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Abstract: The present paper aims to study the behaviour of Metal Active Gas (MAG) tailor welded
blanks during the single point incremental forming process (SPIF) from an experimental point of
view. The single point incremental forming process was chosen for manufacturing truncated cone
and truncated pyramid shaped parts. The same material (S355) and the same thickness (0.9 mm)
were selected for the joining of blank sheets because the main goal of the paper was to study the
influence of the MAG welding process throughout the SPIF process. A Kuka robot, equipped with a
force transducer and an optical measurement system were used for manufacturing and evaluating
the parts by SPIF. The selected output data were major and minor strain, thickness reduction, forces
and springback at the SPIF process. Another line test was performed to evaluate the formability in
SPIF. The main conclusion of the paper is that during the SPIF process, fractures occur in one side
welded blanks even at moderate wall angles, while in the case of double side welded blanks there
is a decrease of formability but parts can still be produced at moderate angles (55 degrees) without
any problems.

Keywords: metal active gas welding; single point incremental forming; formability; strain; thickness
reduction; forces; springback

1. Introduction

The use of welded blanks started as a result of the possibility of joining sheets having
different densities, different mechanical characteristics and even different thicknesses,
for the purpose of reducing their weight, while maintaining the strength. Their first
applications appeared in the automotive industry, especially in the production of the
reinforcement parts of cars which ensure increased stiffness [1].

Even if welding decreases the formability of the material, the application of a local
heat treatment can lead to its improvement. Aluminium sheets or carbon-steel sheets can
be used and there are currently several technological types of welding sheets: tailor welded
blanks (TWB), patchwork blanks, tailor rolled blanks and tailor heat treated blanks [2].
This paper will further refer to tailor welded blanks only. Most studies have focused
on determining the flow limit diagram (FLD) for TWB sheets because they evaluate the
formability of the materials [3].

Comparative studies have been performed on the mechanical characteristics of TWB,
as well as on the formability of different types of welding: tungsten inert gas welding,
friction stir welding, friction stir vibration welding or laser welding [4,5]. The mechanics
of TWB and the influence of welding on the mechanical properties have also been studied,
with an emphasis on the tensile test, formability tests and identifying the fracture modes [6].
Identifying the welding zone-only properties for laser TWB subjected to deep-drawing
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was another challenge. The flow stress and strain were measured using the digital image
correlation (DIC) technique [7]. A finite element analysis, as well as an experimental
analysis were conducted to determine the behaviour of dual-phase steel and high-strength
steel TWBs during the deep-drawing process [8,9].

The formability of TWB was also studied using the finite element method, considering
a ductile fracture Gurson—Tvergaard—Needleman (GTN) model [10].

In the last 25 years, the incremental forming process has gained an important place
among sheet metal forming processes due to the advantages it offers: the absence of com-
plex tools results in reduced lead-time and cost in the case of small batch production -, the
plastic strain localization leads to an improved formability of materials [11] and they allow
a high degree of flexibility, even when limiting to simple, standard tools [12]. A number
of technological versions of this process have emerged over time, starting with single
point incremental forming (SPIF), in which the punch operates on the blank having the
edges fixed [13], two-point incremental forming (TPIF), in which the punch simultaneously
operates with a counter punch [14], electric hot incremental forming, in which the punch is
heated by means of high-current density [15] and laser forming, in which a laser beam is
located underneath the die, heating the blank locally, thus improving the formability of
materials with low plasticity [16].

The present paper refers to SPIF only, because it is the most frequently used among
the mentioned processes and also because of its universality. The main applications of
SPIF are found in the automotive, the aeronautical, aerospace and the medical implants
industries, that is, wherever small-batch and unit productions are necessary. Regarding the
medical implants industry, recent studies have been conducted on the manufacturing of
cranioplasty plates [17], a facial implant [18] or a thin shell clavicle implant [19] by SPIE.
Chen et al. presented a review paper that actually shows the critical state of the art of
biomedical implants manufactured by SPIF [20]. The SPIF of biocompatible materials,
which are necessary for implants, was also performed [21].

The sheets processed by SPIF are generally metallic materials: carbon steel, aluminium
alloys [22], magnesium alloys [16], titanium alloys [17], steel-Cu composite sheets [23] but
polymers have also been recently processed [24-26]. The SPIF process can be performed on
either a CNC milling machine [27], with the aid of a robot that follows a certain trajectory-
or on a specially designed machine tool, such as the machine produced by the Japanese
company, Amino. Numerical and experimental research conducted regarding SPIF has
focused, for the most part, on the evaluation of the forming mechanism [28], the fracture
mechanism and formability in SPIF, formally named spifability [29], on the determination
of the principal strain and thickness reduction [30], residual stresses [31], as well as on the
determination of the forces in the forming process [32,33]

The applications of SPIF of TWB sheets combine the advantages of both processes. The
most important applications of using the SPIF of TWB sheets are found in the automotive
industry, for obtaining lighter parts which help reduce the weight of the entire automobile.
Thus, if TWB sheets are employed in the automotive industry, with the purpose of locally
increasing the mechanical strength by using sheets made of materials with higher strength,
higher thickness or local corrosion protection, the SPIF process is also applied in the
automotive industry, at the making of custom cars in small-batch or even unit productions.
Therefore, combining the two processes results in the small-batch and unit productions of
door panels, pillars and rear long members for luxury cars or race cars. Other industrial
applications of using SPIF of TWB sheets include the production of high speed train parts
or the customization of luxury aircrafts in the aeronautics industry. Applications of SPIF of
TWB sheets have recently been found in architecture, where custom design elements can
be obtained, using materials of different colours and textures [34].

Among the first studies regarding the forming behaviour of FSTWBs in SPIF,
Ambrogio et. al. [35], concluded that it is necessary to reduce the wall angle by 8 de-
grees compared to unwelded blanks made of the same material and the same thickness so
that the forming process takes place in good conditions.
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A study on the behaviour of aluminium FSTWBs during a uniaxial tensile test and
SPIF was presented by Thuillier et al. [36]. The FSTW process with variable parameters
for rotational speed and feed rate was used in the manufacturing of the specimens. They
maintained a constant tilt angle value. Following the uniaxial tensile test, a reduction of
the tensile strain at break is observed, ranging from 12% for the unwelded specimens to 3%
for the FSTW specimen. The fracture occurred in the area around the welded bead, with a
strong strain localization near the welding. FSTWBs were subjected to the SPIF process
with a conical trajectory until the fracture occurred.

A material model calibration for SPIF of FSTWBs was developed by Campos et al. [37].
Using the finite element method and an elasto-plastic model, the authors identified three
distinct areas of behaviour, namely, the weld bead (or the nugget zone), the thermo
mechanically affected zone and the heat affected zone. A multi linear piecewise function
was used to simulate the material behaviour of the weld bead. By using this algorithm, they
determined, on the basis of the uniaxial tensile test, the yield stress, the strain hardening
exponent and the strain coefficient for the three identified areas.

