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Abstract The present contribution reports on the cutting-edge research activities
performed by the authors in the field of innovative manufacturing processes applied
to advanced light alloys. These include Friction Stir Welding (FSW), Friction Stir
Extrusion (FSE), and Additive Manufacturing (AM). Two new FSW configurations
are here introduced anddescribed.Afirst double-side friction stirwelding (DS-FSW),
where the welding is performed on both sheet surfaces, one after the other. A second
rotating tool FSW (RT-FSW), in which pin is made to rotate around its centerline
welding direction, by 0.5 and 1.0 mm. The feasibility of solid-state recycling of a
case study, such as an AA1099 machining chips, is exploited using FSE process.
In addition, in order to optimize the die design and the process parameters, finite-
element (FE) simulation of the process was carried out. The game-changing potential
of the metal AM technology is un-veiled through results obtained on light alloys for
biomedical applications produced by Powder Bed Fusion (PBF).
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1 Innovative Manufacturing Processes Applied to Light
Alloys

In the following three different and promising new approaches to manufacturing
processes applied to metallic materials will be described. These three processes
start with well-known technological processes that were innovated by applying new
methods and/or new starting materials, both in terms of new alloys or new material
form. Thus, a friction-stir welding (FSW) with different and innovative layout is
here presented; an innovative friction-stir extrusion applied to light-alloy chips is
here described; new trends on additive manufacturing (AM) new trends on metal
additive manufacturing (AM) of light alloys are here reviewed.

1.1 New Approach and Layout of FSW Applied to Aluminum
Alloys

FSW produces a high-quality joint, compared to other conventional fusion welding
processes, such as laser welding. In fact, FSW is a welding process particularly
suited for joining non-metal materials to metals, especially in those cases where
it is not possible by using conventional fusion methods [1, 2]. As for the induced
structural modification during welding, the weld zone (usually called the nugget
zone, NZ) undergoes a solid-state process promoted by the frictional heat between
a rotating tool and the welding metal. A plasticized zone (that is both the nugget
and the thermos-mechanically affected zone) is induced to form by the rotating
tool. This is further extruded from the leading side (advancing, AS) to the trailing
side (retreating, RS) of the tool during its steady translation along the joint line
[3]. Another key advantage of the FSW is derived from the lack of need for filler
material or shielding gas. The temperature involved is typically some 50–100 °C,
which is well below the metal melting point and thus there is no volume change
during joining. Moreover, it is generally agreed that FSW, compared to the fusion
welding techniques, induces rather low residual stresses after welding. This implies
process reduced manufacturing costs [4].

Moreover, FSW generally guarantees better tensile, bend, and fatigue proper-
ties than fusion welds. Taking advantages of these positive factors, this process has
already been applied to a great variety of aluminum alloys, other than many other
metallic materials ([3–7] and references therein). In the case of the aluminum alloys,
the FSW technique has found may applications, such as external fuel tank of rock-
ets, stock of railways, bridges [5, 6], to cite but few. Other interesting applications of
FSW in the aerospace industry include fuselage, structural parts, cryogenic tanks, etc.
[3]. Other interesting applications also include the marine applications (like offshore
industry) [3, 7].
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The microstructure modifications occurring at the central FSW zone (that is the
NZ) most usually consists in dynamic recrystallization resulting in the formation of
fine equiaxed grains [8]. Since this recrystallized zone usually reduces the welded
alloy mechanical properties, an accurate choice of the process parameters, such
rotational speed, welding speed, tilt angle and sinking and of the tool geometry (pin
and shoulder geometry and size), is required. With this regard, the welding alloy
mechanical properties can be optimized by increasing the pin rotational speed, or by
decreasing the welding line progression [8].

One of the major possible drawbacks in using FSW against other fusion welding
techniques, refer to the tendency to form oxide layers on the butt surface (“kissing-
bond” phenomenon) whose formation is attributed to insufficient plunging of the
welding tool during FSW [9], and it is usually responsible of the formation of small
geometric discontinuities into the NZ [10].

