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Abstract

Aluminum has become increasingly important in the automotive sector due to its ability to reduce vehicle weight without
compromising structural performance. However, joining different types of aluminum alloys can be challenging due to their
different thermal and mechanical characteristics. Concurrently, friction stir processing (FSP) is a material processing tech-
nique that has garnered considerable attention for its versatility and industrial applicability, and it may represent a preliminary
phase to correctly perform friction stir welding, which is a welding technology used to join different types of aluminum
alloys. In this context, this study presents an extensive experimental campaign of FSP performed on 5754-H111 and 6082-T6
alloys, varying two rolling directions and four welding speeds. The processed materials were characterized, including cupping
and tensile tests, microstructure analysis, and a correlation between welding parameters, microstructure, and mechanical
resistance. In addition, a numerical method was proposed to simulate the Erichsen tests and predict the formability of the
materials, before and after the FSP processes. The results showed that both alloys exhibited good formability after the FSP
process, but with different behavior. AA6082 underwent internal decohesion and dynamic recrystallization, resulting in the
absence of defects and an increase in ductility and cold formability. AA5754 experiences more difficulty with material flow
during FSP and showed the presence of tunnel defects in all analyzed process conditions. However, the alloy 5754 did not
undergo softening and had comparable mechanical behavior and cold formability to the base material. These results were
validated by the numerical method proposed.

Keywords Friction stir processing - Cold formability - Aluminum alloys - Erichsen cupping test

1 Introduction

In the last few years, aluminum has been one of the favorite
choices to produce a large variety of components in the
automotive sector. Most notably, aluminum is a suitable
alternative to replace other metals to reduce the weight of
the vehicles while avoiding loss of structural performance.
Therefore, the aluminum percentage, in terms of volume
and weight, is increasing in the whole vehicle and involves
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a great variety of alloys with the aim of taking full advantage
of their peculiar thermal and mechanical characteristics [1].

Furthermore, the growth of hybrid and full electric vehi-
cle production pushes for a further increase in aluminum use
since it is present in the battery case components to enhance
thermal exchange and cooling [2, 3]. This has led to the
study of new setup configurations and the investigation of
the best joining techniques, as this has an influence on the
whole vehicle manufacturing in various manners [4]. Alu-
minum components employed in the automotive sector are
mainly in the form of casting workpieces, extruded items,
or rolling sheets. In previous research, the friction stir weld-
ing (FSW) joining of two heterogeneous components was
studied, both casting and extruded [5], which is a common
occurrence in the modern battery pack. Aluminum alloys
welded using the FSW process have reached significant
importance in the battery pack assembly, due to their ability
to prevent electromagnetic interferences. The utilization of
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these alloys in conjunction with this specific welding pro-
cess allows to create the whole electrical setup, followed
by the sealing of the metallic case. Other conventional or
innovative technologies, such as those using laser or electri-
cal beams, might encounter some issues that could damage
the electrical parts, considering the involved temperature
or the electromagnetic flow of the process [6, 7]. This type
of joining is very challenging because the two alloys have
very different thermal characteristics and accurate assem-
bly is needed. Another arduous and recurrent occurrence
regards the joining of cold rolled sheets (AA5xxx) and hot
rolled sheets (AA6xxx). These alloys, in fact, have differ-
ent heat absorption and different responses to the micro-
structure modifications [8], in particular when the design
requirements impose to form the sheets after the welding
process [9, 10].

The formability of the raw aluminum alloys, 5xxx and
6xxx, is deeply studied in literature [11]. More recently,
other authors began to investigate the issues related to the
formability after the process. Some researchers investigated
the formability of the welded workpieces after the applica-
tion of heat treatment, in the case of hydraulic tubes under
pressure [12], and on 2024-O aluminum alloy rolled plates
[13, 14]. Patel et al. designed an experimental campaign
with two aluminum alloys having dissimilar mechanical
characteristics with the aim of investigating the influence of
each process parameter on the tailor welded blank (TWB)
formability [15]. Different authors studied the formability
of the TWB AA6xxx and AAS5SxxX, having 1 mm thickness,
after FSW [16, 17]; instead, Tayebi et al. used the single
point incremental forming to verify the formability of the
AA6xxx and AASxxx FSWed sheets [18]. In many research
works, the Erichsen cupping test was used in the perspective
to perform the formability assessment. Akterer et al. meas-
ured the formability of the FSW joint between aluminum
alloys and incremental formed steel [19]. Pang et al. inves-
tigated the response of AA7075 foam precursor, prepared
by friction stir processing, and then subjected to cupping
tests [20].

