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ARTICLE INFO ABSTRACT

Keywords: The present work involves numerical modeling of the Forming Limit Diagram (FLD) in a heterogeneous weld

FSW bead generated by FSW of two aluminum alloys (AA2139-T8 and AA7020-T651) through Nakazima test simu-

Finite element lation using Abaqus software and the second derivative of the large deformation criterion to locate the necking. A

FLD . concept is proposed to determine the FLD of welded bi-material sheet by the extrapolation method and the direct

Nakazima A A

Second derivative method. In the extrapolation method, FLDs have been predetermined for each of the seven weld zones and
extrapolated into FSW configuration. In the direct method, a simplified geometrical model limiting FSW zones is
used to determine the FLD for the global FSW bi-material assembled sheet. Results show that the extrapolation
method is slightly lower, they agree well with the direct method that shows acceptable values of the major and
minor strains, particularly in the expansion region, thus providing good indicative strain values during drawing.
The direct method was found to provide a more conservative and realistic prediction of forming limits, especially
in strain paths representative of deep-drawing operations, where failure is governed by the material behavior in
the expansion region. It was also observed that the heat affected zones govern the onset of localized necking,
while the base material AA2139-T8 exhibits the highest formability level among all weld zones. This is the first
study to compare two different simulation approaches for FLD extraction in a fully heterogeneous FSW weld
bead. The proposed methodology provides a practical numerical framework for predicting the formability of
dissimilar aluminum welded sheets and can assist in the design and optimization of lightweight components in
the aerospace, automotive, and structural industries.

1. Introduction

In terms of lightweight design, aluminum alloys are proved to be
very suitable materials because of their good mechanical properties that
are required in aeronautic, aerospace, automotive and defense in-
dustries [1,2]. Nowadays, the need to optimize the design of the part
with good mechanical properties is strongly required. Therefore,
assembling dissimilar aluminum alloy sheets in terms of mechanical and
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cost properties for example one alloy presenting respectively medium
performance alloy with low production cost and the second alloy pre-
senting high performance with high production, obviously contributes
to low-cost production of structural components with good mechanical
properties [3]. However, as the weld bead is relatively heterogeneous
and complex particularly when dissimilar materials are joined, a good
understanding of the mechanical properties is first required. Therefore,
research workers have concentrated their efforts of the understanding of
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in one hand the global and local mechanical properties and micro-
structure and in the other hand the formability of the FSW dissimilar
metal sheets and. For instance, Mishra RS and Ma Zy [4] have presented
a review article reporting the current state of understanding and
development of the FSW and FSP (friction stir processing) particularly
on the mechanisms responsible for the formation of welds and micro-
structural refinement and also on the effects of FSW/FSP parameters on
resultant microstructure and final mechanical properties. Lockwood
et al. [5] and Lockwood and Reynolds [6] have investigated the global
and local mechanical response of heterogeneous structures on the local
constituents of the friction stir welded aluminum plates. The viability of
modelling and simulation response has been achieved through com-
parison to experimental results. Liu and Chao [7] have determined
global mechanical response of FSW plates by using local constitutive
properties on the base metal, heat affected zone and weld nugget and
adopting the principle of rule of mixtures to develop analytical models.
Moreover, Simar et al. [8] have sorted out the effect of the welding speed
on the microstructure; local and overall mechanical properties of fric-
tion stir welded joints in the aluminum alloy.

Obviously, in industrial application specifically for most automotive
components produced by conventional stamping lines, it is important to
know the material formability as each component is geometrically
complex and the material blank is usually being subjected to combina-
tion of stretching and drawing operations. Therefore, material’s forming
limit diagram (FLD) is essential in the production of quality stamped
product. Most of the research works on FLD deal with single material
sheets. Shabadi et al. [9] using FLD have studied the influence of crys-
tallographic texture on room temperature mechanical behaviour of the
aluminum alloy AA7020 sheets processed to different thicknesses
through rolling. Safdarian et al. [10] have conducted comparative study
of FLD prediction of tailor welded blanks in order to determine the
performance of numerical approaches such as Miischenborn-Sonne FLD
(MSFLD), FLD criterion (FLDcrt) and Ductile Fracture Criterion
(DFCcrt), as well as new numerical method of Second Derivative of
Thinning (SDT). Shakeri et al. [11] have made evidence that the FLD is
dependent upon the material properties such as strain hardening expo-
nent, strain rate sensitivity parameter, anisotropy parameter, grain size
as well as strain path. They concluded that the limit strains in the actual
strain path, near the punch radius in cup drawing, are lower than those
obtained throughout linear path.

