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Abstract
A20X is an advanced and high-strength additive manufacturing aluminum alloy with promising applications
in several fields, including aerospace and aeronautics. However, its assembling through fusion welding
technologies poses challenges due to the detrimental effects of melting and solidification. Friction stir welding
offers a promising solution for joining A20X, producing components with superior mechanical properties
while preserving the engineered microstructures. This study investigates the'influence of friction stir welding
on the quality of butt joints made of 4 mm thick additively manufactured A20X plates produced by laser
powder bed fusion. Different rotational (900 and 1500 rpm)/and welding speeds (100 and 500 mm/min) were
tested to evaluate the influence of the joining process on weld quality (mechanical strength, microstructures,
welding defects, and surface roughness). Friction.stir welding maintains a very fine microstructure in the
welds, with only a slight reduction of the mechanical strength compared to the base material (335 MPa vs. 385
MPa on average). The hardness of the welded joints increases, likely due to local aging caused by the heat
input during the joining process. Lower tool rotation and welding speed result in tunnel defects, notably
reducing joint strength. 3D X-ray computed tomography reveals that the metal stirring occurring during the
joining process notably reduces the intrinsic porosity of A20X. It also breaks up Ti borides and promotes the
growth of Al-Cu precipitates within the stir zone. The fractographic analysis highlights the ductile behavior of

A20X after welding, emphasizing the critical role of welding parameters in joint integrity.
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1. Introduction

Aluminum alloys are highly attractive for lightweight engineering applications in the automotive, acrospace,
and automotive fields due to their high specific strength and toughness. In recent years, the advent of additive
manufacturing has opened new potentials for these alloys, enabling the fabrication of components with intricate
geometries that are challenging to achieve using conventional manufacturing techniques. In this context, laser
powder-bed fusion (LPBF) technology has emerged as a pivotal method for producing high-strength aluminum
alloys with complex shapes to fulfill the growing industry demand. Several aluminum alloys, such as Al-Si

[1,2], AISi10Mg [3,4], Scalmalloy® [5], and A20X [6], have been effectively produced via LPBF. The LPBF



aluminum alloys most frequently used are based on Al-Si casting alloys. These alloys are characterized by
enhanced mechanical properties when compared to traditional Al-Si cast alloys [1,2]. Al-Si alloys processed
through LPBF exhibit good printability, attributed to their eutectic Si phase, alongside a narrow solidification
range that prevents the risk of solidification cracking [7]. LPBF AlSi10Mg has gained significant interest from
the research community [3,4] due to its broad range of industrial applications and noteworthy yield strength.
This alloy features a cellular microstructure consisting of primary a-Al cells (Figure 1 a)) with Mg,Si
precipitates and Si eutectic phase [3]. Mg,Si precipitates in the AISi10Mg alloy hamper dislocation movement,
enhancing mechanical strength [3]. Furthermore, the formation of large columnar grains oriented along the
heat transfer direction imparts anisotropic mechanical properties to the Al-SiMg alloys [7]. Figure 2
summarizes the yield strength for as-built AISi10Mg alloys as found in the literature. The yield strength is the
range of 150 - 300 MPa for most LPBF Al-Si alloys [8], with certain aging conditions providing higher values
between 275 and 325 MPa [9,10]. However, the relatively low yield strength and anisotropic mechanical
properties of the Al-Si alloy system [8] do not meet the growing demand for high=strength alloys with isotropic
properties. This challenge has spurred significant efforts in developing an advanced generation of aluminum
alloys. In particular, the non-heat-treatable 5xxx series has been enhancedto become precipitation-hardened
Al alloys through the addition of peculiar elements, such as Sc and Zr [5,11,12]. The introduction of small
amounts of Sc and Zr leads to the formation of Al;(Sc, Zr) particles, acting as dispersoids that improve
mechanical performance. This addition notably reduces the size of columnar grains, largely modifying
microstructure into submicron equiaxed grains [8]. Such transformation remarkably shifts the mechanical
behavior from anisotropic to isotropic [7]. LPBF additively manufactured (AM) Al-Mg-Sc-Zr grade, also
known as the trade name Scalmalloy®, represents a new generation within the Al-Mg alloys, featuring a bi-
modal microstructure with fine and uniformly dispersed Als(Sc, Zr) particles in the a-aluminum microstructure
[8]. The typical microstructure of LPBF Scalmalloy® is shown in Figure 1 b) [5]. Al;(Sc, Zr) particles enhance
mechanical strength, even at high temperatures [13]. The yield strength of Scalmalloy® usually ranges between
250 and 350 MPa, Figure 2. Therefore, LPBF Al-Mg-Sc-Zr alloys are positioned to supersede traditional AM
alloys like AISi10Mg, AlSi7Mg, and AISil2, offering superior thermal stability and yield strength [14].
However, both Al-Si alloys and Scalmalloy® have limited anisotropic mechanical properties, which can restrict
their application fields [15].

AlSilOMg Scalmalloy®

i

Build Direction

/\

Figure 1. EBSD map of LPBF a) AlSi10Mg showing columnar grains along the build direction and so

specific preferred orientation [3], b) Scalmalloy® with bi-modal microstructure [5] and ¢) A20X with equiaxed grains [16].



Figure 2. Yield strength and elongation of LPBF AlISil0Mg, Scalmalloy®, and A20X. See the supplement table for details.

