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Abstract. In recent years remarkable efforts have been devoted to the study of the formability of
tailored blanks processed by friction stir welding (FSW) by means of numerical and experimental
approaches.

This study aims to perform an inverse analysis to calibrate the constitutive law of FSW blanks
produced with different parameters. The evaluated mechanical behavior will be employed in future
studies to investigate the formability of such elements by single point incremental forming. Friction
stir welded blanks in aluminum alloy AA6082-T6 produced with different advancing velocities and
tool rotational speeds have been considered. Specimens for tensile testing have been cut and collected
from the FSW blanks. The longitudinal dimension of the specimens was perpendicular to the tool
advancing direction, with the welding centerline located at the middle point of the coupon. From the
same welded blanks further specimens have been collected to conduct microhardness testing of the
cross-section in the welding zone.

Data from digital image correlation (DIC) have been adopted to detect the zones of local variation of
the mechanical properties related to the peculiar microstructure determined by friction stir welding.
In particular, the data were used as input to feed an iterative numerical procedure to calibrate the
constitutive law variable as a function of the distance from the welding centerline.

Introduction

Industry and designers are constantly requesting lighter, more resistant, better adaptable materials to
reduce fuel consumption in automotive and aerospace sectors, to better combine dissimilar materials,
to enhance the surface properties or to produce lighter structures [1-10]. This necessity is met in many
cases by using advanced composite materials [11-20]. Nevertheless, in some cases, the need for
customized local properties cannot be effectively met by fiber reinforced polymers. To fulfill these
necessities, tailored blanks have been conceptualized and developed. These components are sheets in
metal alloy with mechanical, physical and chemical local behaviors achieved combining different
materials, applying local surface treatments, and/or providing local forming processes [21].

The combination of different materials is not achievable by conventional joining techniques. The
friction stir welding (FSW) is a solid state joining process adopted to produce similar or dissimilar
connection in different joint configurations [22-24]. In FSW, the rotation of a cylindrical tool
penetrating the parts to be connected mixing the crystal lattices of the base materials, determining a
mechanical interlock at solid state, below the melting points of the processed alloys. The cylindrical
tools in HSS are mounted within the rotating mandrels of computerized-numerical-control machines,
which controls its rotation, plunging, and advancements. The thermo-mechanical action of the
rotating and advancing tool determining the joining of the parts give place to a particular stratified
microstructure in which at least four different regions can be detected: the nugget zone, the thermo-
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mechanically affected zone, the heat affected zone, and the base material. The elastoplastic properties
as well as the microhardness variates in the different zones according to the local microstructural
morphology [22,23].

Typically, the tailored blanks present complex shapes, therefore, the flat sheets must be formed
using plastic deformation processes. One of the most employed deformation processes for tailored
blanks is the single point incremental forming due to its high formability performances and its
versatility [25]. Recently, several studies focused on the plastic properties of FSW blanks in
aluminum alloys [26,27]. The experimental evidence demonstrates that their elastoplastic behavior is
sensibly influenced by the tool rotational speed and the advancing velocity adopted during FSW.
Single point incremental forming processes of friction stir welded tailored blanks in aluminum alloy
in butt joint configuration demonstrated that with a proper choice of the process parameters the
welding line presents a better formability than the base material [28,29].

Aiming to experimentally evaluate the variability of the elastoplastic behavior, tensile tests are
typically performed on samples collected perpendicularly to the welding line. The study of the local
deformation by digital image correlation technique provided the data to define a constitutive law with
the parameters as a function of the distance from the weld line [29].

Several works in literature focused on the correlation between mechanical properties and material
hardness. The topic is still not completely explored and an unique theory does not exist currently [30].
Nevertheless, research has been produced analyzing material indentation mechanisms with analytical
and numerical analyses [31]. Typically, this kind of analyses are devoted to developing synthetic
black-box models to determine the hardness of a sample providing as input the elastic modulus, the
yield stress, and the hardening factor of the materials.

