermal conductivity, ¢, is the specific heat
capacity, E is the enthalpy, J is the current density, B is the magnetic
flux density. Lorentz force can be solved from Maxwell’s equations
[45]. A calculation of the flow velocity, pressures and temperatures
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requires the simultaneous solution of these Eqgs. (1)-(3) under a
given or assumed set of boundary conditions. A detailed presenta-
tion of these equations and a discussion of the necessary boundary
conditions is given by [46].

For a simulation prediction of melting tab and slot welded joints,
it would be useful to perform a melt pool analysis to provide infor-
mation on the course of the molten state and the development of
the structure. For the realization of such a task, there are currently
only very limited approximate mixed methods in the form of a sim-
ple intuitive analysis in the weld bead and FE analysis in the rest of
the structure [47]. Comsol Multiphysics [48], Fluent [49] or Flow-
3D [50] software is often used for the given task. In general, the
application of numerical welding simulations is particularly useful
when the aim is to evaluate residual stresses in stress relief analy-
sis, or the deformation behaviour of the welding in connection with
the prediction and control of dimensional changes. In such cases,
a broader temperature distribution with subsequent elasto-plastic
analysis is monitored using software such as Ansys [51], MSC. Marc
or Sysweld [52].

The basic strength of the resulting fusion welded joint can be
evaluated from two main points of view - shear stress and tensile
stress [53-55]. The stress on joints from bending or torsion in the
case of a multi-joint system is essentially always transformed into
two of the above-mentioned fundamental stresses.

In the case of shear stress, the resulting stress is transmitted
between the tab and the slot by the contact surfaces and partly by
the weld. The joint strength is then defined by the shear strength
of the tab neck t,qr, Which is calculated from the relationship

Fs
a-bn

TmaxT = (4)
where Fs is the shear force and a, b, represent the rectangular
dimensions of the neck.

When tensile stress is applied to the joint where the tab is pulled
out of the slot, the resulting strength is defined by a lower value of
tensile strength of the weld or tensile strength of the neck of the
tab. The tensile strength o,qr for the neck area of the tab is given
by the relationship

F
a-by’

OmaxT = (5)
The tensile strength o ,qs for the plug weld is then calculated
from the equation

F-o
OmaxS = ﬁ (6)

where F is the loading force, « is the factor of weld joint and the
parameters g, h represent the rectangular dimensions of the slot.
The value of the tensile coefficient of the weld is not generally
defined for the case of welding and the method of stress and it
is necessary to determine it based on experiments.

In practice, in most cases, it is necessary to assess the proposed
tab and slot welded frame construction in particular from the point
of view of the resulting rigidity [56-58], which is given by the par-
ticular design solution. It is advisable to use FEM for the calculation
and possible subsequent optimization.

4. Experimental and numerical evaluation of the method
4.1. Laboratory experiments

To assess the mechanical properties and rigidity values of steel
frame constructions under static stress by simple bending, five
basic test samples were proposed. A standard structural steel
with guaranteed weldability (S235JRG1/Fe360B) was chosen as the

Fig. 4. Models of test samples - a) reference pattern (square tube), b) 3-joints, c)
4-joints, d) 5-joints, e) 5-joints with shape relief.

default material of the samples. It is the standard steel for common
profiles as well as for cut metal sheets.

The reference sample was made from a common profile - a
square tube (Fig. 4a). The other four samples were made by the
tab and slot plug welded method, the difference being in the num-
ber of joints. The number of joints along the edge of the selected
sample was three, four and five, as illustrated in Fig. 4b-d. Further-
more, the 5-joints sample had shape relief on the side panels of the
structure (Fig. 4e).

Steel-welded test samples consisted of a body and two end
flanges. The design allowed exact positioning of the sample in the
selected direction of testing (0°, 90°). The body of the samples was
composed of four 3-mm thick perpendicular plates, with the excep-
tion being the reference sample, which was a seamless square tube
with a wall thickness of 3 mm. In each case, the sample flanges were
fixed to the body by a fillet weld. The length of the test samples was
250 mm.

The samples were subjected to non-destructive tests (Fig. 5), i.e.
the yield strength was not exceeded. The Lloyd Instruments type
LR50K Plus laboratory press, equipped with a special, extremely
rigid experimental sample fixation kit, was used for the tests. Each
test sample was loaded with a 250N initial force, with each addi-
tional measurement incremented by an additional 250N, up to
1500N. The upper limit was determined by numerical simula-
tion of the reference sample. The speed of the crossbeam was set
to 0.01 mm/s. After each measurement, the sample was visually
inspected for plastic deformation, welding failure or crack propa-
gation due to material defect. From a statistical point of view, each
measurement was performed three times to guarantee the cred-
ibility and accuracy of the measurement. After completion of the
entire measurement series, the sample was rotated by 90° and the
entire loading cycle was repeated.