In this scenario, the objective of this research study is
to provide a comprehensive characterization of the form-
ability and mechanical resistance of aluminum rolled sheets
after friction stir processing (FSP). In addition, a simplified
numerical approach is proposed to simulate the Erichsen
tests and predict the formability of the materials, before and
after the FSP processes. The sheets are made by two differ-
ent aluminum alloys, AA5754-H111 and AA6082-T6, with
2 mm thickness, the choice of these alloys is based on their
versatility, which made them highly used in the automotive
sector. As a matter of fact, some researchers report studies
on the effects of FSW in 5754-H111 joining for automo-
tive production [21-23]. Yiiriik et al. proposed a mechanical
and microstructural assessment after FSW of 5754-H111
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aluminum alloy with the aim to perform welding in the
automotive and shipbuilding industry [24]. Rodriguez-Mil-
lan et al. studied the effect of the perforation under normal
impact by conical, hemispherical, and blunt projectiles on
5754-H111 and 6082-T6 aluminum alloys due to their large
use in the automotive and naval sector [25]. The investiga-
tion also includes studying the influence of process param-
eters, i.e., the welding directions, the heat inputs generated
during the process, and the surfaces subjected to force dur-
ing the Erichsen cupping tests. This is accomplished by con-
sidering welding directions parallel and perpendicular to the
rolling direction and by varying the travel speed in order
to achieve lower and higher heat inputs. Specifically, these
variations result in two defined conditions termed “hot” and
“cold.” Each condition was tested at both the extrados and
intrados in the Erichsen tests. The results of cupping and
tensile tests and the microstructure and fracture analyses
are reported in order to evaluate the effect of the FSP on
the single material, give the basis for a future implementa-
tion of FSW, and solve the issues that traditionally affect
the welded joint, such as porosity and blowhole generated
by the melting and solidification which happen in the weld-
ing zone [26]. Furthermore, a correlation between welding
parameters, specific microstructure, and mechanical resist-
ance is presented.

2 Materials and methods
2.1 Materials and experimental campaign

The materials used are 2-mm-thick sheets of Al-Mg alloy
AAS5754-H111 and AL-Mg-Si alloy AA6082-T6. The sam-
ples are rolled plates of 200 x 100 x 2 mm?® dimension. FSP
was carried out in the center of the rectangular plates accord-
ing to the perpendicular and parallel directions with respect
to the rolling direction. The FSP tool is a trifluted one; it has
a shoulder diameter of 8 mm, a pin diameter of 2.7 mm, and
a pin length of 1.8 mm (provided by FPT industries). The
experiments were conducted on a vertical milling machine
using a customized fixture and the tool mentioned above.
The process parameters in this study are listed in Table 1.
The process parameters were chosen based on the studies
of Kim et al. and Yi et al. [27, 28]. Indeed, as explained in
an authors’ previous work [5], a travel speed range value is
obtained by considering the tool’s geometry and the mate-
rial’s thermal characteristics and fixing the rotation speed.
In particular, 38—-118 mm/min is the range found for the
travel speed for AA6082 sheets and 33—101 mm/min for
the AA5754. By choosing the minimum and the maximum
values of these ranges for each material considered, the
related heat input can be considered, respectively, maximum
and minimum. For these reasons, the correlated processing
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conditions will be indicated as “hot” (minimum travel speed
value) and “cold” (maximum travel speed value).

The processing direction has been considered aligned and
perpendicular to the rolling one to investigate its effects on
the microstructural and mechanical properties. Both direc-
tions are indicated in Fig. 1, where the rolling directions
are indicated as “rolling direction 1” if it is aligned with the
welding direction and “rolling direction 2” if it is perpen-
dicular to the welding direction. In summary, four different
processing conditions for the two materials have been con-
sidered for a total of 8 FSP experiments.

2.2 Characterization procedures

Samples for metallographic and microhardness analysis
were obtained by cutting the welded plates to investigate

Table 1 Experimental

the cross-section in the direction perpendicular to the FSP
one. Then, the samples were mounted and polished accord-
ing to the metallographic procedure [29-31]. To measure
the hardness of the specimens, Vickers microindentation
tests were performed using a test load of 100 gf and a
dwell time of 15 s. Three lines of indentation were made,
hereinafter indicated as bottom, core and top, as shown
in Fig. 2, considering a distance equal to 0.75 mm in the
vertical direction and a distance equal to 1 mm in the hori-
zontal direction. However, more indentations were made
horizontally, reducing the space between two adjacent
indentations, in the 6082-T6 samples, considering the more
variable values of microhardness and so to report a more
precise trend, as discussed in the further section. For metal-
lographic analysis, the specimens were electrochemically
etched using a solution made of 5 ml of HBF, (48 wt%) in

" . No conditions  Materials ~ Rotation Travel speed Tilt angle (°)  Processing Processing
conditions and main FSP and ID samples speed (mm/min) direction conditions
parameters (tpm)