In this context, the present contribution shows the effect of the process param-
eters, tool geometry and size on the mechanical properties of FSW joints by using
a conventional pin, and a non-conventional pinless tool configurations. The poten-
tial advantages offered by the pinless tool configuration can be fully exploited only
as thin sheets are welded since, as the thickness increases, the shoulder influence
becomes ever more localised to the top sheet surface.

A new FSWapproach andmethodology is here presented, with the aim of promot-
ing a better joint formability. This consists of carrying out the FSW process on both
the sheet surfaces. In this process, the first welding operation is followed by a second
welding performed at the plate opposite surface. Such an innovative methodology
has been defined by three of the present authors (Cabibbo, Forcellese, Simoncini) as
double-side friction stir welding (DS-FSW) [11, 12]. This new FSW methodology
has proven to be able to seal the geometric discontinuities, possibly produced by the
first welding process, by means of the second welding operation performed at the
opposite surface at the same experimental conditions. It resulted that the recrystal-
lized grain structure across the NZ is more homogeneous respect to the surrounding
FSW zones, compared to the conventional FSW. Such improvement in the joint qual-
ity is very attractive, especially in those cases where the joint materials are meant to
be subjected to post-welding forming operations.

A further novel approach to the FSW process (defined by authors as RT-type
[13]) is also here reviewed. This new configuration consists on a combination of
different plate-to-pin motions. In one configuration, the pin axial spin rotation is set
perpendicularly to the sheet blanks travelling along the welding line, with a lateral
rotation radius R = 0, 0.5, and 1 mm. In a second configuration, the pin translation
along the welding plate is set parallel to the welding line.

Both these new welding approaches were compared with the conventional FSW
procedures, using the same aluminum alloys.
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1.1.1 Description of the New FSW Process Set-Ups

Double-Side FSW (DS-FSW) Method

As for the double-side FSW (DS-FSW) method, a conical pin tool geometry (H13
steel of HRC= 52), with a shoulder diameter equal to 12mm and cone base diameter
and height of the pin of 3.5 and 1.7 mm, respectively, with a pin angle of 30°. A
19-mm-diameter rotating tool was used. All the welding experiments were carried
out with a nutting angle equal to 2°.

Two different sheet positions, with respect to the welding tool, were investigated
and are here presented:

i. AS-AS, in which the sheet is placed in the AS, at the first FSW operation, and
it is maintained in the same side during the following FSW passage at the opposite
surface;
ii. AS-RS, in which the sheet, placed in the AS at the first FSW, to be reversed, in
the RS, at the second FSW passage at the opposite surface.

The effect of the process parameters on the conventional and the DS-FSW were
inferred using homologous rotational speed values ω = 1200–2500 rpm, and same
welding speed v= 60 and 100mm/min. The conventional FSWwas carried out using
a tool sinking of 0.2 mm, the DS-FSW reached a sinking of 0.15 mm in the first pass
and 0.05 mm in the opposite surface. In DS-FSW AS-AS pin-pin the advancing and
retreating sides were maintained fixed for both welding procedures; AS-RS pin-pin
consists of reversing the advancing side into retreating side, from the first to the
second welding procedure. The third and fourth configuration differs from the first
two only in the absence of the pin during the second welding process. In the last two
(AS-AS, and AS-RS pinless-pinless) the welding process was performed with no pin
in both processes. Figure 1 shows a schematic representation of the three DS-FSW
configurations used.

Pin Rotation Deviation from Centerline (RT-FSW) Method

For this purpose, a conical pin tools in H13 steel (HRC = 52) with a 2.3 mm pin
height, 3.9 mm in diameter at the shoulder, a 30° pin angle, and a shoulder diameter
of 15 mm (applying a vertical force of 1.7 kN) was used (Fig. 2).

The welding motion combine two different plate-to-pin mutual motion set-ups:

(i) a pin axial spin rotation sets perpendicular to the sheet blanks, changing the
rotation along the plate centerline by a radius equal to R (=0, corresponding to the
conventional FSW, 0.5, and 1 mm);
(ii) a pin translation along a direction parallel to the welding centerline line.

