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Abstract 

Flexible manufacturing systems have attracted increasing interest especially to produce highly customized components or for manufacturing of 
prototypes/small batches. Among others, the single point incremental forming (SPIF) process has been successfully applied in several non-
structural applications, e.g. architectural lining, decorative element manufacturing and rapid prototyping. Nevertheless, accuracy, toolpath 
definition and reduced productivity are still relevant issues, in particular when tailored banks are processed. The present work discusses an 
integrated manufacturing route combining welding and forming of aluminum sheets. More specifically, attention has been focused on the strain 
distribution induced by the single point incremental forming of friction stir welded AA6082 sheets. The used method consists in the generation 
of digital 3D twins of the undeformed and deformed shapes by means of ScanProbe and Matlab software packages. The displacement field, 
evaluated from the comparison between initial and final positions of surface points, is then used as input in a FE model that estimates the final 
strain distribution. Forming limit diagrams (FLD) have been evaluated for welded sheets and compared to the forming limit curve of conventional 
forming processes. Obtained results have been finally compared with strain distributions detected in fusion welded sheets. 
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1. Introduction 

Rapid advances in industrial design and engineering imply 
an ever-growing requirement for new materials and 
components, capable to fulfill singular challenging needs. In the 
last few decades, manufacturing engineering has responded to 
these challenges using a variety of different approaches, such 
as, for instance, developing new metallic alloys [1], advanced 
composite materials [2], or new surface treatment techniques 
[3,4]. One of the most flexible solution to satisfy many 
industrial requirements are the tailored blanks [5]. This 

definition is used to describe components made from one or 
more sheets joined together by advanced welding techniques, 
presenting variable materials, thickness, strength or coating and 
complex shapes [5,6]. The welding techniques adopted are one 
of the key points in manufacturing of tailored blanks. In this 
framework, the friction stir welding (FSW) is attracting 
particular interest. FSW is a solid-state welding technique to 
produce high-quality joints [7–9]. FSW is employed to weld a 
wider range of metallic alloys, if compared to conventional 
fusion welding processes [7]. Moreover, by means of the FSW 
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technology, it is possible to produce dissimilar welds with 
reduced defects [10–12]. 

The complex shapes are another pillar of the tailored blanks 
definition. These shapes can be achieved by conventional 
forming processes using expensive tools. Nevertheless, this 
approach is extremely inconvenient for small batch production 
of this kind of components. Single point incremental forming 
(SPIF) can be employed to shape thin blanks avoiding 
expensive tools [13,14]. SPIF is an extremely flexible 
technique, based on the usage of a forming punch, moved by a 
numerically controlled machine, to locally deform a metallic 
sheet. The sheet is typically clamped using an appropriate blank 
holder [15]. The forming performance of this technique, in 
terms of deformations, result remarkably higher if compared to 
the conventional stamping processes [13,16,17]. The 
application of SPIF on FSW welded blanks is attracting 
growing interest within the scientific and industrial 
communities, meaning that several studies and projects have 
been focused on it [18,19]. 

In the present work, AA6082 thin blanks have been welded 
by FSW technique, using different working parameters, and 
then formed until the material failure, by single point 
incremental forming. The local strain have been numerically 
evaluated using ABAQUS commercial suite. The deformations 
have been analyzed to achieve the forming limit diagrams, 
relatively to each of the produced joints. 

2. Materials and methods 

The welding processes described in the present work have 
been performed considering, as a first attempt, similar AA6082 
blanks. The welded sheets are 220 mm in length, 110 mm in 
width and 2 mm in thickness. The blanks were butt-welded 
along the longer dimension. Several joints were produced by 
FSW and by tungsten inert gas (TIG) welding. The friction stir 
welds were performed using an HSS cylindrical tool with a 
shoulder diameter of 20 mm and a conical pin characterized by 
an angle of 15° and a height of 1.8 mm. The experiment plan 
has been designed defining three levels for both the advancing 
velocity and the spindle speed. Table 1 summarizes a scheme 
of the friction stir welded joints, reporting the employed 
parameters. Fig. 1 presents a representative friction stir welded 
joint. 

 

Fig. 1. Representative friction stir welded butt weld. 

The surfaces of the blanks were marked before the forming 
process, in order to evaluate the local deformation after SPIF. 
All the blanks have been formed imposing the same tool path: 
a converging circular spiral (Fig. 2). In each of the forming 
processes, the tool was stopped at the material failure. A 
representative picture of a formed blank (at rupture) is shown 
in fig. 3. In order to assess the formability of the friction stir 
welded joints, the same procedure has been performed on TIG 
welded blanks with the same dimensions. 

Table 1. Friction stir welding parameters. 

Samples Advancing velocity 
[mm/min] 

Spindle speed 
[rpm] 

1 40 1000 

2 100 1000 

3 70 1200 

4 40 1400 

5 100 1400 

  

 

Fig. 2. Single point incremental forming of friction stir welded blanks. 
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Fig. 3. Representative picture of a single point incremental formed blank. 