Concerning the formability of dissimilar material sheet, Miles et al.
[12] have investigated the formability of FSW dissimilar alloys sheets
used to fabricate stamped automotive parts and have shown that FSW
process has better formability than gas tungsten arc welding process.
Genevois et al. [13], on their comparative study on local and global
mechanical properties of dissimilar aluminum FSW plates have shown
that local tensile data obtained by strain mapping are in good agreement
with the curve obtained by micro-tensile tests, therefore they have
suggested that the finite element model to predict the overall weld as-
sembly can be safely used. Grujicic et al. [14] have investigated
two-level weld material homogenization for efficient computational
analysis of welded structures. They used experimental data to construct
in one hand the material model for each weld zone and in the hand the
material model for the entire weld. Recent numerical investigations
have demonstrated that structural configuration and material hetero-
geneity play a decisive role in mechanical response and damage evolu-
tion [15]. In particular, studies on sandwich composite structures have
shown that geometrical characteristics such as core topology signifi-
cantly influence stiffness and strength [15,16]. Advanced finite element
formulations recently applied to layered systems further indicate that
simplified theories fail to capture transverse shear effects and interlayer
stress continuity, highlighting the need for zone-sensitive constitutive
descriptions in heterogeneous materials [16].In parallel, numerical
studies on cyclic plasticity and ratcheting revealed that loading history,
frequency, and hardening parameters strongly affect strain accumula-
tion and instability development, which is directly relevant to forming
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limit prediction [17]. Recent works on friction stir processing confirmed
that numerical simulations can reliably describe strengthening mecha-
nisms while preserving acceptable formability [18]. In addition, studies
based on nonlinear and multiphysics formulations demonstrated that
combined thermal, magnetic, and mechanical effects significantly in-
fluence deformation and stability behavior [19,20]. Finally, in-
vestigations in shipbuilding applications showed that friction stir
welding can improve strength without compromising formability and
that finite element and data-driven methods provide reliable predictions
of forming behavior [21].

Recent advances in computational mechanics have highlighted the
integration of artificial intelligence with nonlinear numerical modeling.
Neural networks and data-driven techniques have been successfully
combined with finite element methods to simulate complex systems
governed by multiphysics interactions such as heat transfer, dissipation,
and external fields [22,23]. In parallel, finite element formulations
applied to complex geometries and magnetized flows demonstrated that
geometric complexity and external physical effects strongly influence
transport behavior and entropy generation, confirming the necessity of
advanced nonlinear solvers in engineering applications [24]. Moreover,
recent developments in numerical algorithms have focused on
high-accuracy time-integration schemes. Exponential integrators and
compact finite difference formulations significantly improved numerical
stability and convergence in solving nonlinear time-dependent partial
differential equations, which is directly relevant for realistic simulation
of forming processes and strain localization phenomena [25,26].
Finally, numerical studies on natural convection in complex enclosures
confirmed that coupled thermal-geometric effects govern heat dissipa-
tion efficiency, further emphasizing the need for robust numerical
modeling strategies in systems with strong thermal gradients [27].

In the present study, the aluminum alloys AA2139-T8 and AA7020-
T651 were selected due to their complementary properties. The
AA2139-T8 alloy, belonging to the Al-Cu-Mg-Ag series, offers high
strength and good thermal stability, which makes it suitable for aero-
space and defense applications. The AA7020-T651 alloy, from the
Al-Zn-Mg family, is relatively less expensive, exhibits good formability,
and is widely used in automotive and structural applications. Combining
these two alloys in a single structure allows achieving an optimal bal-
ance between mechanical performance and production cost. Friction Stir
Welding (FSW) was chosen as the joining technique because it enables
defect-free solid-state bonding of dissimilar aluminum alloys without
melting, thus avoiding issues such as porosity and hot cracking that
typically occur in fusion welding. FSW also produces fine-grained mi-
crostructures in the stir zone, ensuring superior mechanical integrity
and consistent properties across the weld bead. Therefore, FSW provides
a reliable approach for joining AA2139-T8 and AA7020-T651 sheets in
lightweight structural components. Despite the significant progress in
experimental characterization of friction stir welded joints and numer-
ical simulation of forming limit diagrams in homogeneous sheets, a clear
gap remains in the literature regarding FLD prediction for fully hetero-
geneous FSW joints composed of dissimilar aluminum alloys. In partic-
ular, no previous study has presented a direct numerical comparison
between extrapolated FLD envelopes and a multi-zone direct simulation
approach within a unified framework. Therefore, the present work aims
to bridge this gap by proposing and comparing two numerical strategies
(extrapolation method and direct method) to predict the forming limit
behavior of an AA2139-AA7020 FSW joint. From a theoretical
perspective, the prediction of strain localization using standard
displacement-based finite element formulations is known to involve
intrinsic limitations. Classical continuum formulations do not incorpo-
rate an internal length scale, which may lead to mesh dependency and
an ill-posed description of localization phenomena once material
instability or softening develops. These theoretical limitations have been
widely discussed in the literature on strain localization and forming
limit prediction, particularly in heterogeneous materials such as welded
joints. To address these issues, enriched and enhanced finite element
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formulations have been proposed, including nonlocal, gradient-
enhanced, and embedded discontinuity approaches. The mathematical
rationale underlying these formulations lies in the introduction of
additional kinematic enrichments or internal length scales, which
regularize the localization process and improve the objectivity and ac-
curacy of strain concentration prediction in complex heterogeneous
media.