LPBF A20X has emerged as a novel high-strength AI-Cu-Mg-Ag alloy, characterized by a homogeneous and
texture-free microstructure of a-aluminum reinforced with TiB, [6,16] and Al>Cu precipitates within grains
and along grain boundaries [17,18]. The grains in an as-built A20X are relatively small and equiaxed, Figure
1 ¢), contrasting with the typical epitaxial growth observed in"Al-Si system alloys [6] or the bi-modal feature
of Scalmalloy® [5]. This difference is attributed to TiB, particles being more effective grain refiners than
Al3(Sc, Zr) because of higher coherency with the matrix lattice [8]. Ghoncheh et al. [19] have reported A20X
to exhibit quasi-isotropic mechanical behavior owing to fine and equiaxed grains without a strong preferential
crystallographic orientation along any direction. The thermal stability (max operating temperatures at least 50
°C higher than the limits of conventional-aluminum alloys) and versatility of LPBF A20X make it suitable for

high-temperature applications [18].

The chemical composition of A20X alloy includes Al, Ag, Mg, Cu, Si, Ti, and B, each playing a unique role
in the alloy strengthening. Cu.can be both dissolved in the matrix as a solid solution and as Al,Cu precipitates
within the grains and/or along grain boundaries [6]. Li et al. [6] have shown that the rapid cooling rate
associated with-LPBE leads to Cu becoming supersaturated within the a-Al grains. Subsequent repeated laser
heating cycles, approximately at 150°C (close to the aging temperature of around 170°C), provide an in-situ
aging environment for A20X alloy, mitigating the mismatch of TiB,/aluminum interface. Laser heating lowers
the nucleation energy barrier and shortens the diffusion path for vacancies and solute atoms during aging,
facilitating heterogeneous precipitation. Although the Q and 0/ precipitates typically result from
solubilization and subsequent aging [20], they are still detectable in the as-built A20X microstructure.
However, a tailored post-heat-treatment can enhance the strengthening effect, improving mechanical
properties in the as-built parts [3]. Ag is an efficient trap for Mg atoms, leading to the formation of Mg-Ag co-
clusters on the {111} planes. These co-clusters also serve as heterogeneous nucleation sites for Q-Al,Cu
precipitates [20]. The addition of Ag in AI-Cu—Mg alloys promotes dense precipitation of the Q phase while
inhibiting the 0’ phase. The dense Q-Al,Cu precipitates are the most effective strengthening phases in A20X



at both room and high temperatures [20]. This effect is attributed to the fact that {111} plane is the main glide
plane in the Al face-center cubic matrix, where hexagonal-shaped plate-like Q-Al,Cu precipitates effectively

impede dislocation glide, thereby reinforcing the A20X alloy [3,18,20].

The high strength and the great thermal stability make additively manufactured A20X alloy a promising
solution for applications in the aeronautic and aerospace industries (e.g., satellite parts). However, the
widespread use of this alloy also requires its assembling with other parts. Laser welding is often a solution for
joining engineered components due to its ability to minimize residual stresses, distortion, and the heat-affected
areas. Despite this, fusion welding technologies pose significant challenges due to the detrimental effect of
melting and solidification, which alter the engineered structures of the additive parts. The high heat inputs
coarsen AM microstructure and eliminate some of the beneficial effects of the rapidly solidified structure
achieved during layer-by-layer manufacturing. Moreover, LPBF has limitations in building large components.
Other AM techniques, such as direct energy deposition (DED), can address this issue but the low superficial
detail resolution may result in coarser surfaces that typically need post-processing to meet acceptable surface
finishes [21]. Electron beam melting (EBM) may have limitations in terms of material availability, dimensional
accuracy, and surface finish compared to LPBF [22]. However, some major challenges remain in the AM of
large-scale high-strength aluminum alloy components, especially. with printability, defect control, and low

production volume with commercial off-the-shelf machines [23].

Friction stir welding (FSW) offers a promising solution for joining additively manufactured A20X, producing
assembled components with superior mechanical properties while preserving the engineered microstructures
[5]- This solid-state joining technique mitigates common issues associated with traditional fusion welding
methods (e.g., laser and arc welding), such as heat affected zones, residual stresses, and thermal distortions.
Additionally, FSW retains the benefits-of the rapidly solidified A20X structure from the additive production,
including a very fine grain size and supersaturated solid solution. As a result, a single high-temperature aging
treatment can be conducted after the additive fabrication to achieve both stress-relieving and strengthening [8].
Currently, there are'no studies specifically about the welding of A20X alloy and the influences of the joining
process on weld quality. However, several studies have already demonstrated that friction stir welding
enhances the corrosion resistance of advanced aluminum alloys [24,25]. The advantages of solid-state joining
have also’attracted the interest among additive manufacturing researchers to explore the production of

components via friction stir additive manufacturing [26,27].

This study investigates the influence of FSW on the mechanical and microstructural properties of A20X
obtained via LPBF at varying welding conditions (i.e., different rotation and welding speeds). The welding
parameters, including tool spindle torque and vertical and advancing forces, were monitored in real-time to
provide a comprehensive understanding of the joining process. The microstructure of the FSW joints was
assessed via optical microscopy, while the mechanical properties were evaluated through hardness and tensile
tests. 3D X-ray Computed Tomography was carried out to detect the porosity and welding defects in the as-

printed A20X and after welding to assess joint quality. Finally, a fractographic examination was also conducted



on the fracture surfaces of the welded tensile samples to assess the fracture modes under the different welding

conditions.