4.2. Numerical simulation

Numerical simulation was performed in an Autodesk Inventor
design simulation environment. The final element model had a net-
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Fig. 5. Laboratory workplace with a prepared sample.

Pseudo-perfect rigid body

Restraints (using four screws)

Fig. 6. Example of an adjusted FEM model of a test sample.

work of tetrahedra. Linear structural static analysis was performed
based on the global equilibrium equation

R=K.U (7)

where R is global loading matrix, K is global rigidity matrix and U
is global displacement matrix [59,60].

The model (Fig. 6) was thoroughly adjusted in relation to the
experimental results, with particular emphasis on the definition
of boundary conditions, including the removal of the respective
number of degrees of freedom, the definition of the individual con-
tact points (areas) and, last but not least, the definition of the size
of the weld joints. For a definition of the contact faces, the initial
model was left to the default setting of the simulation generator,
where the fixed contact was pre-set in all contact surfaces. Further-
more, a more accurate model with a manual contact surface setting
was tested only on the areas of the joints, which correspond more
closely to the real situation. The contact was assumed in a single
contact area in the given direction for each joint. However, this
manual procedure is relatively lengthy, which in the case of large
assemblies greatly prolongs the preparation time of the simulation.

The resulting structure was evaluated mainly in terms of rigid-
ity, i.e. the maximum deflection at the chosen load at the yield
strength level, or more precisely slightly below the given value. In
this area, in conformity with the tensile diagram of steel, the course
of increasing stress on the reshaping has a linear character. It is

obvious that the rigidity of the designed tab and slot plug welded
construction can be reduced to a limited extent by decreasing the
pitch joints or by increasing the number of joints at the appropri-
ate distances. Furthermore, the rigidity will be determined by the
frame design, i.e. the intensity and suitability of the rib placement.
It will also depend on the presence, i.e. the position, shape and size
of the shape relief.

The results of the numerical model were compared with the
experimentally measured load characteristics of the tested sam-
ples. The comparison confirmed a very good match between the
model and the course obtained by the experimental method for
the entire area of loading. For a comparison of all of the tested
samples, the maximum deflections obtained by the laboratory mea-
surements and the finite-element model with the same loading
force of 1500 N are shown in Table 1. The deflection of the reference
sample was approximately 0.6 mm at a maximum load. Compared
to the most ridged tab and slot test sample (5-joints sample), the
maximum deflection compared to the reference sample was only
3%. Therefore, a 50-60 mm pitch of the joints can be considered
as being sufficient for the given design case. Conversely, the 5-
joints pattern relief showed a marked drop in rigidity, resulting in
a deflection of up to 2 x the level of the non-lightweight sample. In
the 0° direction, the rigidity was greater than in the 90° direction,
which was due to the quadratic momentum of the cross-section of
the beams with the overlapping plate containing the slots.

5. Joint optimization

The technological conditions were formulated based on partial
knowledge of the ongoing physical processes, in order to achieve
the optimal results in terms of a rigid and solid joint. Emphasis
was not placed on a theoretical evaluation of the process, but on
practical experimentally-documented results. Due to the above-
mentioned reasons (see Chapter 3), the presented optimization of
the shape of the joints is based on experimental research resulting
from general experience in the field of welding.

The optimization was divided into two stages. In the first stage,
experiments focused mainly on the main joint factor, which is the
height of the tab. In the second, main phase, the partial factors of
the optimized method were mapped in detail based on the acquired
knowledge. The plugs were performed in all cases using the MAG
(CO,) method [61,62]. The samples were tested in two versions, a
conventional version with an untreated weld and further in a design
version, i.e. with a grinded weld. The tests were performed on a 3-
mm thick aluminium alloy plate (EN AW-5754 H22/AIMg3/ASTM B
209) and on 2 mm thick stainless steel samples (1.4301/X5CrNi18-
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Table 1
Measured and calculated values of displacement and rigidity of samples.
Sample Reference 5-joints 5-jointswithshaperelief  4-joints 3-joints
Orientation |'E| 0° ]'E[ 0° Iﬂ 90° ]ﬁ 0° Iﬂ 90° ]{'[ 0° Iﬂ 90° ]'E[ 0° lﬂ 90°
Displacement [mm] Experiment 0.58 0.60 0.69 0.90 1.22 0.65 0.81 0.68 0.81
FEM 0.55 0.56 0.59 0.90 1.05 0.60 0.70 0.68 0.80
Rigidity [N/mm)] Experiment 2586 2500 2174 1667 1230 2308 1852 2206 1852
FEM 2727 2679 2542 1667 1429 2500 2140 2206 1875
Weight without flanges [kg] 0.83 0.86 0.76 0.86 0.86
V‘_/e_idght % ]074[_] Experiment 3.20 3.40 3.95 4.55 6.17 3.72 4.64 3.89 4.64
Rigidity FEM 3.00 3.20 3.14 474 5.32 3.40 4.01 3.89 4.63

Fig. 7. Detail of the test workplace with the L-sample in place.

