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• The selective lasermelting processability
of an AlCu alloy with in-situ TiB2 nano-
particles was explored and analysed.

• Multi-scale microstructural analysis re-
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The presentwork explores theprocessability of an advancedaluminumalloy, namely AlCu-TiB2, by selective laser
melting (SLM), and the correlation betweenmicrostructure andmechanical properties of as built specimens. The
principal process parameters of the laser emission in pulsedwave (PW)mode, namely laser power and exposure
time, were varied to achieve full density parts starting from prealloyed powders. Detailed analysis of defects in
the highest relative density conditions was performed thzrough X-ray computed tomography. It was found
that the highest relative density, up to 99.5%, was achieved at a laser energy density of 82 J/mm3. Microstructure
of as-built specimenswas analyzed through scanning electronmicroscopy, coupledwith EDX and EBSD analyses,
and transmission electronmicroscopy. The as-built microstructure was considerably uniform, and characterized
by fine equiaxed grains, decorated with micrometric and nanometric second phases and an even distribution of
reinforcing TiB2 particles; no epitaxial grain growth was observed. Finally, tensile behaviour of the as-built spec-
imens indicates a yield and ultimate tensile stress of 325MPa and 395MPa, respectively, combinedwith an elon-
gation of 13%. The low work hardening rate and jerky flow characterizing plastic deformation are analyzed and
discussed.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Nominal chemical composition (weight.%) of the AlCu-TiB2 powder.

Si Mg Cu Ag B Ti Fe Mn Ni Pb Al

0.1 0.29 4.7 0.7 1.46 3.51 0.02 <0.05 <0.05 <0.05 Bal.
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1. Introduction

Selective laser melting (SLM) is a well-known additive manu-
facturing process, based on a layer by layer approach: metallic pow-
ders, deposited in a uniform bed, are melted by a high power laser
beam according to a specific path [1]. The high power transferred
by the laser to the melt pool and its small size locally produce an ex-
tremely high energy density, for short time, which leads to high
heating and cooling rates [2]. In this respect, SLM may be considered
as a rapid solidification technique and, as such, it is known to induce
peculiar microstructures in the processed materials, which is charac-
terized by refined grain size, formation of supersaturated solid solu-
tions and presence of residual stresses. After years of continuous
research and industrial development, selective laser melting of alu-
minium alloys can be rightfully considered as a relatively mature re-
ality [3]. Most of the scientific studies, as well as the majority of the
industrial production, have focused their attention on alloys belong-
ing to the Al – Si system, because of their good castability [4]. This sit-
uation has been determined by the large availability of powders and
relative ease of production, deriving from low melting temperature,
low shrinkage and good fluidity. Nevertheless, such alloys, i.e. mainly
AlSi12, AlSi7Mg, AlSi10Mg and AlSi9Cu3, display mechanical proper-
ties which cannot compete with the performances of conventionally
produced high-strength aluminium alloys such as the ones belonging
to the 2xxx and 7xxx series alloys, commonly produced by plastic de-
formation. The SLM-based production of parts from such alloys
proved to be difficult due to large solidification range and shrinkage,
that resulted in solidification cracking [5,6]. Recent works on SLM
production strategies and advanced microstructure investigations
have been presented to highlight solidification effects on mechanical
properties of the as-built and thermally treated parts [7–9].

Other SLM production routes involving in situ alloyingwith or with-
out the addition of nanoparticles have also been investigated by various
research groups. In particular, two strategies have been pursued: in one
case alloying elements (mainly Si) have been added in order to obtain
an eutectic phase able to limit solidification cracking [10]; in the second
case inoculants have been added tomodify solidificationmicrostructure
and to obtain fine equiaxed grains. These inoculants may come under
the formof ex-situ nanometric particles [11,12] or as in-situ precipitates
forming upon solidification [13]. The latter type of inoculants includes
Al3Sc precipitates [14], commonly present in Al-Mg-Sc-Zr alloys, and
TiB2 particles, which were also used as ex-situ additions in an Al-Cu-
Mg-Si alloy [15] and amodified ENAW2618 alloy [16]. A further advan-
tage of using inoculants lies in their ability of acting as reinforcingphase,
thus improving the alloy mechanical properties. The addition of inocu-
lants to materials for laser processes has potentially unknown effects,
as differences occurs with respect to the conventionally cast materials.
In fact, the cooling rates in SLM are typically much higher than in con-
ventional casting processes (up to 104–106 °C/s), hence the nucleation
effect may be mitigated by predominant effect of high cooling rate [17].

Recently, an aluminium powder, based on the addition of Ti and B to
an Al-Cu-Mg-Ag alloy, has become commercially available under the
A205 denomination. The presence of Cu andMg in the base alloy allows
to enhancemechanical properties through precipitation hardening. Fur-
ther additions of Ag, Ti and B (TiB2 formation thereof) impart also en-
hanced resistance at high temperature for aluminiumaluminum
alloys: the use of such material, due to increased alloying costs, is
intended for highly demanding applications [18–20].