2. Materials and methods

A20X plates measuring 4 mm thick, 75 mm long, and 55 mm wide were produced via LPBF technology.
According to the technical datasheet, Table 1 reports the chemical composition of the A20X powder. The
powder size distribution ranges from 20 to 63 um. The parameters for the metal printing process included a
laser power of 370 W and a layer thickness of 30 um. The average density of as-printed A20X was 99.7 %.
All plates had their length parallel to the build direction. The average surface roughness of the A20X coupons
was characterized by Ra=4.1 um, Rt =31.3 um, and Rz 23.7 um.

Table 1. Chemical composition (wt.%) of A20X, as from the supplier technical-datasheet.

Cu Si Mg B Ag Ti Fe Al

wt.%

42t05.0 | 0.l max | 0.20t00.33 | 1.25t0 1.55 | 0.6t0 0.9 [<3.00to 3.85 | 0.08 max | bal.

A preliminary experimental campaign was conducted to identify the process parameters suitable for obtaining
proper joints, including plunge depth, plunge speed, dwell time, welding, and rotational speeds. The process
parameters for the FSW campaign on the AM plates are reported in Table 2. The welding tests were performed
using an FSW machine (Stirtec GmbH, mod. FSW100) with a nominal capacity of 100 kN in vertical force
and 600 Nm in torque, equipped with a water-cooled spindle, Figure 3 a). The FSW tool was made of S705
high-speed steel (alloyed with Co, Mo, Cr, V,.and W) in the quenching and tempering condition and hardness
of 65 HRC, Figure 3 b). The tool had-a 12 mm flat scrolled shoulder to promote metal stirring. The spiral
groove on the scrolled shoulder was 0.4mm wide and 0.2 mm deep. The shoulder ended with a 4 mm truncated
conical pin with a screwed surface and a cone angle of 15°. Two nozzles, positioned at the front and rear of

the FSW tool, fed an argon shielding gas to protect the weld from oxidation.

Table 2. Process parameters for the FSW campaign on the A20X plates.

Tilt angle | Plunge depth | Plunge speed | Dwell time | Welding speed | Rotation speed
[°] [mm)] [mm/min] [s] [mm/min] [rpm]
2 4 10 2 100, 500 900, 1500




Figure 3. a) FSW equipment and b) tool geometry used for the welding tests (dimensions in [mm]).

Five tensile samples were obtained from the welded coupons using wire electro-discharge machining (Baoma,
mod. BMW-3000) for mechanical testing, and four samples for microstructural examination, Figure 4. At
varying welding conditions, the samples were labeled using the nomenclature Vx-wy, where “V” means
welding speed, “w” rotational speed, and x and y are their values, respectively. The mechanical strength of the
FSW joints was assessed through tensile tests (ZwickRoell, mod. Z050) on dogbone samples according to ISO
6892 standard [28]. These trials were conducted on a standard testing machine, operating at a crosshead speed
of 10 mm/min. The cross-sections of the FSW joints were examined using optical microscopy (Carl Zeiss,
mod. Axio Vert Al). The preparation of the metallographic samples followed a standard procedure involving
grinding, polishing, and a final chemical etching with Keller’s reagent. Scanning electron microscopy (Tesca,
mod. MIRA3 XMH), SEM, was used to evaluate the fracture surfaces of the welded joints. The joint

appearance was assessed through visual examination and surface roughness measurements.



Figure 4. Sketch of the FSW welds, tensile, and metallographic samples.

The hardness of both the as-printed and as-welded samples was evaluated throughout their joint cross-section
using Vickers hardness testing. The tests (Innovatest, mod. Nova 130) were conducted according to the ASTM
E92 standard [29], using a 500 g load, dwell time of 15 s, and a spacing distance of 1 mm between two
successive indentations. Vickers hardness maps were generated with MATLAB software for detailed analysis.
3D X-ray Computed Tomography was conducted to detect the size, shape, and distribution of porosity and
possible defects in the as-printed A20X coupons. The same test was repeated on the same samples after FSW
welding. The nondestructive tests were performed using 300 kV tomographic equipment (customized
tomography machine from Fraunhofer IKTS) with a maximum resolution of 5 um. The system was equipped
with a 4-axis worktable enabling precise manipulation of the sample in the x-y-z directions and allowing for a
continuous 360° rotation. The welded samples were examined with 210 kV voltage and 60 mA current, with
the sample undergoing incremental rotations of 0.225°. Four projections were acquired for each incremental
rotation and recorded-as the reference for that specific position. A total of 1600 projections were collected over
a full 360° rotation for the 3D reconstruction of the sample. The data were processed by VGSTUDIO software.
The VGDefX algorithm was used to have detailed information about porosity and defects. The sphericity
parameter (W) of the detected features was computed with Eq. (1), according to Wadell [30]. Pore
sphericity is defined as the ratio between the surface area of a sphere (Ag) with the same volume as
the pore (Vp) and the effective surface area of the pore (Ap). Moreover, the volume of the pore (Vp)
can be used to calculate the equivalent diameter of a pore (dgg), as defined in Eq. (2). The analysis
achieved an image resolution of 15 um, which is crucial for the capability of the VGDefX algorithm to detect
pores and defects. The algorithm could not detect pores smaller than four times the volume of a cube with

sides equal to the resolution. Therefore, the minimum pore volume targeted in this study was set to eight times



the volume of such a voxel, equating to 3375 um?. Based on this and Eq. (2), the minimum equivalent pore

diameter is 37 pm.
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Figure 5 provides an overview of the methodology used in this work for the microstructural and mechanical
characterization of FSW joints obtained under different welding conditions.
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Figure 5. The research flow chart outlines of the friction stir welding for joining AM A20X plates and the different analyses performed on the

resulting joints.