The RT-type FSW innovative approach was compared with the conventional T-
type (linear welding motion, i.e. for R = 0). In both the RT-type and T-type FSW
processes, the stirring action was exerted by the pin tool rotation around its axis;
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Fig. 1 Representation of the three DS-FSW configurations: AS-AS pin-pin (top left-hand side);
AS-RS pin-pin (top right-hand side); AS-AS pin-pinless (bottom)

Fig. 2 Conventional (R-type) and T-type FSW configurations

the pin tilt angle was set at 2°, with respect to the normal direction to the plate
surface. The RT-type and T-type FSW were performed using a pin rotational speed,
ω = 2000 rpm, a transverse speed, v = 30 mm/min, and a tool plunging speed of
1.5 mm/min. The above reported setting parameters were chosen by an optimization
FSW processing study reported both some of the present authors in [13].

InDS-FSWnew approach a heat-treatableAA6082was used; in the secondT-type
FSW methodology, a non-heat-treatable AA5754 was welded.
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1.2 FSE Applied to Aluminum Chips

Recent literature has revealed some potential variants to the aluminum recycling
process compared to the conventional method, therefore without going through the
recasting phase, where aluminum alloys are subjected to significant plastic deforma-
tions at temperatures below solidus. In 1993, TWI patented a new recycling process
to be applied to metal shavings, named Friction Stir Extrusion (FSE).

The process is schematically represented in Fig. 3. This technique belongs to
the same family as the Friction Stir Welding technique (FSW) and follows the same
principles. It uses the heat generated by friction, between a rotating head and the chips
to be recycled, contained within a cylindrical matrix where the head is inserted; the
plastic deformation generated by the heat relative to the friction of rotation and the
progress of the head involves the mixing, the compaction and the extrusion of the
chips. In this way, the FSE processmakes it possible to transform the aluminum chips
into an extruded product, with high savings in terms of energy, work and economy
in relation to the conventional direct extrusion recycling method.

In particular a detectable wires of AA2050 and AA2195 alloys was produced
from machining chips by analyzing the amount of heat generated when the head
rotation speed varies [14]. Studies have shown how the rotation speed influences the
quality of the wires produced in AA7277; high rotational speeds involve hot cracking
formation, while low velocity results in cold tearing [15]. Italian researchers have
done a campaign on FSE of AA2024 aluminum alloy chips, aimed at the production
of MMC within the recycling process by adding SiC powder to the chips [16].
Some of the authors of this research (El Mehtedi, Forcellese, Simoncini, Spigarelli)
have studied also how the tool rotation speed affects the extrusion temperature thus
influencing the plasticity of the chips [17]. Other researchers focus their studies on
recycling of pure Mg chips and AZ31 alloy by means of FSE process [18–21]. A
pure aluminumAA1099 was chosen in this study in order to investigate the recycling
feasibility of chips and the effect of the process parameters on final properties of the
wires. In the early stage, aFE simulation campaignwas conducted in order to optimize
the die design and the process parameters in terms of plunge rotational speed and

Fig. 3 Synthesis scheme of
the FSE process
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extrusion rate. The AA1099 aluminum chips were produced by turning of an as-
received bar without lubrication. The chips were compacted on aMTSmachine. The
chip-based billet was FS-extruded at constant rotational speed and plunge rate. The
extruded samples were analyzed by optical microscope in order to see the material
flow and to characterize the microstructure.

1.2.1 Set-Up Description of Experimental Procedures

The aluminum chips used as extrusion material were produced through machining
of AA1099 bar. AA1099 is a pure aluminum with 99.99 of Al (wt.%). The base
material is characterized by Ultimate Tensile Strength (UTS) equal to 80 MPa, 38%
of elongation and hardness Vickers HV= 22. The machining process was performed
without any lubricant or cutting fluid. The approximate dimensions of chips are equal
to 8 mm length, 5 width and 0.2 mm thickness.

The chips were compacted in one stroke on a MTS hydraulic universal machine
up to 150KN of load (Fig. 4). The resulting chip-billets had a diameter of 40 mm
and were 30 mm high. Figure 2 shows the die geometry and the chip-billet after
compacting.