Silva et al. evaluated the spifability of TWBs produced by friction stir welding (FSW),
based on the use of DC04 steel dummy sheets, so as to protect the welding bead from
the rotational movement of the punch and thus to avoid damaging the contact surface
between the punch and the blank [34]. They produced TWBs with the welding bead
parallel to the rolling direction, transverse to the rolling direction and inclined at an angle
of 45 degrees to the rolling direction. To not introduce the influence of different material
characteristics in the study on the behaviour of TWBs during SPIF, the same type of material
was chosen, aluminium AA1050-H111 sheets but with two different thicknesses. The only
problems occurred at the truncated pyramidal shapes, where the welding bead is inclined
at 45 degrees to the rolling direction, where cracks appeared approximately simultaneously
in all the corners of the part. The conclusion drawn by the authors was that for TWBs
produced by SPIF a maximum wall angle of 60 degrees can be obtained for truncated
pyramid-shaped parts and a maximum angle of 65 degrees can be obtained for truncated
cone-shaped parts.

Sisodia and Kumar conducted experimental research to study the influence of the
process parameters on the surface roughness in SPIF using dummy sheet for aluminium
TWBs. They investigated the influence of the wall angle, step size, punch diameter, feed
rate and dummy sheet thickness [38].

The response surface methodology (RSM) was used to investigate the effects of the
process parameters that is, rotational speed of the punch, vertical step and travel speed
on the formability of aluminium 6061 TWBs produced by FSW [39]. They evaluated
the influence of the punch rotational velocity and vertical step on the microstructure,
fracture surface and macrostructure of the welded joints. They noticed a fine uniform
microstructure of the welding bead, with an elongated grain distribution. They also
assessed the formability of welded blanks based on the strain hardening exponent values.

The formability of aluminium 5083 FSTWBs in two-point incremental forming pro-
cess [40] was evaluated by Ebrahimzadeh et al. They first carried out a series of experiments
meant to compare the formability of FSTWBs in TPIF and SPIF processes, under differ-
ent wall angles, concluding that formability improvement occurs in the case of the TPIF
process. They noticed that fractures occurred in both SPIF and TPIF cases, in a direction
perpendicular to the weld bead. They also applied RSM to study the influence of the punch
rotational velocity, feed rate and vertical step on the thickness variation and springback
angle in TPIF. They additionally performed a fractography analysis, concluding that while
spherical shaped dimples appear in SPIF, elongated shaped dimples appear in TPIF.

A numerical investigation, using the finite element method (FEM), on the behaviour
of FSTWBs during SPIF process is presented by Marathe and Raval [41]. They used three
types of materials: a “strong” material, a “weak” material and another material for the
welding bead. They determined the movement of the welding bead and the thickness
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reduction by the numerical simulation of a truncated cone geometry. They also studied the
initial effect of the position of the punch on the movement of the welding bead.

Rubino et al. presented a comparative numerical study using FEM for the SPIF
simulation of TWBs produced by two welding processes—FSTW (FSW) and tungsten inert
gas welding (TIGW), from the perspective of the welding process parameters [42]. The
conclusion is that TIGW leads to a lower formability compared to ESTW (FSW).

As far as the formability of TWBs produced by laser welding is concerned, it was
studied by Rattanachan et al. from the perspective of determining the strains and forming
limit for two different steels using the same hemispherical dome as the desired geom-
etry [43]. The major strain, minor strain and thickness reduction results obtained for
unwelded blanks were compared for each material, as well as for the two materials of the
laser welded blank.

Another study on the formability of FSTWBs in SPIF was published by Maji et al. [44].
FSTWBs from aluminium AA5083 were subjected to dome, bending and line tests. The re-
sults obtained for unwelded blanks and TWBs were compared and flow limit curves (FLCs)
were plotted, a reduction of formability having been observed in the case of welded blanks.

Another study analysed the formability of friction stir welded AA 6061 and AA
5083 blanks during SPIF both in terms of strain distribution and in terms of microstructure.
The microstructure of FSTWBs was compared both before and after the SPIF process [45].
They observed the presence of dynamic recrystallization and implicitly of fine and equiaxed
grains and high temperatures in the stir zone, as well as the absence of dynamic recrys-
tallization and implicitly of elongated grains in the thermo-mechanical affected zone and
the heat affected zone. They found a grain size reduction after the SPIF process ranging
between 21% and 27%.

Reviewing all the studies on TWBs manufactured by SPIF, two essential characteristics
are observed: firstly, all studies referred to the manufacturing of parts using universal
milling machines or machining centres that involved the rotational movement of the
punch, which can degrade the contact surface and secondly, the joining process was either
friction stir welding or laser welding. Thus, it is noticed that there are no theoretical or
experimental studies on the forming behaviour during SPIF of TWBs obtained by metal
active gas (MAG) welding. The present study therefore focused on the elimination of the
rotational speed and thus the possibility of degradation of the welded bead, by using a
robot for the manufacturing of the parts, as well as on the evaluation of the major strain,
minor strain and thickness reduction for the entire duration of the manufacturing process,
by using the digital image correlation technique. The forming behaviour during SPIF
of TWBs obtained by (MAG) welding was studied for truncated cone-shaped parts and
truncated pyramid-shaped parts with a 60-degree wall angle but fractures occurred in both
one-sided welded blanks and double side welded blanks. In view of the fact that the punch
rotation, which leads to the worsening of formability in SPIF, was eliminated, it has been
agreed upon compensating by reducing the wall angle to 55 degrees in the analysed parts.
We chose to use the same base material, with the same thickness, so as not to influence
the process with different material characteristics. To highlight the influence of the MAG
welding joint on SPIF, the same base material, with the same thickness was chosen, so as
not to influence the process with different material characteristics. The manufacturing of
the welding blanks using MAG was also performed in such a way that the welding joint
is perpendicular to the rolling direction. The influence of the welding type (one side or
double side) on the formability of TWBs in SPIF was additionally studied. None of the
mentioned studies compared the variation and values of the forces obtained in SPIF for
unwelded blanks and TWB. A comparative study of the springback between unwelded
blanks and TWBs was not performed in other studies either.

2. Materials and Methods

As the main goal of the present study was the influence of welding throughout
the SPIF process, on the research focusses on welded sheets having the same material
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and thickness. When using different materials or different thicknesses, the formability is
likely to be influenced by the variation of the mechanical properties of the sheets or by
the variation of their thickness. By using the same materials, with the same thickness,
identically positioned relative to the rolling direction of the sheet and by using the same
punch and the same trajectory, it is certain that the only influencing parameters were the
welding parameters.

2.1. Welding the Specimens

The specimens were made of a 5355 hot rolled steel, which is a non-alloy steel (EN
10025-2) and is very frequently used in the manufacturing of welded structures where
higher strength is required (Figure 1). This steel is also characterized by good weldability
and formability. As far as the chemical composition is concerned, according to SREN
10025-2, it is presented in Table 1.

Ce =C +Mn/6 + (Cr + Mo + V)/5 + (Ni + Cu)/15. )
250
$355
5 4 3 2 1

e
>)>>>»>>>)>>>>>>*%%%%5 ¢ N

$355

(a) (b)

Figure 1. The welding of the specimens: (a)—welding bead on one side; (b)—welding bead on both sides. (1, 2, 3, 4, 5—the

sequence of the deposition of welding beads).

Table 1. Nominal chemical composition for S355 steel.