1: 6-Perp-Hot ~ 6082-T6 1350 38 2 Perpendicular ~ Hot
2: 6-Par-Hot 6082-T6 1350 38 2 Parallel Hot
3: 6-Perp-Cold 6082-T6 1350 118 2 Perpendicular  Cold
4: 6-Par-Cold  6082-T6 1350 118 2 Parallel Cold
5:5-Perp-Hot ~ 5754-H111 1350 33 2 Perpendicular ~ Hot
6: 5-Par-Hot 5754-H111 1350 33 2 Parallel Hot
7: 5-Perp-Cold 5754-H111 1350 101 2 Perpendicular  Cold
8:5-Par-Cold  5754-H111 1350 101 2 Parallel Cold
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200 ml of H,O and applying 20 V for 1 min; the observa-
tions were made by means of a polarized light microscope.
The mechanical properties of the joints were also evaluated
by tensile tests. Specimens for tensile tests were prepared
perpendicular to the welding direction as schematically
shown in Fig. 1 (black dotted rectangle indicated as “ten-
sile sample”). Uniaxial tensile tests were carried out by
using a Galdabini QUASAR 50 testing machine, which is
equipped with a 50-kN load cell; tests were performed at
room temperature according to standard ASTM E8 [32]
and with a testing speed set to 3 mm/min, and the results
were compared to the base materials ones. Three speci-
mens for each FSP configuration were tested.

To measure the ability of the sample to undergo plastic
deformation in stretch forming, Erichsen cupping tests
were carried out according to the ISO 20482 [33], which
is valid for sheets having a thickness up to 2 mm and a
width of 90 mm or greater. The procedure involves form-
ing an indentation by pressing a punch with a spherical
end against a specimen clamped between a die and blank
holder until a through crack appears. A through crack is
defined as a crack that runs through the entire thickness
of the specimen and is wide enough to allow the pas-
sage of light through a part of its length. Samples with
55 %55 x 2 mm°> have been obtained from the FSP sheets,
as schematically shown in Fig. 1 (red dotted square indi-
cated as “Erichsen sample”). Three specimens have been
tested for each of the configuration described above, and
putting the welding line both at the intrados and at the
extrados, for a total of 48 Erichsen tests (4 processing
conditions, 2 materials, 3 replicas and 2 Erichsen test
configurations). The blank holder force is about 10 kN,
and the results are reported as cup height, intended as the
measured depth of the indentation.

2.3 Numerical analysis

In this work, a simplified approach is proposed to simulate
the effect of FSP on metal sheet formability. Specifically,
the numerical simulations of Erichsen tests were carried out
using the commercial software PAM-STAMP, developed
by Esi Group. The geometry of the tools was set in accord-
ance with ISO 20482, while an axisymmetric configuration
was adopted in order to reduce the number of elements. The
meshes consisted of three- and four-node Belytschko-Tsay
shell elements.

For better clarity, the mesh for the tools and the sample
used is shown respectively in Fig. 3a and b. Specifically, 5865
3-node elements and 10,217 4-node elements were used for
die, 3060 3-node elements and 7004 4-node elements for
blankholder, and 816 3-node elements and 9350 4-node ele-
ments for punch. In total, 160,082 elements, 10,064 elements,
and 10,166 elements were used, respectively, for die, blank-
holder, and punch. The specimen mesh consisted of 31,812 3-
and 4-node Belytschko-Tsay shell elements, and it was divided
into 3 zones, as shown in Fig. 4. In fact, in order to simplify
the numerical analysis, it has been made the hypothesis that
the area subjected to FSP (represented by the central zone of
the specimen) presented a variation of physical state due to a
“reset” of the hardening effects and aging in the central zone.
This hypothesis is plausible since the treatment involved a
recrystallization and a solution of the precipitates. As a result,
the samples were simulated as tailor welded sheets made of
three different materials (Fig. 4). In the case of base sheet,
the three materials were identical, while in the case of treated
sheets, the three materials were different.