The numerical simulation was implemented on the commercial FEM code “SFTC
DEFORM3D”, characterized by a Lagrangian implicit solver, in order to design dies
and the inserted rotational punch head shown in Fig. 4.

The main components used in the process including a container and a rotating
plunger with scroll faced headmade of K720 tool steel. The shape of the scrolled face
head influences the flow of the plasticized material and affects the final properties.
The die is made by a computer numerical control (CNC) milling machine.

TC

Fig. 4 Compaction machine with a sample of a compacted billet, section of the rotating plunger,
front view and section of the inserted rotational punch head and complete set of components for
FSE tests
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The container cavity is 41 mm in diameter and 70 mm in height. The rotating
plunge die has a 40 mm outer diameter with 8 mm central hole which defines the
diameter of the extrudedwire. The plunger rotates in a clockwise direction andmoves
toward the container which is charged with Al compacted chips. The rotation and
movement of the plunge die relative to the container cause the mixing and stirring of
Al chips, during which the contact and pressure between the rotating plunge die and
Al chips lead to the conversion of mechanical energy to thermal energy due to the
friction. The maximumwire length is limited by geometry of the plunger of 130 mm.
Two rotational speeds of 400 and 1000 rpmwere implemented under constant plunge
rate of 15 mm/min, these values were chosen based on the FEM optimization results.
Two k-type thermocouples were used to monitor the temperature changes during the
process.

The microstructures of the FSE samples were investigated by optical microscopy
(OM) from extruded wire cross-sections cut perpendicular to the extrusion direction.

1.3 Powder Bed Fusion of Ti-Based Light Alloys

Powder bed fusion (PBF), as defined by ASTM 52900:2015, is a widely used AM
technique in which a high energy beam sinters or melts the metal powder, layer upon
layer, to produce final parts according to a computer-aided design (CAD)model. The
near net shape part is built by multiple, rapid heating-melting-solidification cycles,
while non-melted powder supports the overall structure until the end of the process.
The ability to build complex geometries, not achievable with traditional manufac-
turing techniques, give unprecedented freedom to designers. Moreover, the high
degree of customization achievable makes PBF a great opportunity in wide fields of
applications, from automotive and aerospace parts [22] to biomedical prosthesis [23].

If the fusion of the metal powder is performed by an electron beam, the techniques
is frequently referred to as electron beammelting (EBM), while in the case of a laser
beam the terminologies selective laser melting (SLM) or sintering (SLS), and direct
metal laser sintering (DMSL) can be found in literature, according to the degree
of fusion of the particles and to the equipment producer. While EBM is performed
under vacuum conditions in a heated chamber, laser-based procedures require inert
gas atmosphere and the resulting high cooling rates give rise to a finer microstructure
[24–26]. These operating conditions reflect in EBM parts that are characterized by
a remarkably high surface roughness but are also almost free from residual stresses,
while SLM parts show lower surface roughness but high residual stresses, which
should be reduced with thermal treatments.

Post-production surface treatments such as laser peening, cavitation peening, or
shot peening, are usually performed to meet the surface finishing requirements given
by the end-users, and to add local compressive stress to improve cracking resistance
and fatigue life [27, 28].
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Titanium powder and in particular pre-alloyed Ti-6Al-4V metal powders are
among the most studied materials in terms of additive manufacturing [29, 30], owing
to excellent mechanical properties (high specific strength and fatigue resistance) cou-
pled with low weight and good biocompatibility. Moreover, the Ti-6Al-4V alloy is
the most used titanium alloy for additive manufacturing and covers almost 50% of
the overall titanium alloy market.

2 Technological Results and Overview

In the following the experimental results and the technological impacts of the new
three innovative manufacturing processes are reported. An overview of the techno-
logical impact is also presented. This is intended to promote the here described new
promising techniques among the scientific community working in the field of weld-
ing of metallic materials, new forming metallic materials from scraps, and the new
trends on the AM of Ti-based light alloys.