C Si Mn Al Ni Cr Cu Ti (0] Ce
0.13 0.18 1.5 0.02 0.02 0.03 0.05 - - 0.39

The process by which the blank sheets were joined is the Metal Active Gas (MAG)
welding, which is a welding process where an electric arc is created between a wire
electrode and the base material. In the manufacturing of the specimens, having taken
into account the base material, a 0.8 mm diameter G35i 1 (5G2) welding wire was used for
welding, having the chemical composition presented in Table 2.
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Table 2. Chemical composition for the wire electrode.

Mn Si S P
0.077 1.41 0.86 0.012 0.014

Wire Electrode (G3Si 1-DIN EN 440)

The welding operations were performed using a Model DR series ARK ROBO 1100
DAIHEN welding robot (Targu Jiu, Romania) with a work capacity ranging from 0-500 A
to 0-50 V. The thickness of the base metal was 0.9 mm and the shielding gas used was a
mixture of 82% argon and 18% CO2, respectively. As far as the welding regime is concerned,
the parameters were the following: welding current (I) of 80 A, arc voltage (V) of 18 V,
welding speed (S) of 40 cm/min.

The specimens were obtained by joining 125 mm x 250 mm S355 steel sheets. In the
welding of the specimens, two variants of welding deposition were also chosen (Figure 1).
Thus, for half of the specimens, the welding bead was deposited only on one side (one side
welding) (Figure 2a) and for the second half, welding beads were deposited on both sides
(double side welding) (Figure 2b).

(b)

Figure 2. The TWBs after the MAG welding process (a) one side welded blank (b) double side
welded blank.
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The welding of the sheets was obtained by applying the back-step welding technique
and each bead segment had a length of 50 mm. This was done to avoid the deformation
or perforation of the joined sheets. Because the sheets suffer bending due to the high
temperature during the welding process, the blank sheets were subjected to polishing and
cold unbending following the MAG welding process.

2.2. Uniaxial Tensile Tests

Prior to determining the formability of welded specimens in SPIF, it was necessary to
determine their uniaxial tensile behaviour. The Instron 5587 test machine (Sibiu, Romania)
was used for the uniaxial tensile test. The test machine has a maximum loading force in
steady state of 300 kN and an adjustable test speed in the range of 0.001-500 mm /min. The
machine operates by means of the Bluehill software, which allows automatic sensor calibra-
tion, system monitoring, real-time result visualization and the possibility of determining
conventional stress-strain curves and true stress-strain curves. To be able to compare the
influence of welding on the forming behaviour of these specimens, all specimens taken
from unwelded sheets, one side welded sheets and double side welded sheets were tested.

The experimental program for the uniaxial tensile testing of all these specimens
foresaw: sampling sets of seven specimens for each type of specimen, that is, for unwelded
sheets, one side welded sheets and double side welded sheets (the shape of the specimens
was the standard for this type of test), choosing the specimen width by = 16 mm and
the calibrated distance ly = 100 mm; setting the testing speed to 10 mm/min; setting the
acquisition rate of the machine to 20 pairs of points/second and developing the test method.
The one side welded specimens and double side welded specimens for the uniaxial tensile
test are presented in Figure 3.

il
i

Figure 3. The specimens for the uniaxial tensile test. (a)—one side welded specimens; (b)—double

side welded specimens.
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The specimens are only taken across the welding beads because, in the case of the SPIF
process with spiral trajectory presented in the current paper, the punch trajectory is always
perpendicular to the welding beads. Therefore, the most important stretching appears on
the directions across the welding.

The selected output data were the elasticity modulus—E [MPa], tensile stress at
Yield [MPa], strain hardening exponent, maximum tensile stress [MPa], tensile strain at
maximum tensile stress [mm/mm] and tensile strain at break [mm /mm)].

2.3. Single Point Incremental Forming of Tailored Welded Blanks

Due to the fact that the purpose of this research is to study the behaviour of one side
tailored welded blanks and double side tailored welded blanks in single point incremental
process both in terms of process forces and in terms of major and minor strain and thickness
reduction, a Kuka Kr210 robot (Sibiu, Romania) was chosen as an alternative to using a
universal milling machine. Its use in the present study is a great advantage, namely that the
possibility to vertically position the part processed by SPIF allows the mounting of cameras
behind the part. Thus, displacements, strains and thickness reduction can be determined
at any time of the forming process, as opposed to the case of using a universal milling
machine, when all this data can only be determined at the end of the forming process. The
experimental layout consisting of the support for the forming die, the Kuka Kr210 robot
and the Aramis system required for digital image correlation is shown in Figure 4.

Figure 4. Experimental layout used for single point incremental forming of tailored welded blanks.

The Kuka Kr210 robot is characterized by high-speed movement and high force
and power. In addition, the robot ensures these high performances at a repeatability of
40.06 mm. The maximum work volume of this robot is 97 m>. The high speed is required
in the SPIF process, as it is known to be a process that requires long processing times.
Furthermore, although SPIF is generally recognized as a process that leads to lower defor-
mation forces compared to other processes (deep-drawing for example), in this case, due
to the type of material used and the presence of the welding, forces higher than in other
situations were required.

The experimental layout is composed of a vertically positioned fixing frame only. The
blank is rigidly stiffened between the frame and the blankholder by means of 12 fixing
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screws. The frame used to perform all the tests was designed with a rectangular active
area with the active side of Lp = 200 mm. The frame radius was R = 4 mm. The size of the
blanks was 250 mm x 250 mm. The geometries selected for the analysis of the formability
of TWBs in SPIF were the truncated cone and the truncated pyramid. For both types
of geometries, a spiral trajectory was chosen, where no local maxima appear for major
and minor strain and thickness reduction when advancing the punch in the z direction
(direction perpendicular to the initial plane of the blank). For both types of trajectories,
the punch was initially positioned in the centre of the part, followed by its movement
in order not to come into contact with the material in the corner of the trajectory at the
truncated pyramid and on the diameter of the large base at the truncated cone, respectively.
A first contact of the punch with the weld bead has thus been prevented. In the case of
the truncated pyramid, the side length of the large base was L = 85 mm and in the case
of the truncated cone, the diameter of the large base was D = 85 mm. The diameter of the
hemispherical punch was dp = 10 mm. The value of the step used to achieve the geometry
of the part was s = 0.5 mm for the truncated pyramid-shaped parts and s = 1 mm for the
truncated cone-shaped parts. The speed of the robot arm was v = 400 mm/min. To reduce
friction, a thin layer of lubricant was sprayed on the contact surface between the blank and
the punch.

The punch was fixed in a collet, which in turn was fixed on the robotic arm. The force
transducer was mounted between the robotic arm clamp and the collet.

The force transducer used was a PCB 261A13 piezoresistive sensor (Sibiu, Romania)
from PCB, with a capacity of 70 pF which allows the force measurement on the three
directions of the coordinate axes. It allows the measurement of a maximum force of
44 48 kN on the z direction (which coincides with the axis of the robotic arm) and a
maximum force of 19.57 kN on the x and y directions, respectively. It transmits the
measured electrical signals to the Quantum X MX840B digital acquisition system from
HBM, an 8-channel acquisition board which allows the reception of signals from either
full-bridge or half-bridge strain gauges or piezoresistive full bridge. The signal from the
piezoresistive sensor is amplified by the CMD 600 digital charge amplifier (Sibiu, Romania)
for piezoelectric sensors, also from HBM. The software used for the data acquisition
was Catman. Before starting the measurements, the entire force acquisition system was
calibrated in the force range 0.5 kN for the z direction and 0.3 kN for the x and y directions.