10/AISI 304). These values represent the normal lower limit of the
thickness of the thin-walled profiles.

The experimental strength of the joints was tested by tensile
tests, using the press that was used for the measurements pre-
sented in Chapter 4.1. The test samples were a welded L-profile
with a single joint. Due to the placement of the parts and in partic-
ular the thermal deformation of the weldments, the samples were
made in the form of longer (5-joints) pieces and then separated
into single-joint samples. Part of the sample containing the slot
was placed under a firmly mounted plate of the test preparation.
The second section of the sample was inserted into the preparation
with a tight cross-section (3.4 mm), which was connected using a
pin and holes to a sliding crossbeam (Fig. 7). The crossbeam speed
was set to the recommended test duration, i.e. approx. 60 s. For the
aluminium alloy, it was set to 0.01 mm/s and for the stainless steel
0.02 mm/s. In most cases, a 5-kN force gauge with an accuracy of
+0.25% was used to measure load force, in a specific case given by
a higher load, a 10-kN load gauge was used with an accuracy of
+0.25%.

For the aluminium alloy joints (Fig. 8a), the welding was pri-
marily assumed, for technical reasons, to be a tab with an overlap
over the slot. Specifically, test samples with tabs 1mm (c=d+1),
2mm (c=d+2)and 3 mm (c=d+3) above the slot were tested. Fur-
thermore, in order to verify the accepted assumptions, tabs with
a 1 mm recession against the slot (c=d — 1) and at the level of the
slot (c=d) were tested. In the case of the stainless steel (Fig. 8b),
recessed joints were examined. Specifically, the tabs are recessed
against the slot by 1mm (c=d —1), 0.5 mm (c=d — 0.5) and also at
the level of the slot (c=d).

a) b)

bn=3 bn=2

— T~ S

Fig. 8. Default dimensions of the tabs - a) aluminium alloy, b) stainless steel.

During the preparation of the samples it was found that, from
the point of view of welding, the most advantageous in the case of
aluminium alloys was a tab with a joint 1mm (c=d+1) or 2mm
(c=d+2) above the level of the slot. If the tab is only at the level
of the slot (c=d)), then it needs to be substantially heated, which
leads to the burning of the edges of the plate containing the slot (see
Fig.9a).Conversely, if the tabis too far above the slot (c=d + 3), there
is too much material at the welding point and there is not enough
space for the added wire. From the point of view of the performed
tensile test, it can be stated that the deformation of the joints in
most cases occurred by the tab being pulled out of the slot, and the
joint only broke in isolated cases in the area of the neck. In relation
to the fact that the measured joint strength was similar in all cases,
it can be concluded that the strength of the weld joint is generally
equal to the strength of the neck. In the case of aluminium alloys,
grinding the welds leads to a significant decrease in strength, as
the weld is to a large extent above the level of the slot due to the
protruding tab of the joint, i.e. in the resulting welded projection.
Only in the case of the recessed tab or protrusion of the tab at the
level of the slot, it is possible to perform the subsequent grinding
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Fig. 9. Examples of deformation of sheet metal by welding - a) samples of aluminium alloy, b) samples of stainless steel.

without any significant impact on the resulting strength of the tab.
However, this is inconsistent with the above-mentioned optimal
welding technology.

For stainless steel joints, a tab at the level of the slot (c=d) or
0.5 mm below the level of the slot (c=d — 0.5) seem to be the opti-
mal values from the point of view of welding. If the tab projection
is too far below the level of the tab, then there is an undesirable
burning of the edges (Fig. 9b). During the tensile tests, in all cases,
the steel joints were destroyed at the point of the neck of the tabs,
with a similar strength corresponding to the strength of the neck
of the tab and corresponding to the theoretical calculations made
based on relation (5). From this it can be concluded that the param-
eters of the joints, in the sense of inserting the tab against the slot,
have no significant influence over the strength of the resulting joint
within the tested range of dimensions, and it is therefore neces-
sary to select them mainly with regard to the requirements of the
welding technology.