2.1 DS-FSW and RT-FSW

2.1.1 Results and Overview of the Double-Side Friction Stir Welding
Method: DS-FSW

Figure 5 shows the stress-strain curves of FSW joints in AA6082 obtained under
different values of the rotational speed and welding speed. The joints ductility is
shown to be lower in the NZ, respect to the base metal (BM), irrespective of the
welding parameters and process methodology [31]. In general, in terms of both the
ultimate values of tensile strength and elongation, the conventional FSW joints show
a tensile behaviour better than the one exhibited by the DS-FSWed joints. Actually,
the conventional FSW process requires a high sinking value in order to generate the
frictional heating allowing the material flow necessary to obtain sound joints. Thus,

Fig. 5 Tensile stress-strain curves of the DS-FSW, with different welding parameters and tool
configurations
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Fig. 6 Hemispherical punch test configurations: in the B arrangement, surface 1 is in contact with
the punch, in the T arrangement surface 1 is opposite, (a); related test for different experimental
conditions (LDH is the Limit Draw Height), (b)

in the first pass, by using the same tool sinking as of conventional FSW produces a
step in the blank surface that acts as a notch during the second pass. Therefore, the
tool sinking value imposed in the second pass had to be further decreased in order
to reduce the formation of surface defects. The pinless-pinless configuration has
provided the worst tensile properties. In particular, the AS-AS configuration showed
low mechanical properties of the joint, while the AS-RS configuration did not reach
a sound weldment.

The mechanical behaviour is strongly improved when welding is performed using
the pin-pinless configuration. In a recent published work by Cabibbo, Simoncini,
Forcellese, the FSW capability to obtain sound joints in 1- and 1.5-mm-thick sheets
using a pinless tool was widely documented [12, 31, 32].

LDH (Limit Dome Height) values were lower than those obtained on the BM, no
matter what welding methodology was used. Such results reveal that a noticeable
formability reduction along the welding zone [10, 12, 31–33]. More specifically, the
B arrangement leads to a LDH value lower than the T arrangement (as reported by the
letter B, and T, in Fig. 6, and according to the configuration reported in the figure).

In the B arrangement, the local stress field intensity rise, caused by the notch,
is responsible of the FSW sample failure at the geometric discontinuity. In the
T arrangement, the failure of the deformed joint occurs at the step produced by
the sinking action applied by the shoulder [11]. This is mainly due to the biaxial ten-
sile stress state to which the notch is subjected. This appeared to be less severe in the
T arrangements, respect to that in the B arrangement.

The DS-FSW joints showed LDH values higher than those measured on the con-
ventional FSW joints. This second welding induces a dual beneficial effect: it allows
both the closure of the geometric discontinuity, and the reduction in the height of
the step produced by the first welding on the opposite plate surface. Furthermore,
the DS-FSW is characterised by uniform recrystallized grains across the NZ, and
partially across the thermos-mechanical affected zone (TMAZ), than in the case of
the conventional FSW [11]. Finally, the joints obtained using the pin-pinless tool
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Fig. 7 Nanoindentation Er profiles of the different used FSW configurations

Table 1 AA6082 DS-FSW mean grain size; the BM SZ had a mean grain size of 20 ± 2 μm

FSW configuration Mean grain size (μm)

AS/TMAZ Surface 1/SZ Middle/SZ Surface 2/SZ RS/TMAZ

Conventional FSW 14 ± 2 7.8 ± 0.3 7.6 ± 0.3 6.9 ± 0.3 14 ± 2

Pin-pin DS-FSW 12 ± 2 6.3 ± 0.2 6.2 ± 0.2 6.4 ± 0.2 13 ± 2

Pin-pinless DS-FSW 12 ± 2 5.7 ± 0.2 5.7 ± 0.2 5.8 ± 0.2 13 ± 2

configuration lead to LDH values higher than the ones obtained by using the pin-pin
configuration, irrespective of the sheets arrangement.

Both the aspects are also confirmed by the nanoindentation inspections on the
reduced elastic modulus Er profiles taken across the FSW joints (Fig. 7), and by the
corresponding mean grain size analysis carried out by polarized optical microscopy
(POM) (Table 1).