To measure the major strain, minor strain and thickness reduction, the digital image
correlation method was applied. In this regard, the Aramis system from Gom was used,
which allows the acquisition of images, as well as their processing. Two high resolution
lenses with a focal length of 50 mm were used. Before starting the forming process, the
measuring area, a volume measuring 96 mm x 96 mm x 40 mm, was calibrated. The
measurement technique consisted of obtaining an image every 5s.

The blank preparation consisted of spray painting the outer surface of the part (the
one that does not come into contact with the punch) with a white matte rubber coating,
to allow a high degree of deformation and to avoid its exfoliation during SPIF. A diffuse
network of graphite dots was applied following the drying of this layer of paint.

It should be noted that the Aramis calculation system allows the determination of the
major and minor strain and thickness reduction in three ways: engineering strain, logarith-
mic strain and green strain. Of these three, the logarithmic strain was chosen to be presented
in the current paper, so as to compare the results with the ones obtained analytically.

3. Results and Discussion
3.1. Uniaxial Tensile Test

Sets of seven specimens were made for the unwelded specimens collected for parallel
and transverse directions to the rolling direction, for both one side welded specimens
and double side welded specimens (both obtained so that the tensile direction coincides
with the rolling direction). The results of the experiments are presented in Tables 3-6 and
in Figure 5. To highlight the results, the statistical processing is also presented in each
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table, that is, the mean, standard deviation and p-value. The Anderson-Darling test, a test
derived from the Kolmogorov-Smirnov test, was employed for the purpose of assessing
the normality of the data distribution for each type of result. This test is considered to be
the most sensitive of all normality tests. If p > 0.05, the data distribution is considered to
respect the null hypothesis, that is, the sample distribution is normal. When analysing the
uniaxial tensile test results, it is observed that they all comply with the null hypothesis,
most tests producing high (solid) p-values (greater than 0.4). There is only one exception,
that of the tensile strain at break at the double side welded specimens, where the p-value is
0.175, which is also higher than 0.05.

Table 3. Results of uniaxial tensile test for unwelded specimens collected on rolling direction.

Specimen E modulus Tensile Stress Strain Hardening Ma.x1mum Tensile Strafn at Tensile Strain
Number (MPa) at Yield (MPa) Exponent Tensile Stress max. Tensile at Break
(MPa) Stress (mm/mm) (mm/mm)
1. 65,609.5 269.99 0.2100 345.88 0.2865 0.3992
2. 62,806.6 267.37 0.2172 348.86 0.2673 0.3805
3. 66,950.9 278.68 0.2134 367.11 0.2758 0.3878
4. 63,522.5 275.82 0.2203 352.31 0.2640 0.3930
5. 65,002.6 280.35 0.2197 352.90 0.2750 0.3945
6. 66,375.5 277.16 0.2282 355.51 0.2818 0.3920
7. 64,231.4 286.15 0.2292 361.09 0.2798 0.3880
Mean 64,928.4 276.5 0.2197 354.81 0.2757 0.3907
St. dev 1506.6 6.32 0.0071 7.26 0.0079 0.0060
p-value 0.944 0.821 0.644 0.720 0.808 0.760

Table 4. Results of uniaxial tensile test for unwelded specimens collected on transversal direction.

Specimen E Modulus Tensile Stress Strain Hardening Ma.x1mum Tensile Stral.n at Tensile Strain
Number (MPa) at Yield (MPa) Exponent Tensile Stress Max. Tensile at Break
(MPa) Stress (mm/mm) (mm/mm)
1. 56,549.8 262.98 0.2337 351.46 0.2702 0.3850
2. 58,516.5 262.00 0.2229 346.38 0.2730 0.3970
3. 63,761.4 263.92 0.2173 355.20 0.2675 0.3815
4. 59,076.9 266.37 0.2348 357.88 0.2803 0.4003
5. 60,018.5 263.09 0.2203 350.91 0.2798 0.4141
6. 62,793.0 264.69 0.2131 356.53 0.2743 0.3962
7. 61,205.8 263.76 0.2267 350.79 0.2845 0.4052
Mean 60,274.6 263.83 0.2241 352.74 0.2757 0.3970
St. dev 2511.1 1.40 0.0081 4.00 0.0061 0.0112
p-value 0.942 0.631 0.787 0.522 0.788 0.806

Table 5. Results of uniaxial tensile test for one side welded specimens.

Specimen E Modulus Tensile Stress Strain Hardening Ma.x1mum Tensile Stral.n at Tensile Strain
Number (MPa) at Yield (MPa) Exponent Tensile Stress Max. Tensile at Break
(MPa) Stress (mm/mm) (mm/mm)
1. 50,534.2 250.58 0.1114 300.97 0.0673 0.0897
2. 46,151.1 256.97 0.1238 308.90 0.0827 0.1110
3. 49,051.6 250.60 0.1250 314.65 0.0847 0.1140
4. 50,768.6 253.77 0.1214 308.16 0.0713 0.0987
5. 44,016.4 247.45 0.1075 305.27 0.0740 0.0830
6. 52,051.8 252.38 0.1196 309.26 0.0797 0.0957
7. 54,526.5 251.97 0.1165 314.64 0.0877 0.1077
Mean 49,585.7 251.96 0.1179 308.84 0.0782 0.1000
St. dev 3556.5 2.96 0.0065 4.88 0.0075 0.0115

p-value 0.806 0.717 0.603 0.513 0.793 0.799




Metals 2021, 11, 198

11 of 29

Table 6. Results of uniaxial tensile test for double side welded specimens.

Tensile Strain

Specimen E Modulus Tensile Stress Stralr.l Ma.x1mum at max. Tensile Tensile Strain
. Hardening Tensile Stress at Break
Number (MPa) at Yield (MPa) Stress
Exponent (MPa) (mm/mm)
(mm/mm)
1. 49,083.8 286.45 0.1638 335.58 0.1177 0.1490
2. 49,1174 280.75 0.1731 330.68 0.1097 0.1533
3. 44,808.2 276.68 0.1677 326.13 0.1030 0.1210
4. 50,966.1 280.69 0.1751 333.34 0.1063 0.1270
5. 52,654.8 276.64 0.1672 327.98 0.1060 0.1357
6. 46,190.6 272.36 0.1714 324.08 0.0993 0.1247
7. 47,060.5 279.16 0.1703 331.89 0.0967 0.1276
Mean 48,554.5 278.96 0.1698 329.95 0.1055 0.1340
St. dev 2741 441 0.0039 4.09 0.0069 0.0126
p-value 0.892 0.630 0.931 0.930 0.803 0.175
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Figure 5. Cont.
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Figure 5. The engineering stress-strain curves for: unwelded specimens collected on rolling direction
(a), unwelded specimens collected on transversal direction (b), one side welded specimens (c) and
double side welded specimens (d).

At the analysis of the one side welded specimens and the double side welded speci-
mens, it is noticed that the break mostly occurs in the thermo mechanical affected zone, in
the proximity of the welding bead.