5.1. Main experiments

The specific types of samples for the main experiments were
designed in accordance with the findings of the examination stage.
For the aluminium alloy samples (plate thickness a=3 mm), both
the starting length of the tab, i.e. b=4 mm, and lengths of 5, 6 and
7 mm, were tested in detail. In addition, the influence of the size
of the recesses, i.e. the necks of the tabs, was examined, mainly
to assess the options and quality of the cut sheet production. The
default narrowing value of the recess on each side was 0.5 mm, and
the newly proposed value was 0.2 mm. This decrease was chosen for
strength, i.e. the increase of the cross section of the neck of the tab,
as well as aesthetic reasons, i.e. reduction of the holes remaining
after the joint was connected to the interface of the parts.

The original value of the depth of the recess of 1.2 mm was
changed to 0.4 and further to 0.2 mm (see Fig. 10a, samples A2,
AO0). The height of the tab above the slot was tested in the range of
0, 1 and 2 mm. For a height of 1 mm, the edges were also designed
to be 1.5 x 45° and 2 x 45° (see Fig. 10a, samples 4 and 5). This was
chosen to improve the joint welding while maintaining the optimal
technological conditions of the welding.

In the case of the stainless steel samples (plate thickness
a=2mm), both the original length of the joint, i.e. b=3 mm, and
the newly proposed lengths of 4 and 5 mm were tested (Fig. 10b).
Another factor was the size of the recesses, which was the same as
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Fig. 10. Complete overview of tested sample types - a) aluminium alloy samples,
b) stainless steel samples.

for the aluminium alloy samples, and also the dimensions, i.e. nar-
rowing of the neck by 1 and 0.4 mm so the depth of visible recess
was approximately 1.2, 0.4 and 0.2 mm. The height of the tab was
tested at the same level as the slot and the recessed joint below the
level of the slot i.e. 0.5 mm.

In the case of the aluminium alloy samples (Fig. 11a), increasing
the aspect ratio of the tab, i.e. the length of the joint, was found to
worsen the visual quality of the weld, since instead of the original
pseudo-circular weld, a typical longitudinal caterpillar weld shape
was formed. However, it is important to take this into account only
if no additional grinding is performed. Reduction of the recess size
(Fig. 11c) did not affect the quality of the joint, e.g. due to cut-
ting burrs, which could affect the quality of the contraction of the
slots. Of course, this cannot be fully generalized, since it depends
on the cutting technology used and the particular cutting machine.
However, both the laser and the water jet samples were tested
with similar results. From an aesthetic point of view, the designer
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Fig. 11. Examples and close up of aluminium alloy samples - a) samples arranged in accordance with Fig. 10a (without A0), b) close up of untreated welds, c) close up of

various different recesses.

Fig. 12. Examples and close up of stainless steel samples — a) samples arranged in accordance with Fig. 10b (without E0), b) close up of untreated welds, c) close up of various

different recesses.

Fig. 13. Polished longitudinal (L) and transverse (T) cross sections of the tab and slot plug welded joints — a) aluminium alloy samples A0, C3, C4, and C5, b) stainless steel

samples EO and F2 (note: transverse samples are with grinded weld).

should assess whether they want to accept, emphasize, or disguise
the recesses. The stainless steel samples (Fig. 12a) can be evalu-
ated similarly to aluminium alloy samples. In the case of the longer
joints, the weld is again a caterpillar shape, but the difference is
not as noticeable for the given material (Fig. 12b), due in partic-
ular to the smallness of the weld. The recesses can be evaluated
the same as for aluminium alloy samples, i.e. a reduction in the
size of recess does not affect the quality of the joint (Fig. 12c). It is

necessary to emphasize that one of the major factors influencing
both the strength and the aesthetics of the joint, is the quality of
the weld. This depends on the experience of the welder, both in
terms of manual skills and also in the setting of the technological
parameters of the welding aggregate. Microscopic images of the
aluminium alloy and steel samples showing the shape of the longi-
tudinal and transverse cross section of the tab and slot plug welded
joint are included in Fig. 13., which illustrates the default joint (AO,
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Fig. 14. Experimentally measured joint strength of aluminium alloy and stainless steel samples.

EO) and the optimal joints C4, C5 and F2. Images of the C3 sam-
ple are also shown, which show a smaller welding with respect to
the large cant of the tab. Conversely, longitudinal cross sections
of samples C4 and C5 show a deeper welding of the joints due
to the chamfer of the tab. All of the steel samples have a similar
welding in terms of the geometric characteristics of the respective
joints. Approximate weld interfaces were found with use of image
analysis method based on fractal geometry [63]. Dots on the alu-
minium alloy samples are related to small (or locally even large)
pores. Using the electron microscope, it is obvious that apart from
the light phases (Mg-based) there are numerous small pores in the
aluminium emphasized by etchant. There are fewer of these pores
in the weld as the welded metal has been remoulded and thus it is
less porous.