3. Results and discussion

3.1 FSW process parameters

Mishra et al. [31] peinted out the paramount importance of in-line monitoring of the FSW process. Their
review emphasized that force and torque are sensitive indicators for detecting the material resistance to stirring
and potential defects and, hence, give some indications about the effectiveness of metal plasticization and joint
quality. In this, context, Figure 6 shows the typical torque and tool forces (in both advancing and vertical
directions) monitored during the FSW of A20X at varying welding and rotational speeds. During the plunge
phase, the monitored curves have the same trend at a given rotation speed. An initial peak in vertical force
around 5-6 kN is observed at 900 rpm, attributed to the attempt of the pin to penetrate the upper plates, Figure
6 a). At a higher rotational speed of 1500 rpm, the peak force is reduced to 4 kN because of the greater metal
softening. As the tool plunges, the vertical force drops to around 2-3 kN, before increasing steadily until the
shoulder touches the upper plates (3.8 mm of the plunge depth in approximately 22.8 s). The force increases
again at 24 s with a plunge depth of 4 mm. The period from 24 s to 26 s marks the dwell phase associated with
metal softening because of tool friction: the vertical force reduces to 4 kN at 900 rpm and 2 kN at 1500 rpm.
The welding phase is affected by both the welding and rotational speeds. It lasts approximately 36 s and 7 s at



100 and 500 mm/min, respectively. A welding speed of 100 mm/min results in a decreasing trend of the vertical
force, whereas a speed of 500 mm/min sees the vertical force peaking at 6 kN as the tool progressively
encounters colder material. The welding speed notably influences the vertical force: it remains constant at 2-3
kN at 100 mm/min but increases to 4 kN at 500 mm/min. Spindle torque exhibits an uneven but monotonic
increase throughout the welding cycle at 500 mm/min, while maintaining a nearly constant value at 100
mm/min. Overall, the torque increased with higher welding and rotational speeds: about 15-17 Nm at 900 rpm

and 10-14 Nm at 1500 rpm.
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Figure 6. Monitored spindle torque, advancing and vertical forces during the FSW of A20X: a) rotational speed of 900 rpm, welding speed of 100 and
500 mm/min; b) rotational speed of 1500 rpm, welding speed of 100 and 500 mm/min.

Higher torque and forces are an indication of insufficient heat inputs involved during FSW. As discussed later,
tunnel defects and rougher weld surfaces result from such improper heat input and, hence, metal stirring. These
findings align with the research by Su et al. [32] about the FSW of AA2024-T4. They reported that the higher
the rotational speed the lower the torque, and the higher the welding speed the higher the advancing force.

They also emphasize that the vertical force is remarkably larger than the advancing force, as also found by



Mirandola et al. [5]. The torque and force data display that metal plasticization might be insufficient at the
higher welding speed of 500 mm/min.

3.2 Microstructure and hardness examinations

Surface roughness affects the behavior of metals in different ways. For instance, a rougher surface increases
stress concentration on the weldment surface, which can reduce mechanical strength, particularly under fatigue
loading, and accelerate corrosion phenomena [33]. Therefore, after each friction stir welding experiment, the
average surface roughness - measured as Ra, Rz, and Rt - was determined at the center of the weldment surface
along the welding direction. The roughness data are integrated in Figure 7, which shows the appearance of
FSW joints at varying welding conditions. Despite variations in these welding parameters, the joint width
remains unchanged since it is mainly influenced by the shoulder diameter and plunge depth, which were kept
fixed in this study (Table 2). This figure also reveals the formation of circular marks on the weldment surfaces,
a consequence of the material flow below the tool shoulder during its revolution: Notably, smoother and more
uniform welding seams result from reduced welding and increased rotational speeds. The influence on the
weld surface roughness is more pronounced with variations in welding speed [34]: clear shoulder marks appear
in the samples welded at 500 mm/min, which are associated with the highest roughness values. This
phenomenon is attributed to the different thermal and material flow histories experienced across the joints: the
joints welded at 100 mm/min are associated with higher heatinputs (i.e., high rotation and low welding speeds),
experiencing a larger metal softening and plastic deformation. In this case, the surface roughness of the welds
is lower than that of the as-built A20X (Ra 1.6-2.6 pm vs. 4.1 um). Contrarily, the lower heat input and
plasticity produced at 500 mm/min result in rougher surfaces with visible marks, leading to a higher surface
roughness than the as-built A20X (Ra/4.9-6.0 um vs. 4.1 um). The results obtained are coherent with what has
been found in the literature. For example, Bozkurt [34] reported an average surface roughness, Ra, of
aluminum FSW joints (rotational speed 450 rpm and welding speed 40 mm/min) lower than 6 pm under

optimal welding setting.