A three-dimensional digital twin of each deformed surface 
has been created using a photographic acquisitions system 
controlled by the software ScanProbe (Fig. 4).  

 

Fig. 4. Digital twin of a deformed blank. 

The acquired point clouds have been rotated and translated, 
in Matlab environment, to measure the displacement of the 
markers with respect to their initial position. In order to 
evaluate the strain field, the measured displacements were 
implemented in a numerical model, developed using Abaqus 
suite (Fig. 5). The blank has been discretized using four node 
reduced shell elements (S4R), characterized by five integration 
points along the thickness of 2 mm. In order to compute 
precisely the deformations at the marker position, each node of 
the mesh corresponds to a marker. Each single point 
displacement has been implemented as a boundary condition 
for each node of the mesh. All the displacements are imposed 
at the same time in a unique step, following a linear path from 
the initial to the deformed configuration. All the degrees of 
freedom were constrained at the edges of the blank, to 
reproduce the clamp fixture.  

 

Fig. 5. Domain discretization and implemented boundary condition. 

3. Results and discussion 

The maximum depth achieved in SPIF, for different 
conditions of the blank, are reported in Table 2. A higher value 
for the maximum depth indicates higher formability of the 
friction stir welded blank. The final forming depth coincides 
with the material failure, and, therefore, with the material 
formability limit. The TIG welding exhibits a remarkably lower 
formability. The data reported in Table 2 evidence a 
pronounced sensitivity to the advancing velocity, when 
compared with the spindle speed. It is worth to note that the 
failure occurred more frequently on the welding line (Fig. 6) 
than on the base material (Fig. 7). In these cases, the friction 
stir welded line results more formable than the base material. 

Table 2. Maximum forming depth and failure location after SPIF with 
different blanks. 

Samples Advancing 
velocity 

[mm/min] 

Spindle 
speed 
[rpm] 

Maximum 
forming 

depth [mm]  

Failure 
location 

1 40 1000 36.50 Welding line 

2 100 1000 18.06 Welding line 

3 70 1200 40.76 Base material 

4 40 1400 39.67 Base material 

5 100 1400 21.63 Welding line 

TIG / / 15.20 Welding line 

 

 

Fig. 6. Welding line failure. 
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Fig. 7. Base material failure. 

Figures 8 and 9 report the numerical results of the 
distribution of major and the minor strains, evaluated on a 
representative FSW blank, for which failure occurred on the 
base material. The major strain direction corresponds to the 
radial one, with respect to the tool spiral trajectory. It attains a 
remarkably high value at the maximum depth. The minor strain 
direction corresponds to the tangential one, with respect the 
spiral trajectory. In both figures, a strain peak can be observed 
at the crack position. Excluding the crack neighborhood, the 
tangential strain shows a homogeneous distribution in the 
deformed region. 

 

Fig. 8. Contour plot of the major strain distribution. 

 

Fig. 9. Contour plot of the minor strain distribution. 

Fig. 10 summarizes the forming limit diagrams of all 
investigated samples. The plotted data are a selection of strain 
values randomly collected in the most deformed zone of each 

dataset. The strain values in the neighborhood of the failure 
have been excluded in this diagram. The data are compared to 
the forming limit curve relative to conventional forming 
processes [13,14]. In almost all cases, the material reaches 
formability levels higher than the conventional FLC. The 
reported results are compliant with the maximum depth 
observed and reported in Table 2: the samples achieving higher 
maximum depth present higher strain values. The FSW blanks 
formability results are highly influenced by the advancing 
velocity. Indeed, the welds produced at 100 mm/min exhibit, in 
general, lower formability. Comparing the samples welded 
using the same advancing velocity, a better formability has 
been achieved using higher spindle speed. During the FSW 
process, higher advancing velocity implies lower mixing time 
of the crystal lattice and faster temperature decrease after the 
passage of the welding tool. Higher spindle speed increases the 
temperature and enhances the material softening during 
welding [20]. TIG welded strains are remarkably lower than the 
ones observed on good quality FSW welds. 

 

Fig. 10. Formability limit diagram of the welded blanks. 

4. Conclusions 

In conclusion, the present manuscript presents the 
assessment of formability of SPIF AA6082 blanks, with 2 mm 
thickness, butt-welded by FSW process. The analysis of the 
strain distributions, conducted using digital twins of the formed 
blanks, evidenced the following hypotheses: 

 In good quality welds, the material failure during SPIF 
occurs in the base material, evidencing that the mechanical 
properties of the welds are equal or better than the ones of 
the original material; 

 In the analyzed friction stir welded joints, the advancing 
speed is the main factor in the quality of the joint; 

 Higher advancing velocity values negatively affects the 
blank formability, while higher spindle speed promotes the 
weld formability; 

 TIG welded joints exhibited remarkably lower properties, 
compared to the FSW welds. 
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