For simulations, Hill ‘48 quadratic yield criterion was used
for considering anisotropy [34], which can be described with
the following equation:

Fig.3 Mesh adopted for Erich-
sen test simulations: a tools; b
specimen

a)
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MAT 1
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Fig.4 Three zones used for modeling the Erichsen specimen sub-
jected to FSP

Table 2 Anisotropic properties

R R R
of AA5754-H111 adopted for 0 45 %
simulations [35] 0.60 0.87 0.65
Table 3 Anisotropic properties F G H N
of AA6082-T6 adopted for
simulations [36] 0378 0.662 0338 1205

F(O’ -0 )2+G(0'ZZ—0'

yy fed xx

)2 + H(Gxx - O-yy)z

2 2 2 _
+ 2L0'yZ + 2M. o + 2N o= 1

where x, y, and z are the orthogonal axes of orthotropy, and
F, G, H, L, M, and N are material constants; o,, and o,y are
the in-plane stresses, o, is the out-of-plane stress, while Oyz
o, and o, are the shear stresses

Since these were sheet metal forming processes, it was
possible to assume plain stress conditions. In this way, the
out-of-plane shear forces became zero (o,,=0,,=0) and the
out-of-plain principal stress became zero (c,,=0). So, the
yield criterion became as follows:

(F + H)o,,* + (G + H)o,,> — 2Ho .0

w0y T 2No,, =1

If the F, G, H, and N coefficients were unknown, it is
possible to calculate them starting from the Lankford coef-
ficients in 0, 45, and 90 directions with respect to the rolling
one:

R, ) 1 R,

Fe G= _ (Ry +Rog) (1 +2Ry5)
R90(1+R0)’ 1+R,’ 1+R,’

2R90(1 +Ry)

Table 4 Parameter values for the two O-state alloys used for simula-
tions

K [MPa] n[-] & [-] Ref
AA5754-0 477 0.307 0.0095 [37]
AA6082-O 290 0.096 - [38]

The material parameters related to AA5754-H111 are
reported in Table 2, while the material parameters related
to AA6082-T6 are reported in Table 3.

Downstream of the FSP, it was assumed that due to
recrystallization and solution, the anisotropy of the crys-
talline structure and the presence of fine precipitates were
lost. As a result, it could be assumed that, downstream
of the FSP, the central zone of the specimen changes to a
physical state O and that the characteristics of that zone
may be assimilated to an isotropic material. So, the hard-
ening of AA6082-0 has been modeled by the Swift hard-
ening model:

o= K(so + ep)n

where K and n represented, respectively, the strength coef-
ficient and hardening index, while &, and € represented the
elastic strain and the plastic strain. For alloy AA5754-0, an
exponential hardening law has been adopted:

_ n
6—K£p

For completeness, the parameter values for the two
O-state alloys used for simulations are given in Table 4.

Instead, forming limit curves were taken from literature
both for AA5754 [37, 39] and AA6082 [36, 38, 40]. The
effect of friction has been modeled using the Coulomb
friction relation:

Jo =

where f, and f, represented, respectively, the tangential force
and the normal force, while u indicated the coefficient of
friction. The value of the latter has been set at 0.12, in line
with what is reported in the scientific literature [41].

The boundary conditions consisted of a clamping of
the die in x, y, and z directions, of a force applied to the
blankholder in the z-direction equal to 500 kN (needed
only to avoid sliding of the specimen between the die
and blankholder) and in a constant speed in z-direction
imposed to the punch and equal to 2 mm/ms. This choice
is only numerical: In fact, being a cold forming, the effects
of the strain rate could be neglected.
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3 Results and discussion
3.1 Experimental results

The macrographies of the friction stir—processed materi-
als are reported in Figs. 5 and 6; the appearance is typi-
cal of the employed technology. It is possible to note the
typical nugget in the central zone, where the combined

effect of heat and deformation caused a complete recrys-
tallization of the metal. On the side of the nuggets are the
affected zones, and these zones differ considerably for the
two alloys.

For example, looking at Fig. 5c, the 6082 alloy has an
elongated microstructure in the rolling direction far from
the welded zone, and this kind of microstructure remains
unchanged up to the immediate proximity of the nugget,

Fig.5 Macrographies of FSP 6082 and 5754 alloys in hot conditions: a 6082 parallel, b 5754 parallel, ¢ 6082 perpendicular, d 5754 perpendicu-

lar

Fig. 6 Macrographies of FSP 6082 and 5754 alloys in cold conditions: a 6082 parallel, b 5754 parallel, ¢ 6082 perpendicular, d 5754 perpen-

dicular
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where heat and work produced the thermo-mechanically
modifications [42, 43].

Different is the case of the 5754 alloy where, at the side
of the nugget, a board zone of grain refinement is well vis-
ible (see, for example, Fig. 6d). This zone is due to static
recrystallization induced by the heat generated during the
FSP process, since the 5754 alloy is in the temper state
H111, i.e., cold worked. That means that the heat acted
upon a structure with high dislocation density and, there-
fore, easily susceptible to recrystallization.

The results of microhardness measurement are shown
in Figs. 7 and 8.

For the 5754 alloy, the hardness does not undergo sub-
stantial variation in the welded zone with respect to the
base materials, since the grain refinement phenomena
compensate for the loss of temper state H111 [44].