A total of 21 aluminium alloy and 8 stainless steel samples were
fabricated. Each type of sample was made in 10 designs, with 5
pieces being tested without welding treatment and the rest with
a grinded weld. In total, 290 samples were tested during the main
experiment. The results of the tensile tests for both of the tested
materials are shown in the graph in Fig. 14. The graph includes the
theoretical neck strengths calculated according to relationship (5).
The samples were destroyed in two ways, either by breaking the
tab at the narrowest point, i.e. the neck formed by the recesses, or
tearing the tab from the weld, depending on the sample material
used, the state of the weld (grinded or untreated), the cross-section
of the joint or the length of the tab. The limit strength of the neck
of the tab is easily calculated using relationship (5). In the case
of tearing the tab from the slot, the resulting strength is given by
relationship (6); however, the real value is difficult to determine
because each weld is individual, i.e. its strength is determined by
the specific production conditions in relation to the welder. This
uncertainty must cover the tensile coefficient of the weld. In the
case of the aluminium alloy, all of the samples were destroyed by
tearing the tab from the weld. In the case of the stainless steel
joints, destruction occurred in the neck area of the tab in most
cases. Its cross-sections are therefore crucial, especially in the case
of pseudo-square cross-sections. The reduction of the recess in rela-
tion to the tensile strength of the joint is insignificant in the case of
the aluminium alloy samples. However, it is advisable not to raise
the recesses above the initial limit, i.e. a 0.5-mm narrowing on each
side. For the stainless steel joints, the recesses should be as small
as possible from the point of view of strength, as the significance of
the size of the recess decreases with an increasing length of the tab.

During the statistical evaluation of the results, the influence of
the height of the tabs on the strength of the untreated weld joint
was not demonstrated within the examined parameters for either
of the tested materials. This is largely due to the variance of the
measured values of the individual welds. Hence, it was possible to

include all of the untreated samples from a single size (tab length)
into one group. In the case of grinded welds, most of the aluminium
alloy samples showed a significant reduction in strength. A sta-
tistically significant difference compared to the average was only
demonstrated in the case of samples with bevelled tab edges, where
the decrease in strength was reduced by an average of approxi-
mately 25%. This confirms the assumption that bevelling the edges
of the tab can lead to a deeper joint welding, which remains even
after the cap weld has been ground away (see Fig. 13). For stain-
less steel, the grinding effect was only observed on the G samples
and especially on the G2 samples, where c=d. In this case, half of
the untreated welds were destroyed by tearing the tabs from the
welds, but all of the grinded welds were destroyed. However, it is
necessary to emphasize that even in the case of the most signifi-
cant difference between the strength of the grinded and untreated
welds, the difference was only 5%.

The experiments generally confirmed that cross sections that
were examined with different tab lengths had the most signifi-
cant impact on joint strength. In the case of stainless steel, where
destruction occurred particularly in the area of the tab, the joint
strength increased linearly, in full consistency with the theoretical
strength, even though it was around its upper limit. A moderate
(5%) deviation from the norm was only observed in the above-
mentioned case of the grinded samples (G2). For the aluminium
alloy samples, where the joint was destroyed in the area of the
weld, the joint strength also increased linearly with the cross sec-
tion, but compared to the increase in the theoretical strength of
the neck of the tab, it was only with a 60% intensity. The measured
values for untreated welds ranged from 90% up to 75% of the lower
tensile strength for the longest tab. For grinded welds, a further
increase in strength was no longer observed between samples C
and D. After grinding, the samples of length C can be considered
as limit samples. The strength of the joint (omitting sample D) 60%
for the shortest tabs (group A) and almost 70% for the longest tabs
(group C) in relation to the untreated welds.

5.2. Numerical stress analysis of welded joints

The basic principle of the presented method creates a positive
reinforcement effect on the frame construction. During welding,
the thermal stresses on the melt pool creates pressure through
thermal expansion, which attracts the tab to the slot. This effect is
demonstrated here using a simplified model numerically simulat-
ing the joint stress analysis. Welding analysis in MSC.Marc software
[64] was used during the simulation.

Computer simulation of the welding process is a relatively com-
plicated mathematical task, which is parameterized by a range of
specific boundary conditions. The parameters in the boundary con-
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ditions of the weld flux, weld path and also the weld fill can be
defined in the MSC.Marc software, and can be combined by select-
ing one of the following two approaches:

¢ Thermal boundary conditions in the area of the weld are charac-
terized by a distributed heat flux, which can be applied to both
the base and the additional material. In this case, it is not possi-
ble to define the temperatures of the calculation elements of the
additional material.

e The second alternative is to define the temperatures at nodal
points on the calculation elements of the additional material,
whereby the heat flux can no longer be considered.