Close values of the measured data are observed from the very start between the
unwelded specimens collected for rolling direction and the unwelded specimens collected
for transversal direction. It was found that in the case of the unwelded specimens, the
mean value of E-modulus is 64,928 MPa for specimens collected for rolling direction and
60,275 MPa for specimens collected for transversal direction, higher than 49,586 MPa for
one side welded specimens and 48,555 MPa for double side welded specimens, respectively.
These results lead to an increase of the elasticity of the material, the maximum elasticity
occurring in the case of the double side welded specimen.

The maximum value of the tensile stress at Yield is obtained in the case of the double
side welded specimens, 278 MPa, almost equal to the 276 MPa value, obtained for the
unwelded specimens collected for rolling direction. In the case of the maximum tensile
stress and tensile strain at maximum tensile stress, close data is observed between the
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unwelded specimens collected for rolling direction and the unwelded specimens collected
for transversal direction (353-355 MPa and 0.2757 mm/mm). As far as the one side welded
specimens are concerned, the mean value of the maximum tensile stress is 309 MPa and
the tensile strain at maximum tensile stress, which is actually the value of interest, is only
0.0782 mm/mm, that is, only 28.3% of the value obtained for the unwelded specimens.
Regarding the double side welded specimens, the mean value of the maximum tensile
stress is 330 MPa and the tensile strain at maximum tensile stress is 0.1055 mm/mm, which
is 38.3% of the value obtained for the unwelded specimens. The same observations can
be drawn regarding the tensile strain at break as well, where the average values for the
unwelded specimens ranged between 0.3907 and 0.3970 mm/mm, while in the case of
the welded specimens, the values obtained for one side welded specimens and double
side welded specimens were 0.1000 mm/mm and 0.1340 mm/mm, respectively. These
represent 25.6% of the value of the unwelded specimens collected for rolling direction for
one side welded specimens and 34.3% for double side welded specimens, respectively.

When analysing the strain hardening exponent (1) values, it can be observed that it
has a higher value in the case of the unwelded specimens, n = 0.22, value which decreases
in the case of double side welded specimens and one side welded specimens at 7 = 0.17 and
n = 0.12, respectively. The uniaxial tensile test aimed to set the mechanical properties for
unwelded specimens collected on rolling and transversal directions, as well as for one side
and double side welded specimens. In fact, the purpose of the uniaxial tensile test was to
correlate the mechanical properties with the formability of these materials. When analysing
the uniaxial tensile test results, it is observed that both the tensile strain at maximum tensile
stress and the tensile strain at break decrease in the case of one side welded and double
side welded specimens when compared to unwelded specimens, which leads to a decrease
of the formability of these types of sheets. The decrease in the case of one side welded
specimens is, of course, more pronounced than that in the case of double side welded
specimens. Regarding the Yield stress value, it can be stated that a material with a higher
value reaches the plasticity state later, accumulating a higher stress up to the occurrence of
the plastic strain. However, the Yield stress value in the double side welded specimens is
observed to be approximately equal to that of the unwelded specimens collected in rolling
direction. A lower value of the Yield stress, corroborated by a low value of the tensile
strain at break, which contributes to the reduction of formability, is found in the one side
welded specimen. The analysis of the strain hardening exponent (1) values leads to the
observation that both the tensile strain at maximum tensile stress and the tensile strain
at break decrease in the case of both one side and double side welded specimens when
compared to unwelded specimens. A higher value of the strain hardening exponent ()
leads to a uniform strain distribution and implicitly to a better formability. All these results
indicate a significant decrease of the formability of the welded specimens compared to
the unwelded specimens. However, in light of the fact that the single point incremental
forming is a sheet metal forming process that leads to a significant increase in formability,
the experiments were carried on by obtaining the truncated pyramid and truncated cone
shaped parts.

3.2. Single Point Incremental Forming of Tailored Welded Blanks

The forming of the truncated pyramid-shaped and truncated cone-shaped parts for
the one side welded blanks was firstly attempted. Regardless of the chosen geometry or the
pitch of the spiral trajectory, which was used for both trajectories in the case of the first four
parts, fractures occurred. They appeared in the immediate proximity of the welded bead, in
the heated-affected zone (HAZ) and propagated as it can be observed in Figure 6. Fractures
appeared at different heights of the parts (i.e., at different degrees of deformation), without
following a pattern. This fact was also confirmed by the low values of the tensile strain at
maximum tensile stress and tensile strain at break obtained for these blanks at the uniaxial
tensile test.
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(b)

Figure 6. The cracks that appears for one side welded blanks for truncated cone-shaped parts (a) and

for truncated pyramid-shaped parts (b).

It was next proceeded with the obtaining of the parts for the double side welded
blanks. Sets of three specimens were made for both the truncated pyramid-shaped and
truncated cone-shaped parts. All 12 specimens were conformant, no fractures having
occurred. The maximum values of the major strain, minor strain, thickness reduction, as
well as of the maximum forces on the three directions of the cartesian coordinate system
were first analysed. The obtained results are found in Figures 7-10 and in Tables 7-10. In
the tables, the first experiment is the one shown in the figure. Also, in the Supplementary
Materials section, we present the movies of the major strain, minor strain and thickness
reduction variation over the course of the SPIF process. To assess the normality of the
data distribution, the mean value and standard deviation were also calculated and the
Anderson-Darling test was applied. The tables indicate that the p-value is significantly
higher than 0.05 for all four types of experiments. The lowest values were obtained for the
minor strain in the case of the welded parts, for both the truncated pyramid-shaped and
the truncated cone-shaped parts.



Metals 2021, 11, 198

15 of 29

(a)

[log.]
0.04276
0.03750

~ 0.03000

+ 0.02250
0.01500
0.00750

0.00000

(0)
[log.]

! 0.5560
0.4500
0.3750
0.3000
0.2250
0.1500
0.0750

-0.0035

(e)

(b)

(d)

[log.]

()