—-TOP —--CORE BOTTOM
140
120
100
80 . = . //X’\ .
. TR N———
2 At
60
40 |
20
0 L L L )
0 5000 10000 15000 20000
Distance, um
a)
—-TOP —-CORE BOTTOM
140
120
100 [
\'\H‘
80 | — . .
>
T
60
40
20
0 1 1 1 )
0 5000 10000 15000 20000

Distance pum

c)

The behavior of the 6082 alloy is different: The hard-
ness decreases inside the joint, and the extension of the
affected zones is greater in the upper part of the welded
zone according to the thermo-mechanical phenomena that
occurred during the FSP process. Indeed, it is important to
note that Fig. 8 displays significant variations in microhard-
ness compared to Fig. 7. Consequently, more indentations
were made, and additional data was collected over the same
measurement length to further analyze these differences.

Inside the nugget, the material experiences a complete
dynamic recrystallization with grain refinement and dynamic
coarsening of precipitates, and these two phenomena have
opposite effects on the mechanical properties. The first one
leads to the strengthening of the alloy, the second to softening,
and in the present case, the effect of precipitates’ coarsening
prevails, with a worsening of the mechanical properties.
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Fig.7 Microhardness measurements for 5754 alloy in different process conditions: a parallel hot, b perpendicular hot, ¢ parallel cold, d perpen-

dicular cold
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Fig. 8 Microhardness measurements for 6082 alloy in different process conditions: a parallel hot, b perpendicular hot, ¢ parallel cold, d perpen-

dicular cold

Also, in the case of the 6082 alloy, the heat generated
by the process caused the over-aging of the metal in the
areas at the side of the nugget, with a consequent decrease
in hardness.

By comparing the micrographs of the two alloys, it can be
observed that, in the case of the alloy 5754, the tunnel defect
is present in all the process conditions analyzed.

This defect cannot be attributed to an insufficient ther-
mal input, as it is present even in hot conditions, or to an
incorrect experimental setup; in fact, the tunnel defect is not
present in the case of the alloy 6082.

In agreement with Leitdo et al. [17, 45], the plastic behav-
ior of the two alloys is quite different; the 6082 alloy, under
process conditions of FSP, is subject to strong over-aging
and internal decohesion mechanisms which facilitate the
plastic flow. On the contrary, alloy 5754 does not exhibit
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a significant softening as well evidenced by the hardness
measurements.

The issues in the plastic flow are responsible for the for-
mation of the tunnel defect; moreover, these difficulties are
worsened by the fact that the metal sheets used in this exper-
imental work are thin and, therefore, the sections available
for the plastic flow are small [46, 47].

Tensile tests were performed on the two alloys treated
by the FSP process in all the analyzed conditions, and the
results were compared with the base materials. Alloy 5754,
as shown in Fig. 9a, has a scattered tensile curve due to the
Portevin—Le Chatelier effect; this behavior remains even
after the FSP treatment, albeit to a lesser extent.

Again, in the case of the 5754 alloy, the elongation at
break and the ultimate strength are comparable with those
of the base material in hot conditions.
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Fig.9 Tensile test result for base and FSP materials: a 5754 alloy, b 6082 alloy

Fig. 10 Different fracture mode observed for 5754 alloy: a hot condi-
tions, b cold conditions

For the 5754 alloy, the FSP process does not signifi-
cantly change the mechanical properties; so, during the
tensile test, the strain, except for the necking, is uniformly
distributed among the entire gage of the specimen. As a
consequence, the measured elongation at break is high.

The behavior in cold conditions is different. In this case,
the fracture mode changes, as shown in Fig. 10b, where it
is clear that the failure occurs inside the nugget by deco-
hesion, and the detrimental effect of the tunnel is evident.

During the FSP process, the material coming from dif-
ferent flows generated by the action of the tool is mixed
inside the nugget. If the heat supplied is not enough, these
flows do not weld together and represent the weak part of

Fig. 11 Different fracture mode observed for 6082 alloy: a hot condi-
tions, b cold conditions

the joint. On the contrary, in hot conditions, the fracture
occurs far from the nugget, as reported in Fig. 10a.

The alloy 6082 shows a different behavior. In this case,
the FSP process produced a large area of softening. Dur-
ing the tensile test, the deformation occurs mainly in this
area, while the rest of the specimen remains substantially
unchanged. Since the engineering strain refers to the entire
gage the specimen, in the curves reported in Fig. 9b, the
elongation at break is smaller than the base material.