100 mm/min 500 mm/min

RS

Figure 7. Appearance of the FSW joints at varying welding and rotational speeds. AS = advancing side; RS = retracting side. As a comparison, the

roughness of additively A20X exhibits Ra =4.1 um, Rt =31.3 pm, and Rz 23.7 um.
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Figure 8 depicts the typical cross-sections of FSW joints processed under different process parameters,
highlighting the stir zone (SZ) and base material (BM). These regions were identified through a detailed
analysis involving macrographs, hardness maps, and tool dimensions. As well-known, the metal stirring
induces an asymmetric material flow at the advancing (AS) and retreating (RS) sides of the joint, giving the
typical appearance in the FSW welds. The stronger material flow at the AS makes more evident the transition
between the SZ and the thermomechanically affected zone (TMAZ), and heat affected zone (HAZ), while it is
less detectable on the RS side. Moeini et al. [35] also reported a smooth transition from the BM to SZ on the
retreating, while a clear interface between the BM and the SZ on the AS. The asymmetric nature of the FSW
process makes the transition between affected regions on the AS and the SZ more evident. The material flow
on the RS is less intense because the rotation direction is opposite to the welding direction and counteracts
each other, while on the AS, the welding direction and rotation direction are the same. This leads to an increase
in temperature and intense plastic deformation in the AS compared to the RS [36]. Onion rings (OR) form in
all the welded samples, except under the V100-w1500 welding condition. Onion rings are generally the result
of a metal stirring that involves a shear deformation within the SZ [37], remaining as marks of the material
flow within the FSW weld [38]. They are often more evident at-the AS because of the stronger plastic
deformation at this side of the weld. OR-like formations in the SZ are an indication of a near-optimal
plasticization, mixing, and coalescence of the material [39]. As‘the metal is strongly softened by a proper heat
input (i.e., high rotation and low welding speeds), the tool homogeneously stirs the metals, and the resulting
marks of such mix, and hence ORs, tend to disappear. This is because ORs are not observed under the V100-
w1500 welding condition, since is associated with the maximum heat input developed during welding among

the examined conditions.

AS

V500-w900

Tunnel defect

BM

V500-w1500

Tunnel defect

BM
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V100-w900

Tunnel defect

V100-w1500

BM

Figure 8. Cross-section of the FSW joints with the variation of the welding and rotational speeds: a) V = 500 mm/min, w = 900 rpm, b) V = 500
mm/min, w = 1500 rpm, ¢) V = 100 mm/min, w = 900 rpm, and d) V = 100, w = 1500 rpm. The numbered marks highlight the locations of the

microstructures reported in Figure 9.

The extent of the SZ from the plate surface is consistently about 12 mm across all joints, a dimension mainly
affected by the shoulder geometry and plunge depth, as detailed in Table 2. The width of the welding zone
narrows toward the joint root, forming a conical shape influenced by heat input generated from friction and
plastic flow below the shoulder, which increases with welding speed. The average width of the SZ at joint
center measures 5.6 mm and 4.6 mm at-100 mm/min and 500 mm/min welding speeds, respectively. Joints
welded at the same welding speed but with different rotational speeds exhibit similar SZ dimensions at the
joint center, indicating thatwelding speed predominantly determines the SZ geometry at the joint root, the SZ
narrows to 3.2 mm and 2:6 mm for welding speeds of 100 and 500 mm/min, respectively. The metallographic
examination has pointed out tunnel defects in the welded samples. As shown in Figure 8, tunnel defects always
occur when joining with the highest welding speed, namely V500-w900 and V500-w1500 samples, while they
are discontinuous throughout the weldments for the samples V100-w900. Conversely, the tunnel is completely
absent in the V100-w1500 samples. Tunnel is a defect in FSW that remarkably affects the mechanical
properties of welded joints. An improper selection of welding process parameters, i.e., high welding and low
rotation speeds, and/or tool design causes insufficient metal softening and plasticization, along with an
unbalanced material flow around the tool pin [40]. As a result, insufficient metal stirring causes the formation
of a tunnel defect throughout the weldment length [41]. Therefore, a proper heat input, and hence metal stirring,
was developed when welding with the highest rotation and lowest welding speeds (V100-w1500 samples), but
not for the V500-w900 and V500-w1500 samples welded. V100-w900 samples, instead, were joined under a
critical welding condition associated with an intermediate heat input, which led to a discontinuous tunnel

throughout the weldments. So, even though high welding speeds could be preferred to increase welding
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productivity [40], lower welding speeds ensure proper heat inputs, with stronger metal stirring, and improved
joint integrity [42,43]. This is particularly important for components subjected to significant stresses under the
service [44]. The average cross-section of the tunnel defects is 0.406 mm? for the V500-w900 joint, 0.238 mm?
for the V500-w1500 joint, and 0.15 mm? for the V100-w900 joint when this defect occurs. No further analysis
was conducted on the V500-w900 samples due to the formation of a large and continuous tunnel defect. The
location of the tunnel defect changes at varying heat input. In the V500-w900 (Figure 8 a)) and V100-w900
(Figure 8 ¢)) joints, which experienced the lowest heat inputs, the tunnel defect is inside the SZ. It is located
at the AS in correspondence with the groove valleys of the threaded pin (Figure 3 b). At increasing heat input,
the tunnel moves at first toward the border of the tool tip, V500-w1500 (Figure 8 b)), and then disappears when
the joints experience proper heat inputs and metal stirring, V100-w1500 (Figure 8 d)).