It can generally be assumed that the heat sources during the
welding are described by a Gaussian distribution of the power den-
sity in the area [65,66]. In the simplest case, the welding heat flux
is defined as a disk on the respective surface. In volumetric mod-
els, it is possible to use more complex geometric models, either a
cylindrical or a double elliptical model. Pavelic’s disc model of the
welding heat source can be expressed as
4(%,9,2) = 2% e /12321 (8)

7
where q is the heat flux rate per unit area, Q=n.U-I is the applied
power with the efficiency 7, Uis the voltage and I is the current. The
parameter r is the radius of the disc, z is the local coordinate along
the weld, and x is the coordinate on the perpendicular cut on the
weld. This model can be used for both 2D (edges) and 3D geometric
entities (surfaces of solids).

The more complex Goldak’s double ellipsoidal model for speci-
fying volume flow rates is given by the following two equations

6v3fQ o-32/a2 o392 [ 37322/5?

s Vs = 9

Gy = ot (9)
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where ¢y and g; are the heat flux rates per unit volume on the front
and rear of the melt pool, a. is the weld width along the x-axis, be
is the weld depth along the y-axis, the coefficients ¢; and ¢, are the
forward and rear lengths of the melt pool along the weld along the
z-axis and define the dimensionless factorsff and f; such that

2 2

fr= T+c/g’ re T+¢/c

(11)

The geometry of the double ellipsoidal model with the main
parameters in relation to the local coordinate system is shown in
Fig. 15. The heat fluxes given by the Eqs. (8)-(10) can be modified
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Fig. 15. Double ellipsoidal model of the weld.

by the scaling factor s, which, in particular for 2D solved problems,
ensures an optimal conversion while respecting the thickness of
the model t with regard to the applied power Q, whereby

s//q(x,y,O)tdxdy:Q (12)

VEiors= \/i(cr+cf)

wheres = /5 ¢ T

Asimple computer model of an individual optimized tab and slot
system was created respecting the geometry of the tested stain-
less steel samples, based on the theoretical assumptions and the
previously mentioned possibilities of parameterizing of the weld-
ing process. The power was assumed to be approximately 2000 W
with a 70% efficiency and welding speed of 2.5 mm/s along the weld
path defined on the top of the tab. Mechanical and thermal material
constants such as modulus of elasticity, Poisson’s constant, thermal
expansion, specific heat, and thermal conductivity were entered as
a function of temperature. Latent heat was determined by the tem-
perature of the solid and the liquid. The material model was also
extended to respect the plasticity defined by the yield stress.

Despite the fact that the power of the welding aggregate and the
temperatures were not precisely monitored during the welding of
the experimental samples, the obtained simulation results can be
considered to be very representative, as can be seen from the dis-
tribution of the stress and temperature fields in the area of the joint
in Figs. 16-18 which correspond to the tested samples and confirm
the development of contact stress between the contact surfaces of
the connected parts due to thermal expansion.

Given that at the end of the welding process the average tem-
perature of the tab is higher than that of the slot (Fig. 16), it is
realistic to expect that after temperature equalization, the stress

Fig. 16. Temperature field [°C] just after welding.
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Fig. 17. Equivalent stress [Pa] just after welding.
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Fig. 18. Contact stress [Pa] just after welding.

will increase in the contact surface of the joint, whose rigidity will
naturally increase due to thermal expansion.

6. Discussion and implemented applications

The result of the presented research is both the obtained techno-
logical knowledge about welding and the findings from the strength
tests. The recommendations made must take into account both
factors, depending on the specific application of the tab and slot
plug welded construction in relation to the strength and weight
requirements as well as the design. The findings are divided tak-
ing into account the studied materials - aluminium alloy and
stainless steel. The results of the stainless steel can be general-
ized, i.e. applied to conventional structural steel. One of the most
important factors influencing the strength of the joint as well as
the aesthetics is the weld quality, which in turn depends on the
experience of the welder, both in terms of their manual skills
and in the setting of the technological parameters of the weld-
ing aggregate. Failure to follow the optimization criteria listed
below may result in unnecessary degradation of the frame strength
and in particular in manufacturing problems, such as melting
edges.

For stainless steel, the joint strength was given by the strength
of the neck of the tab, which was destroyed. The tensile strength
was determined by relation (5) and the shear strength by Eq. (4).