In the present work, standard finite element formulations combined
with a Swift hardening law and a second-derivative-based necking cri-
terion are deliberately adopted. The objective is not to develop a new
theoretical framework for strain localization, but rather to provide a
consistent and controlled numerical setting for comparing two FLD
prediction strategies namely, the extrapolation method and the direct
heterogeneous modeling approach under identical constitutive and nu-
merical assumptions. This choice allows isolating the influence of ma-
terial heterogeneity and modeling strategy on FLD prediction while
remaining consistent with widely used numerical practices reported in
the literature. The aim of the present work is to propose a concept for
modeling and determining FLD in a heterogeneous weld bead generated
by friction stir welding (FSW) of two aluminum alloys by extrapolation
method and direct method. The concept is based on the identification of
the materials properties around the weld bead [28], generated by the
FSW process, the simulation of the Nakazima test [29]and determining
the Localized Necking using the second derivative of the large defor-
mation criterion [30].

2. Methodology of concept

The concept of determining the FLD in FSW bead is presented
schematically in Fig. 1, consisting of four main steps. The different
friction stir welding zones are clearly identified for both base materials
to eliminate any confusion. The advancing side corresponds to the
AA2139-T8 alloy, which includes the base material (BM2139), the heat-
affected zone (HAZ2139), and the thermo-mechanically affected zone
(TMAZ2139). The retreating side corresponds to the AA7020-T651
alloy, which includes the base material (BM7020), the heat-affected
zone (HAZ7020), and the thermo-mechanically affected zone
(TMAZ7020). The central Nugget (Stir Zone) represents the mixed re-
gion where material from both alloys is mechanically intermixed during
the FSW process. This schematic ensures that each weld zone is
distinctly associated with its corresponding alloy and removes the
inconsistency noted in the previous version.

Tool Rotation
Advancing Side O
(AA2139-T8)

Retreating Side
(AA7020-T651)

BM2139 | HAZ2139 Nugget TMAZ7020| BM7020

(Stir Zone)

Traverse Direction =

BM = Base Material

[ Heat-Affected HAZ = Heat-Affected

/A Base Material

Zone Zone
74 HAZ EZ1 Nugget TMAZ = Thermo-
Mechanially

Fig. 1. Schematic illustration of the friction stir welding (FSW) zones in a
dissimilar joint between AA2139-T8 (advancing side) and AA7020-T651
(retreating side). The advancing side includes BM2139, HAZ2139, and
TMAZ2139; the retreating side includes TMAZ7020, HAZ7020, and BM7020.
The central Nugget (Stir Zone) represents the mixed region between both alloys.
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2.1. Input data

Must be clearly identified in terms of zoning the FSW bead materials
and also their properties. The welding configuration and results
considered for the work is published in the work of Bertrand et al. [31].
and from the experimental work of Mr. Robe's thesis [28]. It corresponds
to a butt weld configuration of an aluminum sheet AA2139-T8, placed
on the Advancing Side, and an aluminum sheet AA7020-T651, placed on
the Retreating Side. The welded thickness is 5 mm and with a tool placed
on the seam. The parameter included in this study concerns one of the
extreme points of the operative weldability range. It is a test with the
following parameters: feed speed 250 mm/min, rotational speed
600 rpm, tilt angle 2,5°. The tool used has a diameter of 15 mm and a
pin length of 4.8 mm. The experimental data of these works [28,31]
have been exploited in this article. The tool features a cylindrical
shoulder with 15 mm diameter, a pin length of 4.8 mm, and a threaded
cylindrical pin profile. In the Nakazima simulations, the punch contacts
the AA2139-T8 side (advancing side), which is the stiffer of the two
alloys. This choice reflects a conservative forming configuration, likely
to localize strain on the stronger side. The FSW process is conducted on
two base aluminum alloys AA2139-T8 and AA7020-T651 with the
chemical composition given in Table 1.