Figure 7. The major strain variation for unwelded blanks (a) and double side welded blanks (b), the minor strain variation
for unwelded blanks (¢) and double side welded blanks (d) and the thickness reduction variation for unwelded blanks (e)
and double side welded blanks (f) for truncated cone-shaped parts.
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Figure 8. The major strain variation for unwelded blanks (a) and double side welded blanks (b), the minor strain variation
for unwelded blanks (c) and double side welded blanks (d) and the thickness reduction variation for unwelded blanks (e)
and double side welded blanks (f) for truncated pyramid-shaped parts.
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Figure 9. The Fx force variation for unwelded blanks (a) and double side welded blanks (b), the Fy force variation for
unwelded blanks (c) and double side welded blanks (d) and Fz force variation for unwelded blanks (e) and double side
welded blanks (f) for truncated cone-shaped parts.
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Figure 10. The Fx force variation for unwelded blanks (a) and double side welded blanks (b), the Fy force variation for
unwelded blanks (c) and double side welded blanks (d) and Fz force variation for unwelded blanks (e) and double side
welded blanks (f) for truncated pyramid-shaped parts.
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Table 7. Results for unwelded blanks processed by SPIF in truncated cone shape.
Test Number Major Strain  Minor Strain ;l;;ilk;::; Fz Force Fx Force Fy Force SM :i)::n;)t;?k
(mm/mm) (mm/mm) (kN) (kN) (kN) pring
(mm/mm) (mm/mm)
1. 0.567 0.043 0.554 1.347 0.977 0.957 0.404
2. 0.556 0.039 0.552 1.254 0.911 0.898 0.328
3. 0.574 0.045 0.557 1.171 0.804 0.834 0.598
Mean 0.566 0.042 0.554 1.257 0.897 0.896 0.443
St. dev 0.009 0.004 0.002 0.088 0.087 0.061 0.139
p value 0.552 0.399 0.565 0.625 0.543 0.628 0.391
Table 8. Results for double side welded blanks processed by SPIF truncated cone shape.
Test Number Major Strain  Minor Strain ;r{:;ikcltlfos; Fz Force Fx Force Fy Force SM ;);:n;;?k
(mm/mm)  (mm/mm) (kN) (kN) (kN) pring
(mm/mm) (mm/mm)
1. 0.575 0.095 0.616 1.824 1.076 0.848 1.54
2. 0.561 0.091 0.599 1.847 0.987 0.893 1.74
3. 0.613 0.113 0.645 1.870 1.277 0.998 1.41
Mean 0.583 0.099 0.620 1.847 1.113 0.913 1.563
St. dev 0.027 0.011 0.023 0.023 0.149 0.077 0.166
p value 0.369 0.222 0.530 0.631 0.438 0.426 0.558
Table 9. Results for unwelded blanks processed by SPIF in truncated pyramid shape
Test Number Major Strain  Minor Strain ;h:icklziesrs; Fz Force Fx Force Fy Force SM :):: n]laumk
estANumber  (m/mm) (mm/mm) eductio (kN) (kN) (kN) pringbac
(mm/mm) (mm/mm)
1. 0.541 0.141 0.551 1.389 0.641 0.632 0.958
2. 0.552 0.139 0.542 1.411 0.654 0.642 0.926
3. 0.558 0.143 0.558 1.370 0.612 0.618 1.023
Mean 0.550 0.141 0.550 1.390 0.636 0.631 0.969
St. dev 0.009 0.002 0.008 0.021 0.021 0.012 0.049
p value 0.512 0.631 0.604 0.621 0.443 0.584 0.481
Table 10. Results for double side welded blanks processed by SPIF in truncated pyramid shape
Test Number Major Strain  Minor Strain E{:;Cukcl,:leosz Fz Force Fx Force Fy Force SM :ixr:n;;Tk
(mm/mm) (mm/mm) (kN) (kN) (kN) pring
(mm/mm) (mm/mm)
1. 0.575 0.129 0.608 2.566 1.605 0.754 1.978
2. 0.577 0.123 0.597 2.412 1.382 0.712 2.421
3. 0.579 0.130 0.615 2.201 1.171 0.681 2.321
Mean 0.577 0.127 0.607 2.393 1.386 0.716 2.240
St. dev 0.002 0.004 0.009 0.183 0.217 0.037 0.232
p value 0.631 0.169 0.552 0.589 0.629 0.592 0.291

As mentioned, the formability of the material in the case of single point incremental
forming is improved. This is due to the fact that the plastic deformation takes place locally,
incrementally. When studying the principal strain distribution for the unwelded parts,
while the plastic strain is observed to have significant values on the part walls, values
are almost zero in the flange area and the bottom of the truncated pyramid or truncated
cone. In the case of the unwelded truncated cone-shaped parts, it can be observed that
in the forming area (on the wall of the truncated cone), the major strain values are much
higher compared to those of the minor strain, an aspect which was also observed by Neto
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et al. [46]. In fact, an almost uniform distribution of the major strain can be observed on the
part wall. Moreover, there is a small negative minor strain in the connection area between
the wall and the flanges. This leads to an almost identical distribution of the thickness
reduction to that of the major strain. These are highlighted in Figure 7a,c.e.

In the case of the unwelded truncated pyramid-shaped parts, significant values of the
major strain are observed to appear on the wall of the truncated pyramid with maximum
values at the end of each linear trajectory, while higher values of the minor strain also
appear in the corner areas of the part. The major strain has lower values in the corner areas
of the part. Negative values of the minor strain appear at the connection between the wall
of the part and the flange, similar to the truncated cone-shaped part. In the case of truncated
pyramid-shaped parts, the thickness reduction distribution slightly differs from the major
strain distribution, which had lower values in the corner areas. The thickness reduction
distribution is almost uniform in this case as well. All these remarks are highlighted in
Figure 8a,c,e.

Regarding the thickness reduction distribution on the part wall, it is known that it
respects the sine law.

For the parts produced by single point incremental forming a 55 degree wall angle was
used, which corresponds to a logarithmic strain in thickness reduction of 0.556. Testing this
angle was chosen for the purpose of evaluating the possibility of increasing the formability
compared to the limit condition for a 50 degree wall angle set by Ambrogio et al. [34].
Analysing the values from Tables 7 and 9, as well as Figures 7e and 8e the values obtained
for the unwelded blanks are observed to be very close to the analytical value of the
logarithmic strain in thickness direction.

It is a well-known fact that there are three main categories of areas in an unwelded part
processed by SPIF, namely, flat surfaces, characterized by plane strain stretching conditions,
surfaces of revolution, also characterized by plane stretching conditions and intersection
areas of the flat surfaces (corners), characterized by biaxial stretching conditions. The
analysis of the strain state presented in Figures 7 and 8 shows that it changes in welded
parts processed by SPIF. On the flat surfaces of the truncated pyramid-shaped parts and on
the surfaces of revolution of the truncated cone-shaped parts, the plane strain stretching
condition is replaced by a biaxial strain condition in the part wall area. Moreover, if
compression strains occur in the welding bead, stretching strains occur on both sides of the
welding bead, causing a rapid transition from compression strain conditions to stretching
strain conditions. This is explained by the presence in this area of a joint between the
base material with a higher plasticity and the weld bead with a low plasticity but higher
elasticity. Any discontinuity in a material, along with the welding bead which can be
considered a discontinuity, is known to lead to the occurrence of stress concentrators. This
contributes to an increased risk of shear and even fractures occurring in this area. No
changes were recorded in the corner area of the truncated pyramid-shaped parts, because
the welding bead is not found in these areas and does not influence the strain conditions.
Regarding the thickness reduction, the maximum value appears, as previously mentioned,
in the base material also, in the immediate proximity of the welding bead, as a result of the
major strain and minor strain distribution.

The average maximum values of the major strain in the case of the double side welded
blanks are & = 0.58 mm/mm (Figures 7b and 8b) for truncated cone-shaped parts and
the truncated pyramid, slightly higher than the values obtained for unwelded blanks,
g1 = 0.55 mm/mm and €7 = 0.57 mm/mm, respectively.