The choice of the joint parameters in terms of the tab recessed
against the slot does not have a significant effect on the strength of
the resulting joint within the tested dimensional range, and should
therefore be selected with respect to the requirements of the weld-
ing technology, i.e. 0-0.5 mm from the level to the slot. In the case
of requirements on the welding, it is better to incline the tab to the
slot (value 0), since this does not display any residual craters after
grinding. To increase the strength, it is recommended to modify
the shape of the joint projection by minimizing the constriction in
the neck area. This constriction is given by the recesses to facilitate
assembly with the slot, the holes of which may have burrs around
the edges due to the related manufacturing technology. The recess
must be reduced based on the particular workplace producing the
welds. In terms of aesthetics, the designer should evaluate whether
to keep or mask the recesses, which they succeed in reducing. The
dominant factor affecting joint strength is its cross-section. From
the point of view of strength, it is recommended to use 2 x 5 mm
joints, which have an increase in strength of over 70% compared to
the initial cross-section (2 x 3 mm). A further significant increase
in the length of the tab is not desirable, in particular in view of the
possible thermal deformation of the structure. The twice the length
of the tab inrelation to the thickness of the plate rule can be applied
to all of the plate thicknesses. In the case of welding, however, from
a design point of view it is appropriate to keep to a pseudo-square
profile, which creates an aesthetic weld. Considering the generally
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Fig. 19. Recommended form of the tabs for each material - a) aluminium alloy, b)
steel.

relatively high strength of steel, it does not cause any substantial
reduction in structural strength.

In the case of aluminium alloys, tabs of joints in the thin plate
construction should be 1 mm above the level of the opposing piece
from a technological point of view. It is also advisable to use join-
ing protrusions in the form of 1.5 to 2 x 45° bevelled corners, which
allow the outer corners of the tabs toreach 0.5-1 mm below the slot.
This ensures maximum joint strength even after grinding. However,
itis necessary to bearin mind that the decrease of the strength of the
optimized joints by grinding is approximately 30%. The resulting
tensile strength of the untreated joint is determined according to
relation (6), where it is necessary to apply the factor of weld joint of
approximately 0.75. For pseudo-square cross-sections of the joints,
generally stated factor of weld joint (0.85) could be applied. If the
weld is grinded, then it is necessary to apply an additional grinded
weld failure coefficient of a minimum of 1.3, preferably 1.5. The
shear joint is usually checked in the area of the neck according to
Eq. (4). The most important effect on the strength of the tab and
slot plug welded joint is, as with steel, the cross-sectional size of
the joint. For 3 mm thick plates, an approximately 6 mm long joint
is recommended, where the joint strength increases by approxi-
mately 40% relative to the basic cross section (3 x 4mm). In the
case of grinded welds, the use of larger joint cross sections does
not lead to a decrease in their aesthetic qualities, since the welds
can be completely ground down. If the designer wants to keep the
welds, it is better aesthetically to use pseudo-square cross sections
that form a circular welding reinforcement. Based on experience,
it is possible to state that for the optimal joint parameters, i.e. the
characteristic overlap and bevel of the tab and the rule of twice
the length of the tab in relation to the thickness, the maximum
plate thickness should be approximately 8 mm, which corresponds
to the usual design requirements. For a single thicker plate with a
slot, where the mass volume is capable of locally absorbing a greater
amount of energy from the welding process, it is possible to apply
a common steel construction process, i.e., recessing the joint at the
level of the slot without modifying the corners of the tab. This also
applies when both the plates are thicker, but a pseudo-square cross
section of the joint should be used as it is then easier from a tech-
nological point of view to make the plug or slot weld in the given
larger dimensions. From the point of view of optimizing the size
of the recesses, for a default value of 0.5, it is possible to select the
shape of the neck of the tab purely in relation to the design, because
the welding area is weaker.

Fig. 19 shows the recommended form of the optimized tabs for
each of the examined materials. The strength of the resulting tab
and slot plug welded structure is generally influenced by the above-
presented parameters of the joints but also by the number, the
spacing, of the joints. In this regard, a range of 30-100 mm is rec-
ommended in relation to a particular design case. When designing
the optimum number of joints, it is necessary to take into account,
among other things, the financial costs of their construction. FEM
is recommended for checking and optimizing the frame strength.
The accuracy of the simulation results is largely influenced by the

accuracy of the boundary conditions of the task. When designing
common, especially steel, frames, where a safety factor of two or
more is applied, a simplified automated procedure can be applied
that generates a contact on all interfaces. This means errors of up to
20% can be acceptable. When designing lightweight structures with
an emphasis on saving as much material or weight as possible, or
there are higher demands on the resulting precision, it is necessary
to use a more accurate procedure when creating the simulation
model with manually set contacts in the areas of the joints only. In
this case, the procedure should be chosen based on the complexity
of the design and the professional judgment of the designer.

In general, the main features of the given method can be sum-
marized in the following points:

e [t is possible to create both cheap structural steel frames for con-

ventional equipment and lightweight, yet rigid aluminium alloy

frames for specific applications.