Then the corresponding geometry of the FSW bead zones generated
by the process should be modeled. In fact, when joining two materials
through FSW weld, the weld bead is composed of five zones: the nugget
when steering two plates, a thermally affected zone for each material
and a thermo-mechanically affected zone for each material. Five zones
are distinguished, as each zone has different characteristics. For a con-
venience of the simulation process, the geometrical model of the FSW
sheet can be illustrated in Fig. 2, which shows the border of each zone
including the two base materials. So, using image processing through
Origin Software, a simplified geometrical model is sorted out and consist
of seven zones; the base material BM2139-T8, the Base material
BM7020-T651, the Nugget, the respective heat affected zone of 2139-T8
and 7020-T651 aluminums, HAZ2139 and HAZ7020, and the respective
thermo mechanical affected zones of TMAZ 2139 and TMAZ7020 alu-
minums. One of the main difficulties is to sort out the tensile properties
of the FSW bead zone since tensile specimen cannot be prepared from
any zone of the bead. Nevertheless, using Hugo Robe [28-31] experi-
mental data, the tensile properties have been extrapolated and the
tensile stress strain curves for the seven zones are plotted. Moreover, due
to geometric limitations, precise sampling from narrow zones such as
TMAZ or HAZ introduces variability, and these approximations can
affect the assigned material behavior. Due to the very limited physical
width of the TMAZ and HAZ regions, direct mechanical testing of these
zones is experimentally difficult. Therefore, the mechanical properties
assigned to these narrow weld regions were reconstructed by extrapo-
lation from strain mapping and inverse identification methodologies
reported in the literature by Robe [28] and Bertrand et al. [31]. This
introduces uncertainty related to the assumed zone widths, the recon-
struction of stress—strain behavior, and the curve fitting procedure using
the Swift hardening law. However, since the same material dataset is
consistently applied in both the extrapolation and direct FLD ap-
proaches, these uncertainties affect both methods similarly and do not
alter the comparative conclusions of this study. Future work will focus
on experimental characterization and hardness mapping to refine
zone-specific properties.

2.2. Analytical calculus

In addition to the main tensile properties, the work hardening law
parameters must be computed from the plastic zone of the tensile curve.
In the present work, the Swift’s law is applied, Eq. (1).

While the Swift law provides a reasonable approximation of work
hardening, it does not capture the full complexity of microstructural
evolution in welded zones. More advanced constitutive models may be
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Table 1
Chemical composition of 2139-T8 and 7020-T651.
Material Zn Mg Fe Si Cu Ag Cr Mn Ti Ni Al
2139-T8 0.041 0.43 0.07 0.031 4.92 0.33 0.0022 0.31 0.12 0.005 Bal.
7020-T651 4-5 1-1.4 0.40 0.35 0.2 / 0.1-0.35 0.05-0.5 / / Bal.
- DIE
4 mm 3mm 5 mm 3mm 4 mm Blonk
—> > > 4> —> w—y
BM Haz \ TMAZ m™az / Haz BM i “Holder
2139-T8 2139\ 2139 Nugget 7020 7020 7020-T651
Punch
(b)
i Q@?
]
1 ) (@) 4

T N N e

i) e S

[ N =

1NN -

\ ( 1 i
t.. ! —P5_
203,20

(a)

(c)

Fig. 2. Nakazima test parts dimensions:(a) Simplified specimen geometrical model describing the seven material zones generated by the FSW joining of two
aluminum alloy sheets, (b) Nakazima test: ISO 12004-1, (c) Nakazima specimen blank geometry.

explored in future studies.
G =K(eo +2)" (@)

where o represents the equivalent stress (in MPa), € represents the
equivalent plastic strain (dimensionless), K is the strength coefficient (in
MPa), g is the pre-strain constant (dimensionless), and n is the strain-
hardening exponent (dimensionless)for a given material,Once the
work hardening law parameters are determined, and then the first thing
to achieve before starting the simulations is to simulate the mechanical
behaviorof the materials and validatethem through theexperimental
tensile curves. It should be noted that the Swift hardening law is adopted
in this work as a first-order constitutive approximation to ensure con-
sistency across all weld zones and to isolate the influence of the nu-
merical strategy on FLD prediction. The analytical identification of
material parameters from input data obtained from the literature is
directly implemented into the finite element simulations, ensuring
consistency between constitutive modeling and numerical prediction.
Although more advanced constitutive models could describe micro-
structural effects with greater accuracy, the present objective is a
comparative methodological assessment rather than detailed material
characterization. Therefore, a common constitutive framework is
intentionally applied to all zones to enable a fair comparison between
the extrapolation and direct approaches.