Also, in the case of the alloy 6082, the hot conditions are
characterized by higher values of elongation at break and ulti-
mate strength and, as shown in Fig. 11, in cold conditions, the
failure occurs inside the nugget due to non-optimal mixing of
plasticized metal, whereas in hot conditions, the fracture is
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Fig. 12 Results of Erichsen cupping test for a 5754 and b 6082 alloys

outside the nugget in the HAZ. Although the failure modes
may appear similar, the reasons behind them differ. In the
case of 5754 alloys, fracture was a result of the tunnel defect.
On the other hand, in the case of 6082 alloys, even though
this defect was not present, the heat input characteristic of
the cold condition was insufficient to ensure optimal material
mixing, leading to fracture within the nugget.

Fig. 13 Fracture paths after
Erichsen cupping test: a 5754
base material, b 6082 base
material, ¢ 5754 hot condition
extrados, d 5754 cold condi-
tions intrados
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The results of the Erichsen cupping test are reported in
Fig. 12, where the cup height, i.e., the Erichsen index, at
break is plotted versus the different conditions. Some inter-
esting considerations can be made concerning the Erichsen
results, also in comparison to the tensile tests. Indeed, it is
important to recall that, in the tensile tests, the tested samples
varied by changing process parameters, and so considering
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Fig. 14 Fracture paths after
Erichsen cupping test: a 6082
hot conditions intrados, b 6082
hot conditions extrados, ¢ 6082
cold conditions extrados, d
6082 cold conditions intrados

both hot and cold conditions and welding direction, but in
the cupping tests, another aspect was considered, i.e., the
surface to which the punch was applied. Consequently, each
specimen in the aforementioned conditions was tested on

both the extrados and intrados of the processed part. This
distinction resulted in varying responses in the 5754 alloys.

Looking at Fig. 12, it is possible to note a decrease in
cup height concerning all the intrados conditions, and in

9.40
9.10
8.80
8.50
8.20
7.90
7.60

Pucnh stroke at failure [mm]

7.30

@ EXPERIMENTAL ENUMERICAL

Thickness
2.006
. 1.943
1.881
1.819
1.756
1.694

1.632
1.569

Min = 1.569
Max = 2.006

a)

b)

Fig. 15 Numerical results of AA5754-H111 base sheet: a comparison between experimental and numerical punch strokes at failure; b thickness
trend on the sample just before necking (dimensions in mm)
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FLD (strain) - Zones by quality - Membrane
Insufficient stretching (5)
Safe (4)

Marginal zone (3)

lCracks (1)

a)

Fig. 16 Forming limit analysis for AA5754-H111 base sheet: a location of necking; b distribution of local strains on the forming limit diagram

and strain path of cracked elements (the blue line represents the ¢,

these cases, the fracture occurs in the middle of the weld
bead, as reported in Fig. 13d. As previously discussed, the
FPS is a challenging process for the 5754 alloy, especially
in thin sheets, due to material flowability issues. Tunnel
defects were identified in all tested specimens, therefore,
the application of high forces involved in the Erichsen
tests accentuates the tunnel, creating a notching effect that
causes premature failures compared to the base material.
However, different findings emerged for extrados conditions.
It can be seen that there is no significant change in form-
ability between the untreated condition and the extrados,

Fig. 17 Experimental-numeri-
cal comparison of failure points
in extrados for Erichsen cupping
test of AAS5754 base sheet

Safe (4)

max = €min

Wrinkling trend (6)

condition) [39]

in agreement with both hardness and tensile test measure-
ments. The same behavior was highlighted by the analysis
of the cupping test fractures, illustrated in Fig. 13, in which
it is possible to see that in both the 5754 base material and
extrados-treated condition, fractures occurred circumferen-
tially around the point of maximum height. In these cases,
the reason is related to the fact that the high force exerted
during the Erichsen tests led to a reduction and closure of the
tunnel defects present in the treated 5754 specimens, mak-
ing its effect negligible. In other words, beyond cold and hot
conditions, intrados- and extrados-treated surfaces strongly

Insufficient stretching (5)

lMarginal zone (3) >

@ Springer



The International Journal of Advanced Manufacturing Technology (2024) 131:3851-3869 3863

FLD (strain) - Zones by quality - Membrane
Insufficient stretching (5)
Safe (4)

Marginal zone (3)

ICracks (1)

a)

Fig. 18 Forming limit analysis for AA6082-T6 base sheet: a location of necking; b distribution of local strains on the forming limit diagram [36]

affect the formability of the 5754 alloy, offering potential
mitigation for possible defects’ effects.

