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Abstract

This study investigates butt friction stir welding of 4 mm thick A20X plates, which were produced using additive manufacturing
through laser-powder bed fusion. The plates were joined at varying process parameters, including different welding and rotational
speeds. Both the microstructure and the mechanical strength of the joints were examined, comparing joints in both as-printed and
as-welded conditions.

The joints welded at a welding speed of 100 mm/min and a rotational speed of 1500 rpm exhibited superior mechanical properties
compared to those produced with other parameter settings. The results show that decreasing the rotational speed while increasing
the welding speed leads to the formation of tunnel defects, compromising joint integrity and resulting in lower ultimate tensile

strength. In contrast, the combination of 100 mm/min welding speed and 1500 rpm rotational speed produced defect-free joints, with

an average ultimate tensile strength of 335 MPa and an elongation at fracture of 8.5%.
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1 Introduction
Aluminum alloys stand out in lightweight engineering appli-
cations for their excellent specific strength and toughness [1].
In this regard, additively manufactured A20X alloy is a newly
advanced high-strength alloy in the 2xxx series, developed
by Aeromet International [1, 2]. This alloy contains boron
and titanium elements that favor the formation of an ultraf-
ine-grained aluminum matrix with a micrometric grain size
(around 1 pm) [3-5]. Such fine microstructures result from
the strong precipitation of very fine TiB, and Al,Cu second
phases within a homogeneous and texture-free a-aluminum
matrix. Ti and B do not tend to react with aluminum, so no
brittle second phases form at the interface of the Al matrix
and TiB, particles [5]. The outstanding strength of A20X
is further improved by 6- and Q-AlCu precipitates [1].
Yield strength falls within the range of 300-330 MPa for
most laser powder bed fusion (L-PBF) A20X alloys [1, 6-8].
The high dislocation density around the heteroge-
neously distributed nano-sized TiB, particles provides
suitable sites for the precipitation of Al Cu during aging
heat treatment. A supersaturated solid solution (SSSS)

forms after a solubilization treatment, while subsequent
aging generates at first Guinier-Preston (GP) zones and,
then, the formation of #-Al,Cu precipitates from the tran-
sition from metastable to stable phases, as in [3]:

GP zones — metastable 8" — metastable 0’

1
— stable 0 — Al,Cu precipitates M
Q-AlCu precipitates, instead, form during T7 heat
treatment (solubilization treatment and overaging) through
the following phase transformations [1]:

SSSS — Mg — Ag co —clusters > Q- Al,Cu @)

The A20X alloy mainly features two distinct precipi-
tates: plate-like Q on the {111} and 6" " precipitates on
the {001} aluminum habit planes [9]. Avateffazeli et al. [1]
attributed the primary strengthening mechanisms improv-
ing the mechanical strength of A20X to several factors,
including TiB, particles, solute atoms, small grain size,
and residual stresses. TiB, particles transfer the exter-
nal load from the matrix to hard TiB,/matrix interfaces.
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Solute atoms of Mg and Ag increase strength through
local distortions of the Al crystal lattice. Moreover, they
also promote the formation of Ag-Mg co-clusters serving
as nucleation sites for Q-Al,Cu precipitation. Other solute
atoms, like Ti and Cu, further increase strength through
solid solution strengthening [10]. According to the Hall-
Petch relationship [11], finer grain size increases the
strength of any polycrystalline metal. During the solidi-
fication process and subsequent cooling phase, the signif-
icant difference between the coefficient of thermal expan-
sion between the Al-matrix and TiB, particles increases
the dislocation density around the TiB,/matrix interface
and leads to the formation of residual stresses [5].
Currently, no studies have addressed the welding of
A20X alloy or the influence of different joining processes
on weld quality. Friction stir welding (FSW) offers a promis-
ing solution for joining this advanced alloy, as it overcomes
many limitations of traditional fusion welding methods.
Operating under solid-state, FSW minimizes the heat-af-
fected zone, residual stresses, and thermal distortions.
This study investigates the effects of FSW on the mechan-
ical and microstructural properties of additively manufac-
tured A20X produced via laser power bed fusion (L-PBF) at
varying welding parameters, including different rotation and
welding speeds. The research also aims to identify the opti-
mal process parameters for obtaining joints with superior
mechanical properties in terms of hardness and strength.

2 Materials and methods

A20X plates (4 mm - 75 mm - 55 mm) were produced
via L-PBF technology. Their chemical composition is
reported in Table 1, based on the supplier technical data-
sheet. The metal printing parameters were laser power of
370 W, powder size distribution range from 20 to 63 um,
hatch spacing of 4555 um, and layer thickness of 30 pm.
The average density of the plates was 99.7%. All samples
had their length parallel to the build direction.