2.3. Simulation

The simulations consist in reproducing the Nakazima test according
to ISO 12004-1 standard. A blank sheet is blocked between the holder
and the die which is pushed by a punching tool until it breaks.The blank
sheet can get different initial shape. The main parameters for Nakazima
test are given in Table 2 and the Nakazima specimen geometry is shown

Table 2

Nakazima test parameters (mm).
Parameters Designation Values
R¢ Die Internal radius 53
rd Die corner radius 6.35
RM Blank holder radius 53
™ Blank holder corner radius 6.35
RP Punch radius 50.8
T(f) Blank thickness 1

in Fig. 2c. The principal of Nakazima tests relies of modifying the width
of the specimen and observing the behavior of the drawn sheet. The
different values of the specimen width are 25.4, 50.8, 101.6, 127, 165.1
and 203.2 mm.

The simulations of Nakazima test are carried out by two type of sheet
material properties; homogenous and heterogeneous.

1) In case of homogenous material, a series of sevenNakazima test
simulations are conducted on sheets that are characterized by their
respective mechanical properties according to material location in
the FSW bead zones (BM 2139-T8, BM 7020-T651, HAZ 2139, HAZ
7020, TMAZ 2139, TMAZ 7020, Nugget).

In case of heterogeneous material, Nakazima test simulation is
applied on the bi-material sheet in which the mechanical properties
are attributed respectively to each of the seven corresponding FSW
weld zone.

2

—

The numerical simulations have been investigated using the finite
element software Abaqus. The specimen is modeled with the solid
element type Reduced 8-node linear integration (C3D8R).

The boundary conditions in the numerical model is X and Y



M.L. Kheroufi et al.

symmetry are represented by blocked displacements in the Y and X di-
rection, respectively. The blank partition under blank-holder is blocked
in the all directions. The displacement in Z-axis for die and blank-holder
is blocked but, for the punch is 30 mm. The coefficient of friction () is
defined by u = 0.04. In each simulation, four steps are illustrated as
shown in Fig. 3. A mesh refinement check was performed in the weld
bead and expected necking zone by reducing the element size locally.
The strain localization patterns and extracted forming limit points
showed no significant variation with moderate mesh refinement, indi-
cating that the predicted FLDs are not sensitive to mesh size for the
comparative purposes of this study. The strain localization patterns and
extracted forming limit points showed no significant variation with
moderate mesh refinement, indicating that the predicted FLDs are not
sensitive to mesh size for the comparative purposes of this study.A grid
sensitivity analysis was conducted using three levels of mesh density,
with progressive refinement applied in the weld region and necking
area. The differences in predicted forming limit strains between suc-
cessive mesh refinements were found to be less than 2 %, confirming the
mesh-independent nature of the obtained numerical results. Therefore,
the intermediate mesh density was selected as a compromise between
numerical accuracy and computational efficiency.Numerical conver-
gence was controlled by specifying a residual tolerance of 10~ for all
degrees of freedom. Convergence was further verified by monitoring the
punch force-displacement response and strain evolution histories to
ensure numerical stability across all simulation steps.

2.4. Output

The output presents the results that are allowed to determining the
FLD. In the present work two methods have been used. In the first
method FLD have been plotted for each bead zonei.e., the material is
considered as homogenous in all sheet for each zone properties. The FLD
for the whole sheet is extraplatedfrom the seven FLD. In the second
method, the FLD is determined for the whole sheet. In this case the
geometrical model is divided into seven partitions. So, the material is
considered as heterogenous in all sheet, its properties and Swift pa-
rameters have been assigned according to each zone. The two formal
FLDs have been compared for validation.

- Die

—_~ Blank

IZI T ————Punch

VVVVV g

7 N\
\b<d__ Blank holder

Materials Today Communications 50 (2026) 114599

3. Results and discussion
3.1. Material properties

Fig. 4 illustrates the tensile curves of each FSW bead zones. Plotting
the stress-strain engineering curves reveals that the initial stress and
strain of the base materials decrease when the materials are joined by
the friction stir welding process. Effectively, AA 2139-T8 material is
most resistant and present much strain, meanwhile AA 7020-T651 is
about 20 % less resistant and 25 % less strained. The tensile properties
for the bead zones show significant decrease. The elastic stress dropped
by 45-55 % relatively to the value of elastic stress of AA 2139-T8. The
ultimate stress shows practically the same value of 376 MPa which is
about 30 % lower than the ultimate stress of AA 2139-T8. However, the
values of the strain are quite fluctuating from 0.21 % to 8.56 %. That is
quite difficult to check unless tensile tests are carried out for specimens
prepared from each bead zone. Nevertheless, in the present work the
values of the strains for each bead zone are adopted. The corresponding
mechanical properties are determined and presented in Table 3. Note

600

500

Mpa)

~

400

300 +

200 +

Engineering stress,o

100

5 10 15
Engineering strain,e (%)

Fig. 4. Tensile curves of materials around the FSW bead.

