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A B S T R A C T

Manufacturing-induced effects significantly affect in-service behaviour of welded structures, such as integrally
stiffened panels for aeronautic applications. Being a complex phenomenon with several variables involved, the
assessment of the effects coming from welding usually relies on numerical simulations. Here, a novel shell-based
finite element model is proposed to accurately simulate the transient thermal fields and stress-strain distributions
resulting from friction stir welding (FSW) processes. The capability of the model to predict (i) residual stresses,
(ii) material softening and (iii) geometric distortion of the welded parts is assessed by the modelling and si-
mulation of FSW applied on aluminium integrally stiffened panels.

1. Introduction

Stiffened panels are the common choice for structural elements
subjected to bending and, particularly buckling loads, in several de-
manding applications with high strength/weight ratio, such as the case
of airplane wings and fuselages but also ships and off-shore structures.
By means of a proper choice of the material as well as essential geo-
metric parameters (particularly the cross sectional dimensions), these
structures are supposed to withstand complex load scenarios. Indeed,
complex solicitation pattern derive from the combination of long-
itudinal compressive (buckling) forces, transverse loads, in-plane shear
forces, and those perpendicular to the base plate (inducing bending
effects) [1]. For this reason, the modelling and prediction of geometric
deviations are of crucial importance, particularly those coming from the
joining operations of individual panels.

The application of friction stir welding (FSW) processes to join in-
tegrally stiffened panels has recently been investigated as an alternative
of other joining techniques, such as riveting or fusion welding processes
[2–4]. FSW is a well-established solid state welding process that enables
to efficiently weld almost all types of aluminium alloys, even those
traditionally classified as non-weldable by fusion welding means [5].
Although the effects coming from FSW processes, in terms of residual
stresses and geometric distortion during and after joining, are proved to
be less invasive compared to other joining processes, the impact of such
effects on the performances of the welded structure should be carefully
assessed [6–8].

In this study, modelling and numerical analyses of FSW processes
were performed using the FEM commercial software package Abaqus
[9]. One of the main characteristics of the proposed numerical finite
element framework is that the parts to be welded were modelled ex-
clusively using shell finite elements. Regarding the use of Abaqus
package, many shell elements have been tested by several authors
[10–12]. Nonetheless, some authors adopted solid elements in their
models [13–15]. It is agreed that shell elements makes the meshing
process simpler and faster, when compared to using solid elements,
relying on a reference surface, usually in the mid-thickness of plate,
where the nodes are located. In terms of analysis, shell elements pro-
vide less computational time in contrast to solid ones, mainly due to the
lower number of elements to be used in the model. Moreover shell
elements allow for a more straightforward discretization of thin-walled
structures, at the same time avoiding to a greater extent over-stiffness
effects coming from transverse shear locking. Thin-walled structures
like plates and shells are the most common construction elements in
nature and technology [16]. Plate and shell structures are often re-
inforced with slender stiffeners, increasing the load-carrying capacity of
thin-walled structures without giving up their lightweight property. To
this purpose, a numerical modelling approach is of fundamental im-
portance in the understanding of FSW process effects on the structural
behaviour of stiffened panels in order to avoid conservative design
choices, often motivated by an attempt to compensate for structural
analysis uncertainties.

A 3-stage procedure was created, verified and adopted as a
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modelling and numerical framework that can be replicated by other
researchers and industry partners, by means of a coupled thermo-me-
chanical model and a sequence of quasi-static analysis. The summary of
the proposed modelling framework is covered in detail in the present
paper. In the first stage, a heat source moved longitudinally along the
welding line. On the second stage, a cooling step of the joined structure
is promoted. During these two initial stages, mechanical boundary
conditions were applied to simulate the clamping system. The third
stage of the simulation corresponds to the release of the joined structure
from the supports, where the boundary conditions are replaced by
minimal constrains only to prevent rigid body movements. No re-
meshing procedures were needed to reduce the involved computational
costs, which is an added value of the proposed modelling/simulation
procedure. At the same time, temperature dependence of relevant
material parameters was accounted for to ensure a reliable prediction
and performance of the proposed numerical procedure. Additionally,
thermal softening of the material was considered as being not only
temperature dependent but also temperature history dependent, which
is a distinctive feature of the presented approach.

The numerical models used in this study were firstly developed (and
calibrated) in the simulation of a relatively simple benchmark con-
sisting of single plates joining, being subsequently validated using re-
ference experimental data, obtained by some of the present authors and
commented in previous papers [17–19]. Doing so, AA2024-T3 plates
were friction stir welded using a HSS unthreaded tool and subsequently
microstructurally and mechanically characterized [18]. The residual
stress levels coming from the joining process were inferred by the
contour method [20], following the hybrid numerical–experimental
procedure reported in [19]. The validated model was afterwards ap-
plied to simulate FSW process of stiffened panels for aeronautical ap-
plications.