The alloy 6082 is characterized by higher values of cup
height with respect to the base materials in all the process
conditions analyzed, as reported in Fig. 12. The softening
that occurred during the FSP process leads to an increase of
ductility and consequently deformability. In hot conditions,
the fracture occurs at the side of the weld bead according
to the tensile test (see Fig. 14a and b). The weak part of the
FSP treated specimens is the heat-affected zone; similarly to

Fig. 19 Experimental-numeri-
cal comparison of failure points
in extrados for Erichsen cupping
test of AA6082 base sheet

Safe (4)

the 5754 alloy in cold conditions, irregular fracture paths are
observed as reported in Fig. 14c and d. However, the absence
of the defects, such as in the 5754 cases, leads to results
comparable in all the processed conditions, both in the extra-
dos and intrados, offering increased formability compared
to the base materials, in alignment with the tensile findings.

Furthermore, it can be noticed that the change of the FSP
direction to the rolling direction has no influence; indeed,
the results obtained for the “parallel” and “perpendicular”
conditions are comparable.

Strong wrinkling trend (7)
Wrinkling trend (6)
Insufficient stretching (5)

. Marginal zone (3)

~ Cracks (1)
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Fig.20 Numerical results of AA6082-T6 base sheet: a comparison between experimental and numerical punch strokes at failure; b thickness

trend on the sample just before necking (dimensions in mm)

3.2 Numerical results

The adopted approach, being based on shell elements, does
not allow for the observation of the variation in failure
morphology between extrados and intrados. However, it
allowed for the prediction of the maximum height that can
be reached by the specimen before failure. Therefore, the
obtained results are reported through a comparison between
the experimental and numerical punch strokes at failure.
Figure 15a shows the comparison between the experi-
mental and numerical punch strokes at failure for AA5754-
H111 base sheet. It is possible to observe that the numeri-
cal results were in agreement with the experimental ones.
For completeness, Fig. 15b shows the thickness trend on

the sample just before necking. In the case of the absence
of friction, the strain path observed on the specimen should
be near the ¢,,, =€, line. The presence of friction led to
a monoaxial strain state (g, =0) near the contour of the
contact area between the punch and the sheet, a condition
that involves the formation of necking in this critical area. It
is possible to observe the location of necking on the speci-
men in Fig. 16a and the distribution of local strains on the
forming limit curve in Fig. 16b. Moreover, a comparison
between the experimental and numerical location of failure
is shown in Fig. 17.

The results obtained with the AA6082-T6 base sheet
were qualitatively similar to those obtained with the
AAS5754-H111 base sheet. As also experimentally

FLD (strain) - Zones by quality - Membrane
.Wrinkling trend (6)
' Insufficient stretching (5)
Safe (4)
Marginal zone (3)
.Cracks 1

a)

Fig.21 Forming limit analysis for AA5754-H111 subjected to FSP along rolling direction: a location of necking; b distribution of local strains

on the forming limit diagram [37, 39]
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Fig.22 Experimental-numeri-
cal comparison of failure points
in extrados for Erichsen cupping
test of AA5754 subjected to
FSP perpendicularly the rolling
direction

Safe (4)
.Marglnalm(a) —

Wrinkling trend (6)

Insufficient stretching (5)

observed, this alloy showed lower formability than the pre-
vious one. This was evidenced by a lower stroke at failure
of punch of about 30%. It is possible to observe the loca-
tion of the necking on the specimen in Fig. 18a and the
distribution of local strains on the forming limit diagram in
Fig. 18b. It is possible to state that the smaller contact area
between the punch and the specimen, respect the one in
AA5754-H111, was due to the different mechanical behav-
ior. This implied a lower influence of friction for the speci-
mens made of AA6082-T6. It is possible to notice this from
the fact that the failure points on the forming limit diagram
are shifted to the right, towards the biaxial stretching. For
completeness, the comparison between experimental and
numerical location of failure is reported in Fig. 19.

Figure 20a shows the comparison of the numerical punch
strokes at failure with the experimental ones. Although the
model tends to slightly overestimate the value of punch
stroke at failure, it is possible to state that the numerical
results were in agreement with what has been observed
experimentally since the obtained numerical value was
well-matched with the observed experimental dispersion.
For completeness, Fig. 20b shows the thickness trend on
the sample just before necking, while Fig. 19 illustrates the
comparison between experimental and numerical location
of failure. By comparing Fig. 20b with Fig. 15b, it is pos-
sible to observe the different formability of the two alloys.

In the case of treated sheets, the specimens could be divided
into two cases: specimens treated parallel to the rolling direction
and specimens treated perpendicularly to the rolling direction.