’

- ' \

Fig. 3. Nakazima test simulation steps: a) Blank placement on the die,b) blank clamping and punch placement,c) deep drawing,d) end of operation and deep-drawn

part ejection.
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Table 3
Mechanical properties around FSW sheet bead made of 2139-T8 and 7020-T651.
BM HAZ TMAZ Nugget TMAZ HAZ BM
2139- 2139 2139 7020 7020 7020-
T8 T651
6y(MPA) 505 234 280 256 234 235 395
o,(MPA) 529 376 376 375 375 375 445
A(%) 15.6 0.21 4.57 8.56 8.48 4.86 11.5

BM: Base material; HAZ: Heat Affected Zone; TMAZ: Thermo-mechanical
Affected Zone

that engineering stress-strain curves are shown for illustrative purposes,
while true stress-strain data were used in the finite element simulations
and Swift law fitting.

3.2. Swift law parameters

Using Swift’s law Eq. (1), the values of K and n for the seven FSW
bead zones are given in Table 4. The values of Kand n are respectively
725 MPa and 0.12 in the base material 2139-T8 and 645 MPa and 0.1 in
the basematerial7020-T651 there is respectively a difference of 10 % in
the value K and 15 % in the value of n. After friction stir welding, the
behavior of the creep region in the bead weld zones has changed
showing a decrease of the value K by 45-30 % relatively to the mean
value of the two base materials. Similar observation is found for the
values ofn. However, for the HAZ 2139 zone, the values of Kand nare
quite low and should be checked. Nevertheless, within the present work
these values of K and n have been adopted in the simulation
investigation.

3.3. Nakazima simulation results

Simulation of Nakazima test consists in applying a drawing operation
according to the steps described in Section 2.1. Numerical results are
illustrated in Fig. 5a; showing the strain distribution where a critical
zone is made in which the maximum strain occurs corresponding to the
undesirable Localized Necking. The drawing progression generates
strains that are recorded as a function of time along the whole drawing
process. Once the simulation of the Nakazima test is finished then the
second derivative of major strain over the time of the whole drawing
process is obtained for its maximum value (Fig. 5b). The method of
determining the second derivative of major strain is well explained in
literature 30 [17]. The major strain corresponds respectively to the
values of the reached strains at the time where the second derivative of
the major strains is higher. The same method was used to determine the
minor strain.The second derivative of major strain was selected as the
necking detection criterion because it provides a localized and objective
indication of strain instability during forming. Unlike empirical criteria
such as FLD or Miischenborn-Sonne, the second derivative method
directly identifies the onset of strain localization from the numerical
response without requiring calibration parameters. It has been suc-
cessfully applied in several recent numerical and experimental in-
vestigations on forming limit prediction, including Heidari et al. [30]
and Lumelskyj et al. [29], where its robustness in detecting localized
necking was demonstrated. Therefore, the use of the second derivative
criterion in this study is well supported by the literature.

Table 4
Swift parameters K & n for FSW zones of two aluminum alloys.

FSW MB HAZ TMAZ Nugget TMAZ HAZ MB

zone 2139- 2139 2139 7020 7020 7020-
T8 T651

K(MPa) 725 391 455 491 481 479 645

n 0.12 0.04 0.06 0.09 0.09 0.08 0.1

Materials Today Communications 50 (2026) 114599

3.4. FLD determination

Strain values (major and minor) were extracted from FE simulations
by tracking principal in-plane strains at the integration points near the
necking zone. These strains were averaged across a small region to
reduce noise.In the present work, The FLD have been determined
through simulation of Nakazima test. The FLD is quite complex to
simulate because when stir welding two sheets of two types of alumi-
nums the weld bead is submitted to metallurgical transformation
generating heat affected zones and thermo-mechanical-affected zones.
Then two methods for determining the FLD are suggested. In the first
method FLD is plotted for each bead zone. So, from the seven FLD, the
FLD for the whole sheet is extrapolated considered here as the extrap-
olating FLD method. In the second method, the FLD is determined for the
whole sheet considered as the direct FLD method. In this case the
geometrical model for these simulations process is divided into seven
partitions that are characterized by their mechanical properties. The
material properties and Swift parameters have been assigned according
to each zone. The two formal FLD are then compared for validation.The
differences in formability observed between the weld zones can be
physically attributed to the microstructural heterogeneity induced by
the friction stir welding process. The base material AA2139-T8 exhibits
the highest forming limits due to its higher strain hardening capability,
whereas the HAZ zones show reduced limits as a result of thermal
softening and microstructural coarsening. The nugget and TMAZ regions
present intermediate behavior, reflecting the combined effects of dy-
namic recrystallization and partial retention of parent material proper-
ties.Furthermore, a clear methodological distinction is observed
between the extrapolation and direct approaches. The extrapolation
method defines upper and lower bounds based on zone-wise FLDs,
providing an envelope of possible forming limits. In contrast, the direct
method accounts for strain redistribution across the entire welded sheet
within a unified finite element model, leading to a more realistic
description of the local strain paths and interaction between zones. This
explains why the direct FLD tends to be more conservative in the
expansion region, where strain localization is governed by the weakest
weld zone.