The work described in the present article aims to calibrate the constitutive law of friction stir
welded blanks in aluminum alloy AA6082 T6. The joints produced by FSW using different tool
rotational speeds and advancing velocities have been assessed by tensile testing transversally to the
welding line. Digital image correlation technique has been adopted to detect and measure the local

stress-strain behavior. Microhardness tests have been performed on the cross-section of the produced
blanks.

Materials and Methods

Blanks in aluminum alloy AA6082 T6 having thickness of 2 mm have been used for the present
experimental work. Strips of 110 mm in width and 220 in length have been collected from a rolled
sheet. Such strips have been joined by FSW along the 220 mm long edge, giving place to square
welded blanks having edges of 220 mm. The FSW has been performed using a Famup MCX 600
CNC machine equipped with a HSS cylindrical tool presenting a conical pin (Fig. 1(a)). The
geometrical features of the tool are described in Table 1.

Table 1. Geometrical features of the HSS friction stir welding tool.

Geometrical parameter Value
Shoulder diameter 20 [mm]
Conic pin angle 15°

Pin height 1.8 [mm]
Pin minimum diameter 3.8 [mm]

Aiming to investigate and analyze the effects of the FSW thermo-mechanical loads in relation with
the adopted parameters, the welding processes have been performed in five different conditions of

advancing velocity and tool rotational speed. The adopted conditions are schematically detailed in
Fig. 1(b).
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Figure 1. a) Representation of the friction stir welding tool; b) adopted process parameters.

The strips were fixed to the CNC machine working plan by rigid clamps, placing adjacent the long
edge of two strips to form a butt joint configuration. A tool plunging of 2 mm was set. For each of
the welding parameters, two repetitions were performed.

The welded blanks were cut to extract samples for tensile testing and microhardness indentation.
Samples for tensile testing were collected transversally to the welding line, having the welding
centerline at their middle length. Digital image correlation (DIC) has been used during tensile testing
to acquire the local elasto-plastic behaviors of the samples. The properties identification has been
carried out by using the finite element model updating (FEMU) approach. This procedure is based on
the iterative procedure, schematically described in Figure 2.
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Figure 2. Iterative procedure for parameters identification by finite elements model updating procedure.

The procedure starts with a first attempt for material properties. The tensile testing is simulated by
a finite element model using the ABAQUS numerical suite. The static mechanical analysis is
performed on the reproduction of half sample for computational convenience, applying symmetry
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boundary conditions at the sample middle edge, which corresponds to the welding centerline. The
sample is partitioned in four zones characterized by different mechanical properties, namely the
nugget zone, the thermo-mechanically affected zone, the heat affected zone, and the unaltered base
material. In agreement with previous studies [29], the plastic behavior of the nugget zone and of the
unaltered base material are not dependent on the position, and therefore are uniform in their zones.
Vice versa, the properties in the thermo-mechanically affected zone and in the heat affected zone are
linearly variable with the distance from the welding centerline. Of course, the plastic behavior cannot
exhibit spatial discontinuity, therefore at the both the sides of each boundary between two zones the
plastic properties are equal. The plastic behavior of each point is mathematically described by the
Swift’s law, described as

[

o(EP) = k(gy + EP)™ ,with gy = (%)E . (1)

The sample discretized by shell elements and the applied boundary conditions are represented in
Figure 3.
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Figure 3. Representation of the numerical domain, boundary conditions, and discretization of the finite element model.

In each iteration, the numerical model computes the strain field and the applied tensile force
considering the material’s properties adopted. The objective function compares the numerical and
experimental outcomes as

n, n gnum_ exp 2 n. (FUmM_pexp 2
forj =X, S(s—"p) +21’S( Fexp ) ’ 2)
13
where n,, is the number of available points and ng is the number of time steps.
Until the error of the numerical results overcome the maximum tolerance A,,,x, the plastic
parameters are iteratively redefined aiming to minimize the value of f,p;. The plastic behavior

correction consists in a redefinition of the parameters k, oy, and n of Eq. 1.
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The samples for microhardness testing have been embedded in mounting resin exposing the
welding cross-section surface. The microindentations have been performed using a Leica VMHT-
auto microhardness tester, using an indentation load of 100 g. The microhardness measurements have
been carried out along with a 30 mm long path having its middle point at the welding centerline.