The following process parameters were used during the
FSW process of A20X: plunge depth of 4 mm, plunge speed
of 10 mm/min, 2° tilt angle of the tool, and dwell time of 2 s.
Welding speed was varied from 100 to 500 mm/min, while
rotational speed was from 900 to 1500 rpm to obtain two
distinct welding conditions with either the highest or lowest
heat input involved: 100 mm/min — 1500 rpm, and 500 mm/

min — 900 rpm, respectively. For clarity, samples were
labeled as Vx-wy, where "V" stands for welding speed, "w"
rotational speed, "x" and "y" are the corresponding numeri-
cal values. As a result, the two welding conditions have been
labeled as V100-w1500 and V500-w900. The FSW cam-
paign was performed using an FSW machine (mod. FSW100
from Stirtec GmbH) available at the interdepartmental
research center on advanced joining technologies - J-Tech@
PoliTO - of the Politecnico di Torino, Fig. 1(a). The FSW
tool was made of S705 high-speed steel (alloyed with Co,
Mo, Cr, V, and W) in quenching and tempering condition,
and hardness of 65 HRC, Fig. 1(b). The tool had a 12 mm
flat scrolled shoulder to promote metal stirring. The width of
the spiral groove on the scrolled shoulder was 0.4 mm and a
depth of 0.2 mm. The shoulder ends with a 4 mm truncated
conical pin featuring a threaded surface and a cone angle
of 15°. An argon shielding gas was flown, with a flow rate of
10 I/min, through two nozzles positioned 2 cm from the rear
and front of the FSW tool to protect the weld from oxidation.

The mechanical properties of the FSW joints, includ-
ing ultimate tensile strength (UTS), yield strength (YS),
and elongation at fracture, were assessed through ten-
sile tests according to EN ISO 6892-1:2016 standard [12]
with a Zwick/Roell mod. Z050 tensile tester machine at a
crosshead speed of 10 mm/min. As shown in Fig. 2, these
samples were extracted from each weld using wire elec-
trical discharge machining with a geometry based on the
DIN 50125 standard [13]. The cross-sections of the FSW
joints were examined using a Carl Zeiss mod. Axio Vert.
Al optical microscope. The metallographic samples were
prepared with a standard procedure including grinding,
polishing, and final etching with a Keller's reagent.

The hardness of the as-built and V100-w1500 joints
was measured by Vickers hardness measurements. The
hardness test was conducted based on the ASTM E92-
17 standard [14] using an Innovatest mod. NOVA 130, with
a 500 g load, a dwell time of 15 s, and a spacing distance of
1 mm between two successive indentations.

3 Results and discussion

3.1 Microstructure and hardness examinations

In the FSW process, the stirring action of the pin and the
friction between the shoulder and the plates are the main
factors contributing to the heat input produced within the

Table 1 Chemical composition of A20X plates according to the supplier technical datasheet

Element Al Si Mg

B

Cu Fe Ag Ti

% wt. balance 0.1 max 0.2-0.33

1.25-1.55

42-5 0.08 max 0.6-0.9 3-3385




Fig. 1 (a) FSW equipment and (b) tool geometry (in mm) used for the
welding tests
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Fig. 2 Sketch of the FSW welds, tensile, and metallographic samples

weld and its surrounding areas [15]. Heat input, defined
as the heat energy applied to the workpiece per unit
length (J/mm), can be estimated using Eq. (3) [16]:

Heat inputi =n ( @ T) 3)
mm v
where T is the tool torque (Nm), # is the efficiency factor
(0.9 for aluminum and copper [17]), v is the welding speed
(mm/min), and
torque during the welding phase for the V100-w1500 and

is the tool rotational speed (rpm). The

V500-w900 joints was monitored in real-time during the FSW
process, with recorded values of 11 Nm and 16 Nm, respec-
tively. Using Eq. (3), the corresponding heat inputs were
computed to be 216 J/mm and 26 J/mm for the V100-w1500
and V500-w900 joints. These results are consistent with the
higher frictional heat experienced by the V100-w1500 joint,
due to its lower welding and higher rotational speeds.
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Fig. 3 shows the welds seam of the V100-w1500 and
V500-w900 FSW joints. The joint width remains consistent
between the two because the same plunge depth and shoul-
der diameter were used in their welding. A comparison of
the joint surfaces reveals that the V100-w1500 joint features
a smooth and uniform seam, while increasing the welding
speed and decreasing the rotational speed results in a rougher
seam surface, with visible imprints from pin revolutions.
The optimal weld appearance, characterized by reduced sur-
face roughness, is achieved by lowering the welding speed
and increasing the rotational speed. This welding condition
leads to higher heat inputs and, hence, to a stronger metal
stirring that facilitates smoother weld surfaces [18].