3.4.1. Extrapolating FLD method

The respective minor and major strains for the Nugget, Heat Affected
Zone, and thermo-mechanical-affected zone for both materials gener-
ated by the FSW process. The FLD of the base materials are quite
distinguishable according to the major and minor strains (Fig. 6). Then
when approaching the weld bead, the FLD are disturbed and the new
forming limits can be fitted within the two base materials FLD. In the
expansion region, when the minor strain is greater than 0, the FLD for
the base material 2139-T8 is the highest which is obvious as the BM
2139-T8 material presents higher materials properties and Swift’s pa-
rameters. However, the FLD for HAZ 2139 zone is the lowest. The FLD
for the other zones (BM7020-T651, Nugget, TMAZ 7020, HAZ 7020 and
TMAZ 2139) are situated within the higher and the lower FLD corre-
sponding to respectively the BM 2139-T8 and HAZ 2139. In the negative
minor strain region, when the minor strain is less than 0, the FLD for the
base material 2139-T8 can be considered as the lowest and the FLD of
the HAZ 7020 as the highest value. The FLD of the other bead zones can
be fitted within the higher and the lower FLDs. As a consequence, the
FLD for the whole bi-material sheet composed of two aluminum sheets
(2139-T8 and 7020-T651 materials) can be extrapolated from the above
FLDs for the Nugget, Heat Affected Zone and thermo-mechanical-
affected zone for both materials. The idea is the reconstruct is to fit
the seven FLDs within the higher limit and the lower limit in both re-
gions respectively the expansion and negative minor strain region.
Hence, the minor and major strains for the FSW bi-material sheet can be
illustrated as shown in (Fig. 7). The upper and lower limits in Fig. 7 were
obtained as envelopes of the seven zone-based FLDs shown in Fig. 6
using binning of the minor strain domain.Then in both expansion and
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Fig. 5. Strain distribution generated from Nakazima test simulation: a) Necking point area, b) Diagram of the second derivative of major large strain over time The
second derivative of strain helps in identifying the onset of localized necking, as described in [30].
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Fig. 6. FLD for seven zones generated by FSW process of two aluminum sheets.
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Fig. 7. FLD for a bi-material sheet joined by FSW process obtained by
extrapolation method.

negative minor strain region, the FLDs are located within two limits the
upper and lower. The former FLD is then characterized by three FLD

zones, the failure zone, above the upper limit, the safety zone below the
lower limit and the an uncertain zone between the upper and lower
limits.

3.4.2. Direct FLD method

The direct method consists in simulating the FLD for the bi-material
sheet by respecting the respective material properties and Swift’s pa-
rameters for each zone generated by the FSW process, the geometrical
model shown in Fig. 8. In this case, the FLD of the bi-material is illus-
trated in Fig. 8 showing the minor and major strains that are charac-
terized by conventional limiting lines within the expansion and the
negative minor strain region. Conventionally above these lines, the zone
is in failure, and below these lines, the zone is safe. It is interesting to
note that a few minor strains in the negative minor strain region have
resulted from the simulation up to 0.1 of the major strain whereas in the
expansion region values of minor strains ranged from —0.02-0.31.A
sensitivity analysis was conducted to evaluate the influence of zone
width on the FLD predicted by the direct method. The nominal widths of
the TMAZ and HAZ regions were varied by +10 % while keeping the
mechanical properties unchanged. The resulting FLDs showed only
minor variations in both major and minor strain limits, particularly in
the expansion region, confirming that the predicted FLD is not highly
sensitive to moderate changes in zone width. This indicates that the
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Fig. 8. FLD for a bi-material sheet joined by FSW process obtained by
direct method.
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simplified geometric representation adopted in this study is sufficient for
comparative purposes.