The better formability of the DS-FSW, respect to the conventional FSW, is most
likely related to the local elastic modulus uniformity (i.e. the reduced Young’s mod-
ulus) across the weld, and to the less dramatic hardness variation, from top to bottom
of the sheet section. In all the three DS-FSW configurations here described, the
observed grain size uniformity and morphology across the SZ, from surface to sur-
face, greatly favoured the soundness and better post-welding response of the welded
Al-sheets.

2.1.2 Results and Overview of the Friction Stir Welding Method by Pin
Rotation Deviation from Centerline: RT-FSW

The AA5754 was subjected to an annealing treatment at 415 °C/3 h followed by
furnace cooling, in one case prior FSW (AA5754-O state), and in another case, after
FSW (post-weld annealing: PWA) (Fig. 8).

It appeared that the closest mechanical response to the un-welded annealed
AA5754 sheet is obtained by welding with R = 0.5 mm in the PWA condition,
where UTS differed only by 5%, and ductility differed by 30% respect to the un-
welded annealed condition. In the other conditions, the UTS remained within a range
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Fig. 8 POM RT-FSW PWA at R = 0 (conventional FSW), 0.5, and 1 mm

of 14% of difference, respect to the annealed sheet, with a ductility reduction ranging
from 76 to 30% (Fig. 9).

Thus, based on the microstructure evidence, and the obtained hardness and
mechanical response, the use of a RT-type welding motion is justified when the
plate is homogenized prior, or, even better, after FSW. Conversely, there is no need
to deviate the pin, from its welding centerline, in the case of not-annealed AA5000
FSW.

Fig. 9 Tensile stress-strain
curves for RT-FSW, in the
AA5754-O stare and in the
PWA condition, at R = 0
(conventional FSW), 0.5,
and 1 mm
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2.2 FSE

2.2.1 Results and Overview of FSE Experimental Process

Since it is worth knowing that higher temperature assures better solid bonding
between the chips, in order to guarantee extrusion temperatures greater than 400 °C,
rotation speed of 1000 rpm were considered.

In fact, in the FSE process, the tool rotation speed affects the extrusion tempera-
ture. Figure 10 shows the maximum temperature registered during FSE at different
rotation speeds.

The temperatures and thematerial flowobtained in FE simulationswere confirmed
by experiments as shown in Fig. 11.

Thanks to the simulations, it was also possible to evaluate the load trend that
the CNC machine maintains during the process. Figure 12 shows the presence of
a transitional stage lasting about 2 s, in which a sudden increase in the load up to
values higher than 90 kN occurs and then an immediate lowering to constant values

Fig. 10 Maximum temperatures reached at various rotation speed

Fig. 11 Temperature and strain distribution during FSE from FEM simulation (a), (b) and sample
obtained experimentally at 1000 rpm (c)
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Fig. 12 Load prediction for the CNC machine and max temperature reached during the process

around 40 kN, evidently depending on the first contact between the rotating head
and the billet, where the first chip re-meshing takes place.

Therefore, for the seconds part of the test, after the transitional stage, the load is
increasing again up to 80 kN due to the low extrusion temperature. In the second
stage, the extrusion load decreased slowly by increasing the chips temperature up to
a constant a steady state value of 50 kN, as shown in Fig. 12.

The analysis carried out subsequently took place through theOM. In particular, the
specimen was observed on the section of the obtained wire and on the section along
the vertical plane. In Fig. 13 it is possible to observe the plans that have been analyzed
in the OM. The metallography shows mainly the total lack of a homogeneous and
uniform structure for the extruded product.

In fact, a set of undefined microstructures was obtained from the tests, with the
presence of grains of varying sizes, and above all with defects sometimes not clas-
sifiable, accentuated by the presence of real holes (visible with the naked eye on the

Fig. 13 Section of the residual tablet and metallography at different locations
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surface and therefore perfectly framed by optical microscopy). All this is obviously
linked to the lack of compaction of the plastic material during extrusion, caused by
many factors already analyzed, such as the centrifugal effect due to the high rotation
speeds and the not perfect adaptation of the head channels to the processing condi-
tions. However, it is possible to identify the flow of the material quite easily, leaving
an indelible trace in its movement from the outside towards the inside of the tablet,
conditioned by the rotation of the head on the upper surface.