Figure 9 a) and b) show the microstructures of the BM of the as-printed A20X and Figures 9 ¢), d), e), and f)
show FSW joints at varying welding and rotational speeds. The letters are representative of the corresponding
locations indicated in Figure 8. The LPBF process achieved a highly densified structure. Examination of weld
cross-sections at macroscopic and microscopic scales reveals a nearly porosity-free microstructure within the
SZ of the weld. The BM, marked by a, shows the marks of the laser scanning track. As shown in Figure 9 b),
upon superior magnification, this microstructure features ultra-fine grains with an average grain size lower
than 1 pm. In the SZs, the grain size remains quite small, showing little variation despite the significant changes
in process parameters. This uniform microstructural transition from the BM to the SZ has never been
highlighted in FSW joints of other AM aluminum alloys [38]. Moeini et al. [35] and Scherillo et al. [38] have
found that FSW significantly alters the typical layer-by-layer microstructural morphology as-printed
AlSil0Mg alloys, achieving substantial grain refinement in the SZ compared to the BM (about 70 times
smaller). The reason is attributed to the severe plastic deformation (metal stirring) caused by the tool pin
rotation, which promotes a dynamic.recrystallization (DRX) [45] with a consequent remarkable grain
refinement [45]. Figure 9 displays that the as-built A20X has relatively small and equiaxed grains, which differ
from the typical columnar grains of AISilOMg alloy [6] and the bi-modal microstructure of Al-Sc-Zn
Scalmalloy® [5]. This distinction is attributed to the TiB, particles, which have an effective grain refinement
capability due torthe high coherency with the a-aluminum crystal lattice [8]. Moreover, Ti dissolution in the
melt promotes the formation of Al;Ti layers on the TiB, particles, which enhance the nucleation of a-aluminum
through peritectic reactions [18,20,46,47]. As a result, the as-built A20X exhibits very fine and equiaxed grains
without any preferred texture [19], maintaining a consistent grain size between SZ and the BM in the joined

A20X plates.
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Figure 9. The optical microscopy images of a) base material with signs of scanning tracks, b) base material microstructure, c) stir zone of V100-w900

joint, d) stir zone of V100-w1500, e) stir zone of V500-w900, and f) stir zone of V500-w1500 joint.

The energy-dispersive X-ray spectroscopy (EDS) maps in Figure 10 revealthow metal stirring during the FSW
process affects the distribution of certain alloying elements in the welded joints. The maps for Ti and B can be
related to titanium borides (TiB,), while the Cu map reflects the distribution of Al-Cu precipitates, primarily
Al,Cu [17,18]. As observed in the Ti and B maps, titanium borides are fragmented during the stirring process
due to their ceramic nature, leading to a reduction in their size. In contrast, the EDS map for Cu shows a
significant change in its distribution after welding. The base material originally shows a uniform distribution
of Cu within the Al matrix, with some localized concentration along grain boundaries. However, the stirring
action disrupts these localized patterns. In addition, the high temperature reached during the welding process
(with a maximum temperature in the 400-500.°C range [48,49]) further promoted the formation of larger Al-
Cu precipitates. This particle growth is not.observed for titanium borides because of their much higher melting

temperature (3230 °C) [18].

Figure 10. SEM-EDS map showing the distribution of Al, Ti, B, and Cu elements in the a) A20X base material and b) the stir zone of FSW joints.
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Figure 11 a) and b) display a Vickers hardness map for the V100-w1500 and V500-w1500 FSW joints in their
as-weld state, respectively. As found by other studies [12,50], the hardness of the as-printed A20X is about
115 HV. It can be noted that a large scattering in hardness value of A20X because of the intrinsic porosity and
inhomogeneities characterizing the AM microstructure. Notably, the SZ achieves a hardness of 135 HV,
similar to what can be achieved after solubilization and aging heat treatment on A20X in [12,47,50]. According
to Li et al. [6], the high solidification and cooling rates in the LPBF process of A20X lead to Cu supersaturation
within a-Al grains. The amount of Cu in the o-Al matrix can reach 1 - 1.5 wt.% against an overall chemical
composition containing about 5 wt.%. Most Cu segregated along the grain boundaries as Al,Cu precipitates,
and the remainder dissolved in the Al matrix as a solid solution during rapid solidification. During FSW, the
metal is heated in a 450 - 500 °C range [51] and promotes the precipitation of Cu in solid solution as Al,Cu
precipitates and, hence, an increased joint hardness. It can be noted that a wider hard SZ has been obtained in
the sample V500-w1500. This means that, even though it promotes better metal stirring, the higher heat inputs
(i.e., higher temperatures) are responsible for microstructural softening. This softening could be attributed to
a microstructural overaging caused by a coarsening of Al,Cu precipitates. From studies about age hardening
of A20X [12,47,50], instead, there is no evidence of precipitation-of TiB; and their possible strengthening
effect.

BAS

V100-w1500

BM

[ » [
s

V500-w1500

105 110 115 120 125 130 135 140
HVO0.5

Figure 11. Vickers hardness map of the FSW joints with rotational speed of 1500 rpm and welding speed of a) 100 and b) 500 mm/min.