The minor strain variation at the double side welded parts differs significantly from
that of the unwelded blanks. Thus, in the wall area, positive values of the minor strain
appear on both sides of the welding bead, while negative values appear on the welding
bead area. These values, when considered as absolute values, are approximately equal,
g2 = 0.09 mm/mm for the truncated cone-shaped parts and &, = 0.07 mm/mm for the
truncated pyramid-shaped parts (Figures 7d and 8d). This change in the minor strain
values in the heat affected zone leads to the danger of fractures occurring in this area.
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Practically, when comparing the maximum values of the minor strain, the values observed
in the case of double side welded truncated pyramid-shaped parts (e; = 0.13 mm/mm)
are lower than those of the unwelded parts (¢; = 0.14 mm/mm), both maximum values
appearing in the corner areas of the part. On the other hand, in the case of the truncated
cone-shaped parts, due to the presence of the welding bead, the maximum values of the
minor strain are ¢; = 0.1 mm/mm for the double side welded blanks and ¢ = 0.04 mm/mm
for the unwelded blanks.

As far as the thickness reduction is concerned, the distribution for both types of
trajectories is similar to the major strain distribution. It is observed that the maximum
values of the thickness reduction appear at both types of trajectories in the part wall area,
in the heat affected zone, on the left and right sides of the welding bead, symmetrically
arranged. The average maximum values of the thickness reduction in the case of double
side welded blanks are &; = 0.61 mm/mm for the truncated pyramid-shaped parts and
¢t = 0.62 mm/mm for the truncated cone-shaped parts, higher than &; = 0.55 mm/mm for
both categories of unwelded blanks.

The decrease of the major strain and thickness reduction values in the welding bead
and implicitly the obtaining of maximum values in the thermo mechanical affected areas
was also observed by Rattanachan et al. [43] for parts obtained by FSTW.

The graphs showing the force variation during SPIF of the double side welded blanks
maintain, as can be seen in Figures 9 and 10, the force variation tendency of the unwelded
blanks. At both types of trajectories, the forces increase from zero at the beginning of
the process, to the maximum value towards the end of the process, with variations in
between, depending on the punch position at a given moment. If the force on the z
direction has positive values only, the forces on the x and y directions oscillate around
zero. The values and variation behaviour of the forces in the unwelded blanks processed
by SPIF are in complete agreement with other studies [33]. It should be noted from the
very beginning that the forces in the processing of the truncated pyramid-shaped parts
were higher due to a lower value in the z direction of the spiral trajectory pitch. The
paper presents (Figures 9 and 10) the unfiltered force variation on the x, y and z directions.
This approach was chosen with the purpose of highlighting the changes that occur in the
force variations of the unwelded specimens and welded specimens. Thus, the mentioned
differences can be observed in the detailed image of each figure. Local maxima (peaks),
which appear at the passing of the punch over the welding beads, can be observed at both
the truncated pyramid trajectory and the truncated cone trajectory. These local maxima
are present at the forces on the z direction, as well as at the forces on the x direction (in
the case of force measurement), perpendicular to the welding bead. The presence of these
peaks is due to the fact that the welding bead has a higher strength than that of the base
material. The local maxima are not present on the y direction, as this direction is parallel to
the welding bead. This is more pronounced in the case of the truncated pyramid-shaped
parts, as a consequence of the trajectory that alternately coincides with the two directions
of the axes. This difference is faded at the truncated cone-shaped parts.

At both types of trajectories, the maximum value appears in the z direction, the
direction of the punch penetration. In the case of the truncated pyramid-shaped parts,
the maximum average value of the Fz force was Fz = 1.39 kN for unwelded blanks and
Fz = 2.39 kN for double side welded blanks, while in the case of the truncated cone-shaped
parts, the values obtained were Fz = 1.26 kN for unwelded blanks and Fz = 1.85 kN for
double side welded blanks, respectively.

The parts obtained from unwelded blanks had approximately equal maximum values
of the forces in the x and y directions: Fx = Fy = 0.63 kN for the truncated pyramid-shaped
parts and Fx = Fy = 0.90 kN for the truncated cone-shaped parts. In the case of the parts
obtained from double side welded blanks, the values were Fx = 1.39 kN and Fy = 0.70 kN
for the truncated pyramid-shaped parts and Fx = 1.11 kN and Fx = 0.91 kN for the truncated
cone-shaped parts. In both situations an increase of the value of the Fx and Fy components
is observed in the parts obtained from double side welded blanks.
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The forces at the parts formed by SPIF obtained in the case of double side welded
blanks are higher than those obtained in the case of unwelded blanks, due to the punch
passing over the welding bead. The Fz force in SPIF for welded blanks is 72% higher than
for unwelded blanks in the case of truncated pyramid-shaped parts and 49% higher in the
case of truncated cone-shaped parts. The Fx force in SPIF for welded blanks is 120% higher
than for unwelded blanks in the case of truncated pyramid-shaped parts and 22% higher
in the case of truncated cone-shaped parts.

In the case of metal forming processes in general and of the incremental forming
process (SPIF) in particular, knowing the springback value is especially important, because
it influences the accuracy of the part. Knowing the springback value allows the correction
of the punch trajectories, so as to eliminate dimensional and shape errors. Following the
completion of the forming process, the punch was retreated from the part, 8 of the total
12 screws were removed, the part only being supported by the 4 remaining screws, situated
in the bottom part of the experimental layout. After these steps, the springback values were
measured. Figure 11 shows the total displacement variation for the truncated cone-shaped
parts. The springback values for the four categories of parts are presented in Tables 7-10.
The springback has a higher value in the case of welded sheets. This is due to the fact
that the unwelded sheets in the SPIF process have a relatively uniform stress distribution,
which leads to a lower springback value in the welded sheets, whereas the presence of the
welded bead produces a non-uniform stress distribution and implicitly higher springback
values. This is also correlated with the uniaxial tensile test results, where it can be observed
that the welded sheet has lower values of the E modulus, that is, a higher elasticity and
consequently, higher springback values.
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Figure 11. The springback variation for unwelded blanks (a) and double side welded blanks (b) for
truncated cone-shaped parts.

When analysing the images that show the springback value, it can be observed that in
both the cases of welded and unwelded parts, it is not uniform on the entire surface of the
part. The maximum value of the springback appears in the area of the last contact between
the punch and the blank, for both the truncated pyramid and truncated cone-shaped parts.
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However, as can be seen in Figure 11, the maximum springback values appear in the
flange area. The maximum values obtained in the bottom area were therefore analysed
for comparison, since this is the area of interest following the forming process. In both
cases, the springback is higher for the welded parts than for the unwelded parts. This
is due to the presence of the welding bead, which has a higher elasticity than that of the
base material. The maximum values in the case of the truncated pyramid-shaped parts
are s = 0.969 mm for the parts obtained from unwelded blanks and s = 2.24 mm for the
ones obtained from double side welded blanks. As for the truncated cone-shaped parts,
the maximum average values are s = 0.443 mm and s = 1.563 mm for the parts obtained
from unwelded blanks and double side welded blanks, respectively.

Marathe also concluded, on the basis of a finite element simulation, that the maximum
springback value occurs in the case of TWBs compared to unwelded blanks, especially in
the case of strong materials [41].

With the focus on determining the formability in SPIF, the uniaxial tool path test
(uniaxial stretching test) is used, that is, a test in which the punch executes a linear trajectory,
with penetrations in the material only at the ends of this trajectory, until the first fracture
occurs. Only double side welded blanks were tested, without testing one side welded
blanks also, because these blanks could not be formed by SPIF without cracks. Figure 12
presents the specimens immediately after the crack occurred.