Max = 2.009

9.20 Thickness
E 8.60
@
5 800
3
® 7.40
(]
S 68
I 62 Min = 1.511
c
& 560
5.00
H EXPERIMENTAL = NUMERICAL

a)

b)

Fig. 23 Numerical results of AA5754-H111 subjected to FSP along rolling direction: a comparison between experimental and numerical punch
strokes at failure; b thickness trend on the sample just before necking (dimensions in mm)
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FLD (strain) - Zones by quality - Membrane

Wrinkling trend (6)
Insufficient stretching (5)
Safe (4)
Marginal zone (3)
Cracks (1)

a)

Fig. 24 Forming limit analysis for AA6082-T6 subjected to FSP along rolling direction: a location of necking; b distribution of local strains on

the forming limit diagram [36, 38, 40]

In Fig. 21, it is possible to observe the distribution of local
strain for the simulation of AA5754-H111 specimens treated
along the rolling direction. The failure numerically occurred
at the interface between treated and untreated sheet, near the
surface in contact with the punch. A comparison between
experimental and numerical location of failure is shown in
Fig. 22. However, the proposed approach did not take into
account any defects that could be present in the treated area:
In this case, the failure would take place inside the treated
area, near the contact area with the punch. This is shown by
comparing the numerical punch stroke at failure with those
experimentally obtained (Fig. 23a). In fact, the obtained
numerical value was higher than the average experimental

Fig. 25 Experimental-numeri-
cal comparison of failure points
in extrados for Erichsen cupping
test of AA6082-T6 subjected to

FSP along rolling direction Safe (4)

Wrinkling trend (6)

value, but still compatible with the experimental dispersion
observed in the tests. For completeness, Fig. 23b shows the
thickness trend on the sample just before necking.

The distribution of local strains for simulation of
AAS5754-H111 specimens subjected to FSP perpendicu-
larly the rolling direction was similar to that observed for the
parallel one. It could be stated that the effect of the rolling
direction on AA5754-H111 alloy plates was negligible for
forming limit analysis and punch stroke at failure.

In Fig. 24, it is possible to observe the distribution of
the local strains for the simulation of AA6082-T6 speci-
mens treated in the parallel direction with respect to the
rolling one. The failure occurred at the interface between

Insufficient stretching (5)
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Thickness
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1.892
1.837
1.783
1.728
1.673
1.619

Min= 1.619
Max = 2.001

a)

Fig.26 Thickness trend on the sample just before necking for
AA6082-T6 subjected to FSP along rolling direction: a modeling the
sheet in zone 1 and 3 with a physical state T6; b modeling the sheet

the treated and untreated area, near the contact area
between the punch and the sheet (Fig. 25). In particular,
the treated sheet was less deformable than the base sheet,
in contrast to what was observed experimentally. This dif-
ference may be due to a change in the physical state of the
base sheet downstream of the FSP. In this case, the mod-
eling shall consider this mechanical variation. In fact, by
modeling the sheet in zone 1 and zone 3 with a physical
state O instead of T6, the results obtained are in agree-
ment with what was observed experimentally (Fig. 26b). In
conclusion, it can be stated that in the case of AA6082-T6
sheets, the FSP led to an increase in the formability of the
sheet but to a decrease in its mechanical strength.

For completeness, Fig. 26a and b show the thickness trend
on the sample just before necking, respectively, in case the
change in physical state was not considered and was considered.

4 Conclusions

Both alloys 5754 and 6082 present good formability after
the FSP process; however, their behavior is quite different.

In the analyzed process conditions, alloy 6082 under-
goes internal decohesion and dynamic recrystallization,
which facilitate the mixing of material inside the nugget
with the absence of defects. The softening is mainly due
to the loss of temper state T6 and increases the ductility
of the alloy and so the cold formability, as proven by the
Erichsen cupping test results.

However, in cold conditions, the analysis of fracture
paths indicates the presence inside the nugget of zones
where the mixing of materials occurred with difficulty,
and these zones are the weak points of the FSP material.

The behavior of the 5754 alloy differs considerably
from the 6082 one; in fact, in the first case, the material

9.40

Thickness E %10
2.076 E

he g
' 3

1.711 3 8.50
1.590 <

1.468 & 820
1.346 2

1.225 ° 7.9
Min = 1.225 z

Max = 2.076 § 7.60
3

& 7.30

W EXPERIMENTAL
®m NUMERICAL

b)

in zone 1 and zone 3 with a physical state O instead of T6, and com-
parison between experimental and numerical punch strokes at failure

flow during FSP is more difficult and, in all the analyzed
process conditions, the tunnel defect is present.

The alloy 5754 is not subject to softening; the static
and dynamic recrystallizations, occurring during the FSP
process due to the combined effect of high temperature and
high strain rate, compensate for the loss of temper state
H111, and the mechanical behavior and cold formability
are comparable to those of base material. Also, in this
case, irregular fracture paths are noticed in cold condi-
tions, mainly due to non-optimal mixing inside the nugget
and the presence of tunnel defect.

A simplified numerical approach was proposed for the
forming limit analysis of treated and untreated sheets, and
the numerical results were in good agreement with the
experimental ones.
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