Fig. 4 shows the cross-sections of the V100-w1500 and
V500-w900 joints. As well-known, the stir zone (SZ) is asym-
metric because of the inhomogeneous material flow between
the advancing side (AS) and the retreating side (RS) of the
joint. The AS exhibits more pronounced material flow, as evi-
denced by a clear line between the SZ and the base metal
(BM). Onion rings (OR) are also observable in both joints,
even though they are less evident in the V100-w1500 joint.
In addition, Fig. 4 reveals a tunnel defect in the V500-w900

Fig. 3 The visual aspect of the FSW joints: (a) V500-w900, (b)
V100-w1500

Fig. 4 Cross-section of the FSW joints: (a) V100-w1500, (b) V500-w900
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joint, which is absent in the V100-w1500 joint. This defect is
attributed to insufficient heat input and metal stirring in the
V500-w900 joint. Due to the severity of the tunnel defect, no
further analysis was conducted on this sample.

Fig. 5 displays a microstructural comparison between
the as-printed A20X and the SZ of the V100-w1500 joint.
The BM microstructure, shown in images (a) and (b),
reveals a highly densified structure with minimal poros-
ity, a result of the proper additive manufacturing pro-
cess. Microstructural analysis of both the BM and SZ,
depicted in images (c) and (d), shows a fine microstructure
in both the as-printed and welded A20X, with grain sizes
of 1 um and 3 pum, respectively. This is in contrast with
other AM aluminum alloys, such as AlSi10Mg, which typ-
ically exhibit columnar grains [3]. The fine and equiaxed
grain structure in A20X is primarily attributed to the pres-
ence of TiB, particles, which act as effective grain refiners
due to their high coherency with the a-aluminum crystal
lattice [19]. As a result, A20X maintains a refined grain
structure even after welding [20].

Fig. 6 shows the Vickers hardness map of the
V100-w1500 FSW joint. The average hardness of the
as-printed A20X is 115 + 5 HV, while the hardness at the
top of the SZ reaches 125 = 3 HV. The SZ underwent a
severe plastic deformation followed by dynamic recrystal-
lization (DR X), resulting in notable grain refinement [21].

Fig. 5 (a) Optical and (b) SEM images of the as-built microstructure,
(c) optical and (d) SEM images of the SZ microstructure of the

FSW joints made with 100 mm/min welding speed and 1500 rpm of

rotational speed

Previous studies have also reported that the stirring action
in FSW can remarkably refine the microstructure in the SZ
compared to the BM and HAZ [21, 22]. However, in the
case of A20X as-built microstructure, TiB, particles act
as strong grain refiners, providing nucleation sites for new
grains during metal solidification, keeping a fine grain
size in the BM. Since there is no significant difference in
grain size between the BM and SZ, as observed through
the optical and SEM images of Fig. 5, the high heat input
achieved during FSW (calculated using Eq. (3)) can induce
phase transformations, coarsening, or even full decompo-
sition of metastable precipitates [23—27]. In A20X, this is
likely associated with the precipitation of A12Cu particles,
which increase hardness up to 125 £ 3 HV.

3.2 Joint tensile strength
Fig. 7 shows the results of the tensile tests performed on
both as-printed and welded A20X plates. The as-printed
samples exhibit an average ultimate strength (UTS),
yield strength (YS), and elongation at fracture of
384 +3 MPa, 284 + 21 MPa, and 11.5 + 2 %, respectively.
For the V100-w1500 joints, these values were reduced to
335+ 17 MPa, 269 + 2, and 8.5 + 3, respectively. The yield
stress was determined using the conventional 0.2 % strain
offset method from the stress-strain curve. Moreover, no
significant necking (less than 5%) was observed in the
fractured samples.

For comparison, Du et al. [28] reported that FSW on
AlSil0Mg alloy resulted in a UTS of 240 MPa, a 47%

Fig. 6 Vickers hardness map of the FSW joints with welding speed of

500 mm/min and rotational speed of 1500 rpm
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decrease from the as-built value of 451 MPa. Similarly,
Moeini et al. [29] found that FSW of AlSil2 plates led to
a 33% reduction in UTS, dropping from 450 to 300 MPa
compared to the as-built samples. In this study, the A20X
joint only experienced a 13% reduction in UTS relative to
the as-built condition, indicating the effectiveness of FSW
in preserving the mechanical properties of this additively
manufactured aluminum alloy.

4 Conclusions

This study investigates the microstructural and mechan-
ical properties of friction stir welded joints of laser pow-
der bed fusion additively manufactured A20X, assessing
the feasibility and influence of solid-state technology on
joint strength and quality. The main results are summa-
rized as follows:

* the stir zone exhibits a very fine grain size structure
like the base material because of the dynamic recrys-
tallization caused by the stirring action during the
joining process;

 the heat input developed during welding increases
the hardness of the welded joints to 125 HV, com-
pared to 115 HV in the base material. This increase
is attributed to the precipitation hardening of AL,Cu
second phase;
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