Figure 12. The specimens immediately after the crack occurred for unwelded blanks (a) and double
side welded blanks (b) for uniaxial tool path test.

The performing of a bi-axial stretching test (cross test) was also intended but this was
not possible due to the presence of the welding bead on the exact direction of the punch
movement, which would have significantly influenced the results. In this type of test, it
is known that in the case of unwelded blanks, a pure uniaxial stretching is generated on
the linear trajectory and a bi-axial stretching is generated at the ends of the trajectory (that
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is, the major strain has significant values along the linear trajectory and the minor strain
increases at the ends of the trajectory). This is also visible in Figure 13.
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Figure 13. The major strain variation for unwelded blanks (a) and double side welded blanks (b), the minor strain variation
for unwelded blanks (¢) and double side welded blanks (d) and the thickness reduction variation for unwelded blanks (e)
and double side welded blanks (f) for uniaxial tool path test.

The analysis of the images in Figure 13 shows that, while in the case of unwelded
blanks the fracture appears and develops from the ends of the trajectory towards its middle,
as it is normal, in the case of double side welded blanks the fracture appears and develops
in the heat-affected zone and is heading towards the ends of the trajectory. All values in
Tables 11 and 12 were extracted from the images acquisitioned immediately before the
fracture occurred.
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Table 11. Results of the uniaxial tool path test for unwelded sheets.
Major Strain Minor Strain Thickness Reduction Maximum Height
Test Number
(mm/mm) (mm/mm) (mm/mm) (mm)
1. 0.698 0.176 0.835 14.29
2. 0.712 0.179 0.851 14.88
3. 0.696 0.172 0.830 13.94
Mean 0.702 0.176 0.839 14.37
St. dev 0.009 0.003 0.011 0.475
p value 0.142 0.630 0.323 0.533
Table 12. Results of the uniaxial tool path test for double side welded sheets.
Major Strain Minor Strain Thickness Reduction Maximum Height
Test Number

(mm/mm) (mm/mm) (mm/mm) (mm)
1. 0.5230 0.1446 0.5544 12.36
2. 0.5176 0.1413 0.5498 11.99
3. 0.5298 0.1547 0.5721 12.54
Mean 0.5235 0.1469 0.5588 12.30
St. dev 0.0061 0.0070 0.0012 0.280
p value 0.608 0.327 0.259 0.476

The material is observed to not suffer a major thickness reduction in the welding
bead but in its immediate proximity, in the heat-affected zone. The maximum thickness
reduction value for the welded blanks is &¢ = 0.55 mm/mm, compared to &; = 0.84 mm/mm
in the case of unwelded blanks. The maximum value of the major strain for the welded
blanks is £ = 0.52 mm/mm, compared to £1 = 0.70 mm/mm in the case of unwelded blanks,
while the maximum value of the minor strain for the welded blanks is ¢; = 0.15 mm/mm,
compared to 1 = 0.18 mm/mm in the case of unwelded blanks. However, a conclusion
similar to that of the analysis of the minor strain variation at the welded blanks formed
by SPIF can also be drawn in the analysis of the minor strain distribution at the uniaxial
stretching test. In exact terms, a ¢ = —0.10 mm/mm negative value of the minor strain
is observed, which leads to the occurrence of the fracture in the heat-affected zone. A
maximum height reduction is also observed, from h = 14.37 mm in the case of unwelded
blanks to h = 12.3 mm in the case of welded blanks.

Taking into account the results obtained for the truncated cone-shaped parts and the
truncated pyramid-shaped parts produced at 60 degrees for double side TWBs (where
fractures appeared in the thermo-mechanical affected zone), parts at 65 degrees were also
produced for unwelded blanks until the break occurred. Corroborated by the results
obtained in the previously presented uniaxial stretching test, the flow limit curves (FLC)
for these materials were plotted. It is known that due to the localization (local action) of
the plastic strain and the nature of the SPIF process, the formability of materials processed
by SPIF is higher than that in the case of other sheet metal forming processes, such as deep-
drawing. The FLC curve, plotted in major strain—minor strain coordinates, is graphically
represented by a line with negative slope. The vast majority of the pairs of points (major
strain—minor strain) on the FLC are located near the major strain, validating the idea of
there being a plane strain state. However, a decrease of formability is observed in the TWB
sheet, due to the appearance of the maximum values of the major strain and thickness
reduction in the immediate proximity of the welding bead.

When analysing the graph in Figure 14, it can be seen that the FLC for the double side
TWBs produced by MAG is positioned lower on the €1-¢; diagram, which indicates an
approximate 30% reduction of the formability compared to the unwelded blanks.
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Figure 14. Flow limit curves for unwelded blanks and double side welded blanks processed by SPIF.

In addition, the line that defines the FLC for TWBs has a higher slope (in module)

than that of the unwelded blanks. The decrease of formability in SPIF of TWBs compared
to unwelded blanks was also observed by Rubino et al. for TIG welded sheets processed
by SPIF [42]. They observed a remarkably lower formability of TWBs produced by TIG
than that of unwelded blanks or FSTW blanks.

4. Conclusions

Following the experimental research carried out for the SPIF of one side, double side

MAG welded and unwelded blanks, the following conclusions can be drawn:

in the case of parts produced by SPIF, obtained from one side welded blanks, fractures
occur even at low heights of parts and moderate wall angle (55 degrees). This be-
haviour of one side welded blanks is also confirmed by the uniaxial tensile test, with
the reduction of the maximum value of the tensile strain at break ¢pea = 0.1 mm/mm;
the parts formed by SPIF, obtained from double side welded blanks, did not show fractures
at the same wall angle (55 degrees), even if the maximum value of the tensile strain at
break was also reduced (epreqx = 0.13 mm/mm), compared to eppeax = 0.39 mm/mm for
the base material. This confirms that the SPIF process increases the formability of the
material even in the case of welded blanks using MAG;

in the heat-affected zone there are increased positive values of the minor strain on the
left and on the right side of the welding bead and negative values in the welding bead,
which leads to the possibility of fractures occurring in that area;

the springback value is always higher for welded blanks produced by SPIF, the
springback being 3.5 times higher in the case of the truncated cone-shaped parts but
knowing its value can compensate the trajectory in such a way as to obtain parts as
accurate as possible;

the values obtained for major strain, minor strain, thickness reduction and maximum
height following the uniaxial tool path test show that there is an average of 20%
decrease in formability in the case of MAG welded blanks produced by SPIF, compared
to unwelded blanks, even if the tensile strain at break decreases by about 3 times.

As direction for future research, a comparative study on the behaviour of other

welding technologies, such as friction stir welding or laser welding in the manufacturing of
parts by SPIF is proposed. Testing these technologies for different materials and different
thicknesses is also suggested.
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cone shaped parts, Video S5: Thickness reduction variation unwelded truncated cone shaped parts,
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strain variation unwelded truncated pyramid shaped parts, Video S8: Major strain variation MAG
welded truncated pyramid shaped parts, Video S9: Minor strain variation unwelded truncated
pyramid shaped parts, Video S10: Minor strain variation MAG welded truncated pyramid shaped
parts, Video S11: Thickness reduction variation unwelded truncated pyramid shaped parts, Video
S512: Thickness reduction variation MAG welded truncated pyramid shaped parts.
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