2. Materials and methods

The model of the welded plate, with the same dimensions of the one
used in the experiments [21], was discretized using shell elements. A
sensitivity study was carried out on the proper mesh density needed,
the type of shell element to be chosen and the optimum number of
integration point across thickness, seeking for a reasonable calculation
time without compromising the accuracy of the results. Different types
of heat source distribution were tested and the sensitivity of the nu-
merical model to distinct mechanical boundary conditions (simulating
the clamping system) was also assessed. Details concerning material
modelling, element formulation, discretization, boundary and loading
conditions are detailed presented in the following sections.

2.1. Material modelling

In the present work thermal and mechanical properties of AA2024-
T3 were defined following previous references in the literature
[18,22,23]. Thermal conductivity, thermal expansion coefficient, spe-
cific heat capacity, Young's modulus and yield stress were considered as
being temperature dependent, whereas density and Poisson's ratio were
assumed as temperature independent. An isotropic material model was
applied for all the parameters. The material was considered to behave
as perfectly plastic and therefore no hardening law was defined in the
constitutive model. In fact, Preston et al. [24] described an insignificant
effect of work hardening, compared with the perfectly plastic case, on
residual stresses numerically predicted for FSW processes with AA2024-
T3, since most of the plastic strain occurs at high temperatures when
work hardening rates are negligible. Additionally, the assumption of a
perfectly plastic behaviour can lead to gains in terms of computational
time, since there is no need for updates on the hardening variables.

Thermal softening effects induced by thermal cycles were also
considered including a softening model to properly account for the ef-
fects of the temperature and temperature history on the yield stress.

Among others, Sonne et al. [22] showed that the use of a softening
model can lead to important changes in the prediction of residual
stresses, compared to the solely use of temperature dependent material
properties [22,25–30]. In this regard, a softening model based on the
proposal by Myhr and Grong [31] and relying on the overall level of
precipitates dissolution and coarsening, was assumed and implemented
in the present work. Following the aforementioned contributions by
Feng et al. [30] and Sonne et al. [22], the yield stress (σ) can be defined
by:

= − − +σ σ σ X σ( )(1 ) ,max min d min (1)

where σmax is the yield stress of the material in the T3 condition, σmin is
the yield stress in the fully softened state and Xd is a dissolved pre-
cipitates fraction, defined by:
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where Δti is the size (time) of the increment, Ti is the current tem-
perature, tref is the time for total dissolution at the reference tempera-
ture (Tref ) and defined according to Sonne et al. [22], R is the universal
gas constant and Qref is the effective activation energy for the dissolu-
tion of precipitates.

Within a simulation run, for every increment the parameter Xd is
updated at each integration point starting from a value of 0 (corre-
sponding to the material in the T3 condition) and ranging up to 1 (a
fully softened material), according to Eqs. (2) and (3). The calculation
of Xd was carried out by means of an Abaqus USDFLD user subroutine
[9] developed by the authors, being this magnitude defined as a field
variable. Actual values of yield stresses are then obtained by an inter-
polation between upper (σmax ) and lower (σmin ) bounds of the yield
stress values, according to Eq. (1) and taking into account the current
temperature. The curves corresponding to the upper and lower
boundaries were based on the literature, although there are some dif-
ferences in the information provided by different authors
[22,24,27,32].

2.2. Model discretization

As previously mentioned, a shell element formulation was used to
discretize the plates to be modelled. Two types of elements from the
Abaqus library were tested: S4RT and S4T. These are 4-nodes thermo-
mechanical coupled elements, where S4RT adopts a reduced integration
scheme while S4T a fully integrated one [9]. Regarding the distribution
of the integration points across thickness, a Simpson's rule is used by
default in Abaqus [9]. Two different numbers of integration points were
tested using the S4RT elements: 5 and 9 points across thickness. For the
S4T shell element, only 5 integration points across thickness were used,
resulting in a total of 20 integration points per element (5 layers of 4 in
plane integration points). For this element, the option of 9 integration
points across thickness was not tested since preliminary results using
the S4RT element did not showed any advantages on using more than 5
integration points along the thickness direction. Three different mesh
refinement levels with 0.5, 1, and 2 mm width were tested, all of them
composed by equal sized square elements. The reasoning behind the
choice for regular meshes at this stage was related to infer if such a
simple approach would be effective or, on the contrary, a local re-
meshing procedure would be needed. This study showed that the first
option (the use of regular meshes) was enough for a good quality of
results with a low effort in mesh generation and manipulation.

Furthermore, sensitivity analyses were performed concerning dif-
ferent mesh refinement levels, type of shell elements and number of
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