3.3 3D X-ray Computed Tomography
As discussed in the previous paragraph, the metallographic inspection of V100-w900 samples revealed

discontinuous tunnel defects throughout the weldment. Therefore, a more in-depth study was carried out
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through 3D X-ray Computed Tomography. Two samples, one without and one with the tunnel defect, have
been extracted from a V100-w900 weld seam and are shown in Figure 12 a) and b), respectively. The samples
with and without the tunnel defect have been labeled “T” and “NT”, respectively. Figure 12 shows the porosity
in the NT and T samples after 3D X-ray computed tomography. Such analysis also displays the extent and
location of the tunnel defect in the NT sample. Samples NT and T exhibit porosities of 0.38 %vol. (material
volume 3.94-10'" um?3, porosity volume 1.49-10° pm?) and 0.32 %vol. (material volume 3.81-10!" um?, porosity
volume 1.24:10° um?), respectively. The mixing and stirring action occurring during the FSW effectively
reduces the size of porosities, making the porosity distribution more homogeneous [5]. Figure 12 shows that
the SZs of samples NT and T are characterized by pores with volumes below 1.7-10° um?3, corresponding to an
equivalent diameter below 55 pm. Pores are not visible at the joint root, indicating a uniform joint through the
plate thickness. The total pores count for samples NT and T were 13975 and 7947, respectively, of which 3323
and 3159 exhibited an equivalent diameter above 55 pm. These larger pores constituted 72 % and 85 % of the
overall detected porosity for samples NT and T, respectively. Sample T exhibited a large tunnel defect with a
volume of 6.74-10% um?. For clarity, this defect has not been included in the computation of the porosity volume

for sample T (1.24:10° um?).

Volume [105-pum?]
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Figure 12. 3D X-ray Computed Tomography: distribution and pore volume in an FSW V100-w900 sample along the weldment in a region a) without
and b) with a tunnel defect. The color of the tunnel defect is not referred to the volume color bar.

The images in Figure 13 a) and b) show the plots of porosity sphericity vs. equivalent diameter and maximum
diameter, respectively. Both display a hyperbolic correlation, with most pores related to sample T with the
tunnel defect. The defect equivalent diameter ranges from 40 to 150 um, while the maximum diameter ranges
from 50 to around 350 pum, with only a few defects of about 450 um. It can be inferred from the sphericity

plots that the most frequent defects are elongated and can be attributed to a lack of fusion. Contrarily, a lower
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number of pores exhibit a semi-spherical shape, which might be associated with a gas entrapment occurring

during the solidification of the LPBF printed layers [6].
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Figure 13. 3D X-ray Computed Tomography of the samples NT and T (V100-w900 sample without and with a tunnel defect, respectively): a)
sphericity vs. equivalent diameter and b) sphericity vs. maximum diameter.

3.4 Joint tensile strength

Table 3 and Figure 14 show the results of the tensile tests performed on both as-printed and welded A20X
samples. The as-printed sample exhibits an average ultimate tensile strength (UTS) of about 385 MPa and an
elongation at fracture (ef) of 17 %. These mechanical properties decrease to about 335 MPa and 13 % for the
V100-w1500 joints, which did not have a tunnel defect. This defect, instead, limits the mechanical properties
of the V100-w900 and V500-w1500 joints.'V100-w900 joints show a UTS with a large data scattering related
to the occurrence of a discontinuous tunnel throughout the weldment, as found from the 3D X-ray tomographic
examination: maximum UTS of 345 MPa and elongation at fracture of 12% in the absence of tunnel (similar
to the sound V100-w1500 joint), but lower UTS (about 290 MPa) and elongation at fracture (7 %) when tunnel
occurs. The V500-w1500 joints show the lowest mechanical properties (UTS 250 MPa and e; 6 %) due to the
persistent tunnel.defects throughout the weld seams. All the samples in Figure 14 show step-like serrations
during plastic deformation. Avateffazeli et al. [20] reported similar serrations during tensile testing of as-built
A20X produced via LPBF. These serrations are macroscopic evidence of the Portevin-Le Chatelier (PLC)
effect that can appear in additively manufactured material. Such a phenomenon is caused by a continuous
locking and unlocking of dislocations on solute interstitial atoms and very fine precipitates during deformation
[52].

There are few works on FSW of traditional AM aluminum alloys, such as AlSi10Mg and AlSil2. Due et al.
[53] reported a 47 % decrease in the UTS of the FSW AlSi10Mg joints from its as-build state, with a drop in
UTS from 451 MPA to 240 MPa under optimal welding conditions. Moeini et al. [35] investigated the effect
of build direction on the FSW joint of AISi10Mg alloy. They observed that the UTS of FSW joints was about
25% lower than the as-built material, approximately 300 MPa. Moeini et al. [35] also found that UTS decreased

17



from around 450 to 300 MPa after joining AlISil2 sheets via FSW. Mirandola et al. [5] have found that the
UTS of Scalmalloy® can achieve a mechanical strength like the as-printed condition (about 400 MPa) after an
age hardening heat treatment. All these studies have highlighted a noteworthy decrease in the UTS of FSW
joints from their as-built counterparts. A20X joints, instead, experienced a mild decrease in mechanical
properties after FSW. In the best case, V100-w1500, UTS has reduced by 13 % on average reduction from the
as-printed condition. Although more comprehensive microstructural studies are necessary, presumably, the
peculiar chemical composition of A20X and the strong grain refining from TiB, particles could have a

noteworthy contribution to such a phenomenon.
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Figure 14. Tensile results for the as-printed and FSW A20X joints.