3.5. Validation of the simulation results of FLD for FSW bi-material sheet

It should be noted that no experimental FLD measurements were
performed in this study. This is a limitation, and future work will aim to
validate the numerical results using physical Nakazima tests and hard-
ness profiles across the weld bead.The simulated results of FLD for FSW
bi-material sheet from the extrapolation and the direct methods are
fairly interesting as they are in good agreement (Fig. 9). In the expansion
region, the FLD given by the direct method is almost the same limit as
the lower limit given by the extrapolation method. In addition, the direct
method is more representative as the values of the minor strains starts
from negative values (0.03) to positive values 0.33. In the negative
minor strain region, the direct method resulted in a limit that is lower
than the one given by the extrapolation method. Nevertheless, the latter
is not that influencing since for deep drawing process, only the expan-
sion region is determinant for conducting safe drawing. Hence in the
expansion region, the safety zone can be attributed to the zone below the
line given by the direct method. The validation of the proposed nu-
merical model was performed by comparing the predicted strain dis-
tribution and the computed forming limit diagram (FLD) with the
corresponding results reported by Bertrand et al. [31] and Robe [28].
The comparison showed good agreement in terms of strain localization
and limit strain levels, confirming the adequacy and consistency of the
proposed modeling concept. The model therefore provides a reliable
approach for predicting the formability behavior of the friction stir
welded (FSW) dissimilar aluminum sheets AA2139-T8 and
AA7020-T651. A qualitative validation was performed by comparing the
predicted strain localization patterns and forming limit trends with
those reported by Bertrand et al. [31] and Robe [28]. Although exper-
imental FLD curves for the exact AA2139-AA7020 configuration are not
available in these references, similar localization modes and relative
formability levels were observed. In particular, the location of maximum
strain near the nugget and TMAZ regions and the reduced formability in
the HAZ zones are consistent with reported findings. This qualitative
agreement supports the reliability of the present numerical approach.

4. Conclusion

The present work is a contribution in determining FLDs in hetero-
geneous weld bead generated by friction stir welding of two aluminum
alloy sheet. The investigation relies of the simulation of Nakazima test
and determining the Localized Necking using the second derivative of
the large deformation criterion. Firstly, a concept of determining the
FLD in FSW bead based on four main steps is presented. The first step
identifies the input data, the second step completes the first step by the
determination of the work hardening parameters, the third step is the
Nakazima tests simulation in order to obtain the major and minor strains
using the second derivative of the large deformation criterion, and the
FLDs are plotted in the final step. Secondly, a simplified geometrical
model limiting the FSW zones of the weld bead has been proposed on the
bases on Hugo Robe’s literature experimental data characterizing the
material properties of each zone known as Nugget, Heat Affected Zone
and thermo-mechanical-affected zone for both materials. Thirdly, two
methods respectively referred as extrapolation method and direct
method have been adopted for simulating Nakazima test under Abaqus
software to sort out the FLD. In the first method, FLD has been extrap-
olated from pre-determined FLD of each of the seven weld zones. In the
direct method, the FLDs have been determining for the global weld bead
with respect to the mechanical properties of each zone of the weld bead.
The originality of this study lies in applying a dual-method approach
(extrapolation and direct modeling) to derive forming limit diagrams
from zone-specific mechanical data. Results show that Nakazima test
simulations permit to identify the FLD when using the extrapolation
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Fig. 9. Comparison of FLD for a bi-material sheet joined by FSW process be-
tween extrapolation and direct methods.

method, obviously for each of the nugget, heat affected zones and
thermo-mechanical-affected zones for both materials generated by the
FSW process in the bi material sheet. However, the seven FLDs are
located between two limiting lines the upper FLD and the lower FLD.
Therefore, the extrapolation method suggests FLDs showing a safety
zone, a failure zone and an uncertain zone. When using the direct
method, the FLD is fairly representative comparing to results of the
extrapolation method. It is interesting to find out that in the expansion
region, the FLD given by the direct method is in good agreement with the
lower FLD given by the extrapolation method. In the negative minor
strain region, the direct method resulted in a limit that is too lower to
that given by the extrapolation method.Nevertheless, the latter is not
that influencing since for deep drawing process, only the expansion re-
gion is determinant for conducting safe drawing. Hence in the expansion
region, the safety zone can be attributed to the zone below the line given
by the direct method.It should be noted that the present work is based on
standard finite element formulations. Although advanced enrichment
strategies have been reported in the literature to improve strain locali-
zation prediction in highly heterogeneous media, their application was
beyond the scope of this comparative study. Since the objective was to
assess the relative performance of extrapolation and direct FLD ap-
proaches under identical numerical conditions, conventional elements
were considered sufficient. The use of enriched formulations will be
addressed in future investigations to further enhance prediction accu-
racy in complex welded structures.
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