High shape precision of the resulting welded structure is achieved

without the use of positioning devices where, unlike the applica-

tion of continuous or intermittent fillet welds, there is no thermal

deformation of the frame and therefore in most cases it is not nec-

essary to perform complicated and costly additional machining

of the functional surfaces.

Itis possible to easily apply relief and variability to the walls while

maintaining the required rigidity of the frame.

It is possible to create a relatively interesting industrial design

of exposed frame constructions for which aesthetic value can be

increased by grinding the welds.

¢ The exposed structure provides easy access to the final frame for
example for cabling.

Another interesting challenge may be automating the method
using welding robots. Successful implementation would allow
application of the present method in mass production.

6.1. Examples of implemented applications

The knowledge gained from the tab and slot welded frame
design optimization has been utilized by the authors in a range of
design applications, which are briefly presented below. Emphasis
was placed not only on the rigidity of the construction but also on
the aesthetic appearance, which in some cases was supported by
shape relief in the form of triangular geometric shapes. The mate-
rial left between the triangles serves as a stiffening rib. All of the
following structures are tested for long-term operation.

The first example (Fig. 20) is the prototype frame of a compact
matting effector [67] of an industrial robot designed for the tech-
nological operation of glass matting. The frame is made of a 4-mm
thick steel plate, with only the contact elements (flanges) being
made of a thicker 6 mm plate. This frame has a high rigidity in
relation to the minimum weight, due to the shape relief parts.

The next example is a retractable pin (Fig. 21), designed for the
Skoda Auto a.s. plant in Kvasiny (Czechia), for the purpose of vehicle
uniform positioning by RPS (Reference Point System) for subse-
quent front-end installation. The supporting part of the retractable
pin is an outer frame consisting of a tab and slot plug welded struc-
ture with 5-mm thick steel plates and an 8-mm thick support plate.
The design system was chosen with regard to the simplicity of
production, the compactness of the equipment and the aesthetic
qualities.

The third example is a specifically designed welded frame of
a special ergometer for rehabilitation of the lower limbs, using
torque control functions that can change the torque in a defined
manner during rotation of the handle. Due to the separate drive sys-
tem, the torque can be implemented asymmetrically, i.e. differently
for each limb, depending on the extent and type of disability. The
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Fig. 20. Compact matting effector.

Fig. 21. Retractable RPS pin for vehicle positioning.

Fig. 22. Frame of an ergometer drive unit.

frame design (Fig. 22) minimizes the weight and cost of additional
machining with sufficient shape precision. The initial thickness of
the plate is 4 mm, with 6-8 mm plates used on stress points (areas).

The last example is the frame of a myotonometer (Fig. 23), which
is a prototype of a second-generation medical device. The unique

device evaluates muscle tension and determines the cause of mus-
cle pain [68,69]. The aluminium alloy frame, made of 3 and 6 mm
thick plates, was selected due to its low production costs and rela-
tively high rigidity at a low weight for easy handling.
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Fig. 23. Myotonometer.

7. Conclusion

The paper presents a method with high potential application for
the production of plug welded structural frames. Both the experi-
mental and the numerical simulation proved the interchangeability
of the presented construction system with the common profile
frame, provided that the specified rules were observed. In addition,
the numerical simulation of stress fields in welded joints demon-
strates the desirable effect of tightening. The main part of the paper
describes the successful experimental optimization of joints in rela-
tion to used materials, i.e. steel and aluminium alloy. For both
materials, the following conclusions are drawn:

(1) The dominant factor affecting joint strength is its cross-section.
The twice the length rule, twice the tab length to the plate thick-
ness, can be applied to all of the plate thicknesses. In the case
that projections are not grinded after welding, however, from a
design point of view it is appropriate to keep to a pseudo-square
profile.

(2) The strength of the resulting structure is also influenced by joint
spacing. Generally a range of 30-100 mm can be recommended.

Specifically for a steel construction, the following applies:

(3) The joint strength is given by the strength of the tab neck.
Applied narrowing value of recesses is desirable to minimize.
The height of the tab is suitable to choose aligned to the slot
level. Grinding of the weld does not significantly influence the
final strength.

In the case of aluminium alloy, it was found:

(4) The weakest area is the weld, the shape of the neck is not impor-
tant and is primarily a matter of design. Tabs of joints should
be 1 mm above the level of the opposing piece and with bev-
elled corners of 1.5-2 x 45°. The decrease of the strength of the
optimized joints by grinding is approximately 30%.

(5) Using a single thicker plate (above 8 mm) with a slot makes it
possible to apply a common steel construction process. When
both the plates are thicker, it is desirable to use a pseudo-square
cross section of the joint.
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