Table 3 Tensile properties of A20X alloy in as-built and as-weld conditions

Samples Yield strength [MPa] | Ultimate strength [MPa] | Elongation to fracture [%]
As-printed 284 +24 384+2 11.5+1
V100-w900 272 +5 315+27 75+2
V100-w1500 269 £ 1 335+19 8.5+2
V500-w1500 242 +7 242 +7 1+0.5

A fractographic examination was also carried out to understand the fracture modes of joints at varying welding
conditions  and” the influence of the tunnel defect. The joints V100-w1500, with the highest mechanical
properties, failed in the weldment along a pattern going from a region around the bottom border of the SZ
through the SZ and the rapid transition region between the SZ and BM at the advancing side with an irregular
fracture shape, Figure 15 a). The fracture surfaces do not show evident signs of macroscopic necking like the
fracture surface of the as-printed A20X. The same fracture mode has been found for the V100-w900 samples
without the tunnel defect, which failed with higher mechanical strengths. The appearance of the fracture
surfaces changes when a tunnel defect occurs in the V100-w900 and V500-w1500 joints. This defect is visible
on the fracture surfaces shown in Figure 15 b) and c). The crack started from this defect and propagated through

a straight pattern along the transition region between the SZ and the BM. This defect reduced the resistance
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cross-section of the welded specimen and acted as a stress concentration factor, limiting the overall elongation.
The crack patterns of V100-w900 and V500-w900 joints are also shown in the cross-section of the tensile
samples in Figure 16 a) and b), respectively. In all these cases, the crack pattern passes through the locations
where the tunnel defects were detected through the 3D X-ray tomography. Other studies about FSW of AM
Al alloys have reported similar fracture modes, such as the studies of Mirandola et al. [5] for Scalmalloy® and
Moeini [35] for AlSi10Mg: fracture patterns along either the SZ or the transition region between the SZ and

BM without macroscopic signs of necking.

5

Figure 15. Fracture surface forthe.a) V100-w1500, b) V100-900, and ¢) V500-w1500 joints after tensile test.

-
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Figure 16. Cross-sections of the failed a) V100-w900 and b) V500-w1500 joints.



Figures 17 and 18 show the fracture surfaces of the as-printed A20X and FSW joints obtained through SEM
examination, respectively. The fracture surface of the as-printed A20X shows a typical ductile feature with
dimples, Figure 17 a). This agrees with the elongation fracture (11.5 % on average) and the literature [54,55].
The as-printed A20X is also characterized by the occasional presence of some large pores, Figure 17 b), as a
direct consequence of the LPBF process. V100-w1500 (Figure 18 a)) and V100-w900 (without tunnel) samples
also show ductile fracture modes with the presence of dimples throughout the fracture surface. The lowest
elongation of 1% found in the V500-w1500 and some V100-w900 specimens is a consequence of large tunnel
defects, Figure 19, and not of an intrinsic brittleness of the metal. It is clear how the metal stirring did not occur
properly around the tool pin during FSW, and only some small regions were effectively joined. These joined
regions still exhibit a ductile fracture surface even tough with shallower dimples and less pronounced shear

lips, Figure 18 b) and c).

40 um

Figure 17. Fracture surface of the tensile samples of as=printed A20X: a) ductile fracture; b) magnification pointing out a pore obtained during LPBF.

40 pm 40 um 40 pm

Figure 18. Fracture surfaces of the welded tensile samples outside the tunnel defect, if present: a) V100-w1500 samples (without tunnel defect); b)
V100-w900 (with tunnel defect); ¢) V500-w1500 (with tunnel defect).
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Figure 19. Typical SEM fractographic images of the two broken halves oleiw tensile samples with tunnel defect (SEM images from V500w 1500
sample).

4. Conclusions

This work reports the findings on the influence of solid-state FSW on the mechanical and

microstructural properties of butt joints of advanced A20X alloy produced via LPBF at varying

welding conditions. The main results are summarized as follows:

- Regardless of the parameter settings, the welded joints maintain fine and equiaxed grains (average

grain size of about 1 pm) in the stir zonewithout a preferred orientation.

- The joint hardness increases from 115 HV to.a maximum of 135 HV, presumably due to local aging

caused by the heat input involved in the joining process. Higher heat inputs (V100-w1500 samples)

lead to a lower hardness increase, which can be attributed to a slight overaging.

- Insufficient metal stirring in V500-w1500 and V500-w900 samples leads to higher surface

roughness and the formation of tunnel defects with a detrimental effect on the joint strength. Tensile

strength reduces less than 250 MPa (sound joints over 310 MPa, base metal 375 MPa) and elongation

at fracture at 1%.

- The broken tensile samples show fracture patterns throughout the SZ zone or along the region

between the BM and the SZ. The SEM fractographic examination reveals that the microscopic

fracture mode is always ductile in all the investigated conditions, also in the presence of a tunnel

defect.

- EDS analysis reveals that metal stirring during the joining process breaks up the Ti borides and

promotes the growth of the Al-Cu precipitates within the stir zone.

- 3D X-ray computed tomography shows that the metal stirring during FSW notably reduces the

intrinsic joint porosity of the additively manufactured A20X.
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These findings underscore the potential of FSW in joining A20X for applications demanding high
mechanical strength and integrity, also emphasizing the need for precise control over welding

parameters to mitigate defects and ensure optimal joint performance.
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