Moreover, it is possible to observe in Fig. 6, a substantial difference in the mor-
phology of the material remained “trapped” inside the residual tablet between the
center and the sides; in the center, as also confirmed by the metallography, the alu-
minum chips were completely bonded with a very fine microstructure. Whereas, the
chips boundary is still visible in the stirred zone far from the center extrusion hole
(Fig. 6d).

2.3 Properties of Ti-Based Light Alloys Produced by PBF

Given the intrinsic differences between electron- and laser-based PBF processes, the
same as-built (namely with no further post-processing treatment) sample of Ti-6Al-
4Vwill be characterized by a higher surface roughness and a lower fatigue strength if
produced by electron beammelting [34]. In terms of comparison between traditional
manufacturing techniques and metal additive manufacturing, the performance of
samples after post-processing treatments for stress relieve and machining, show a
fatigue strength that is comparable or even better than traditional ones [35].

Strong efforts are currently performed by the scientific community to improve
parts quality (i.e. density, finishing), and also to optimize the PBF parameters in order
to control the microstructure. Moreover, to improve the performance of PBF parts
and to widen the range of materials that can be manufactured by PBF techniques, Ti-
based light alloys with new formulation tailored for additivemanufacturing are under
development. Results show that the epitaxial growth typical of additively manufac-
tured titanium alloys can be hindered adding boron to powder blends of Ti-6Al-4V,
Ti-12Mo, Ti-20V, due to the grain refinement effect linked to the TiB needles for-
mation [36]. The iron addition to a β-Ti alloy in order to get the Ti-1Al-8V-5Fe
formulation (also known as Ti-185), has been investigated by Azizi et al. [37] as
feedstock material for selective laser melting. The final AM part produced with the
Ti-185 powder show a fine microstructure characterized by the presence of nano-
scale α phase inside the β matrix, coupled with high dislocation density. As a result,
these peculiar features are responsible for remarkable mechanical properties in terms
of strength and plasticity.

New formulations of peritectic titanium alloys with the addition of rare earth
elements (i.e., La) have been recently proposed byBarriobero-Vila et al. [38], namely
Ti+ 2wt.%La andTi-1.4Fe-1La (wt.%). Themicrostructural characterization shows
that the resulting orientation of the alpha phase is not always related to that of the
beta phase, which reflects in a reduction of texture and equiaxed microstructure.



192 C. Bruni et al.

3 General Considerations and Outlook

Two novel approaches andmethodologies of friction stir welding on aluminum alloys
were presented. The first approach consists in a double-side FSW (DS-FSW). The
second approach is represented by a radial deviation of the rotating pin from its
centerline, during FSW (RT-FSW). With respect to conventional FSW, DS-FSW
shows more uniform elastic modulus across the sheet section, with respect to the
FSW, better formability and higher FLC response. On the other hand, the RT-FSW in
post-weld annealing (PWA) condition showed the best mechanical response respect
to the un-welded annealed AA5754 sheet.

The feasibility of solid-state recycling of pure aluminumAA1099 chipswas inves-
tigated using the innovative FSE process to produce defect-free wires. A finite ele-
ment simulation was initially carried out in order to optimize both the design of the
main and secondary components used in the experimental tests. The main results
obtained can be summarized as follows: i. excluding the initial transient phase, the
temperature greatly influences the extrusion load during the process; as the temper-
ature increases, the machine load progressively decreases until a steady state value.
ii. FSE process applied to recycle AA1099 chips allows to obtain wires manufac-
tured with good surface quality, but with non-homogeneous microstructure and with
presence of small internal voids.

Titanium based light alloys produced by electron or laser powder bed fusion,
are now widely known in the field of metal additive manufacturing. The powerful
option of a design which is free from the limitations typical of traditional manu-
facturing techniques, is strengthened by microstructural and mechanical properties
which can be properly customized to be competitive with cast, forged or wrought
alloys. The fast growth of the AM technology coupled with the development of new
alloys formulations tailored for specific applications or to overcome microstructural
weaknesses typical of AM, enlighten the new era of metallurgy.
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