Results and Discussion

The strain field evaluated in the tensile testing of the friction stir welded blanks samples is variable,
depending on the distance from the welding centerline, as depicted in Figure 4.

Welding direction [mm]

Distance from the welding centerline [mm)] i -15

Figure 4. Strain distribution in the welding line zone evaluated by DIC for the sample produced
at 1000 rpm / 40 mm/min.

As visible in Figure 4, two peaks of strain are visible on the sides of the welding line, in
correspondence with the limit between thermo-mechanically affected zone and heat affected zone, as
observed in previous works. The strain field evaluated at the nugget zone present higher values when
compared to the deformations of the unaltered base material.

The FEMU is based on the iterative correction of the materials’ elastoplastic parameters until the
difference between the numerically computed values and the experimental measurement is lower than
an acceptable tolerance. In Figure 5 numerical and experimental strain are compared.
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Figure 5. Strain field: Comparison between experimental measurements (red points) and numerical results (blue points)
for the sample produced at 1200 rpm / 70 mm/min.

It is visible an asymmetry in the strain peaks depicted in the experimental results due to the
different mechanisms characterizing the retreating and the advancing side in FSW. The calibration
presented in this work regards just the side presenting the higher strain peak. Future works will
consider the entire tailored blank. The FEMU has been used to evaluate the parameters of the Swift’s
law in the five different cases. In agreement with the strain behavior observed and reported in Figure
4 and 5, the plastic parameters have been considered constant in the nugget zone and in the unaltered
base material, while they have been modeled linearly variable with the distance from the welding
centerline in the thermo-mechanically affected zone and in the heat affected zone. Such parameters,
namely k, gy, and n, evolves according to the evolution depicted in Figure 6.
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Figure 6. Variation of the Swift's law parameters with the distance from the welding centerline for the representative
case of tool rotational speed of 1000 rpm and advancing velocity of 100 mm/min.

In order to completely describe the profiles depicted in Figure 6, just three values per each of the
parameters should be reported, namely the nugget zone value, the unaltered base material value and
the value at the boundary between thermo-mechanically affected zone and heat affected zone. The
values in the different cases are reported in Table 2.

Table 2. Swift’s law parameters calibrated values.

k [MPa] 0y [MPa] n

1000 rpm NZ 346.6 147.8 0.261
40 mm/min TMAZ-HAZ 422.0 82.4 0.407
BM 441.7 274.8 0.094

1000 rpm NZ 354.4 144.4 0.172
100 mm/min TMAZ-HAZ 405.5 130.8 0.337
BM 441.7 274.8 0.094

1200 rpm NZ 346.5 157.1 0.242
70 mm/min TMAZ-HAZ 420.3 105.7 0.352
BM 441.7 274.8 0.094

The analysis of the microhardness confirms the behavior evidenced by the tensile testing and the
strain analysis. Figure 7 reports the microhardness profiles in the five experimented cases.
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Figure 7. Microhardness measurements on the friction stir welding cross-section surface.

The value of microhardness along with the nugget zone (within a distance of 8§ mm from the
welding centerline) keeps constant value, while linearly decreasing and successively linearly
increasing behaviors are observable respectively in the thermo-mechanically affected zone (from 8
mm to 11 mm from the welding centerline) and in the heat affected zone.

Conclusions

This work presents the plastic properties calibration for friction stir welded tailored blanks in
aluminum alloy AA6082 T6. The tensile testing with digital image correlation evidenced the
differences in material properties due to the different FSW parameters, evidencing the effects related
to the advancing velocity and the rotational speed of the tool. The differences are related to the
combination of the mechanical stirring effects and the heating-cooling cycle dictated by the process.
The constitutive law, modeled adopting the Swift’s law, has been calibrated in the different cases by
FEMU. The microhardness profiles of the friction stir welded blanks around the stirring zone confirm
the elasto-plastic behavior observed in the tensile testing.
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