The possibility of obtaining a sound component directly by SLM
makes the exploration of such alloy extremely interesting: the SLMpro-
cess, despite higher initial costs of powders, canmore efficiently employ
the feedstock materials, producing less scrap, and enhanced design so-
lution can be explored for highly demanding applications. Moreover,
as the material possibly does not require high temperature treatments,
due to enhanced solubilisation effect promoted by high cooling rates
already observed in other aluminium alloys [21,22], the refined
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microstructure generally obtained by SLM process can be preserved,
and it can further contribute to increased mechanical performances.

Another interesting technological aspect to be considered is the sen-
sibility of aluminium alloys to be processed using continuous wave
(CW) and pulsed wave (PW) laser emission mode [23]. The heat trans-
fer experienced by the alloy can be shifted to different thermal cycles in-
duced by the laser scanning: this can promote specific microstructural
features, which require high resolution transmission electron micros-
copy investigations to be revealed.

In the present work the processability of PW laser emission mode
SLM of AlCu-TiB2 alloy was investigated and a deep characterization of
the obtained microstructure was carried out. In details, the effect of
laser power and exposure time on the relative density was highlighted.
Micro CT Xray was used to support defect mapping. Thereafter, SEM,
EDS, EBSD and TEM analysis were performed on as-built samples and
the mechanical response of the optimal SLM condition was measured.
2. Materials and experimental procedure

Samples were SLMed from gas-atomized powder of AlCu-TiB2 alloy
(commercial denomination is A205, supplied by LPW Technology,
Ltd.), which exhibited the nominal composition reported in Table 1.
Nominal powder size distribution was characterized by D10 equal to
20 μm, and D90 of 63 μm. As shown in Fig. 1, the shape is mainly spher-
ical, displaying some satellites and irregularities.

A Renishaw AM400 machine, based on a 400-W pulsed wave fiber
laser and equipped with a reduced build volume (75 mm × 75 mm ×
50 mm), was used to produce AlSi10Mg samples built on an AlSi10Mg
platform.

In the experiments, laser power and exposure time were varied ac-
cording to a full factorial design, whereas the other process parameters
were kept unchanged, as listed in Table 2. Each scanning layer was ro-
tated by 67° with respect to the previous one, and the scheme was re-
peated every 180 layers. During the SLM process, the O2 content was
below 100 ppm.

Built samples were small prisms (8 mm× 8mm× 10mm) for den-
sity measurements and metallographic analyses and 2 mm – thick lam-
inas, lying in the xz plane, for tensile testing, as depicted by the
schematic in Fig. 1b. The reader is also referred to the reference direc-
tions in Fig. 1b for understanding the spatial orientation of analysed
samples throughout the present paper: basically, xy surfaces are parallel
to the building platform and perpendicular to the building direction;
conversely, xz surfaces are perpendicular to the building platform and
parallel to the building direction.

Part density was measured by Archimedes's principle using a
Gibertini E50S2 precision digital balance and considering a full density
of 2.85 g/cm3, as reported in the technical datasheet of the powder.

X-ray Computed Tomography (CT) was performed on a prismatic
portion of a sample, using a XTH225 –ST system, from Nikon, having
an X-ray Gun of 225 kV and a 16 bit flat panel Varex 4343CT as detector,
to highlight the defects within the entire volume of the sample. The fol-
lowing settings were used for the measurements: (i) voltage of 144 kV;
(ii) 8 μm as resolution of the detector; (iii) 105 min as scanning time.

Thermal analysis was carried out on small specimens (about 20 mg
in weight) for detecting themelting point and the corresponding latent
heat ofmelting; a differential thermal analyser (mod. SDTQ600 fromTA
Instruments) was used with heating rate of 10 °C/min from 30 °C up to
800 °C.



Fig. 1. (a) SEM image of the AlCu-TiB2 powder; (b) schematic depicting the built samples.
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Scanning electronmicroscopy investigationswere performedwith a
FEG-SEM (SU70, by Hitachi), equipped with backscattered electron de-
tector, conventional and in-lens secondary electron detectors. For the
analytical and crystallographic investigations of the grains and grain
boundaries, a dispersive X-ray spectrometer and EBSD technique were
used (Ultradry EDX detector, Quasor detector and Pathfinder analysis
system from Thermo Fisher). Specimens were embedded in conductive
resin and polished first with emery paper and diamond pasts, and fi-
nallywith colloidal silica. XRD analyses for phase identificationwas per-
formed (Panalytical X'Pert Pro, using Cu Kα radiation) on the xz surface
of the sample in the 2theta range of 20°–120°. TEM High resolution
analyses were carried out on thinned specimens. The as-built sample
was cut in the xz plane (along the buildingdirection), polished anddim-
pled down to a thickness of about 50–80 μm and subsequently thinned
using a cooled stage Ar-ionmilling system (Gatan - PIPS II). The thin foil
was exposed to 4 kV Ar ion beams (incident angles of 10°) at a temper-
ature of−170 °C until perforating the sample. High-resolution STEM in-
vestigations were carried out by using the FEI Titan3 G2 60–300 at
300 kV beamvoltage. TheHR-STEM imageswere recordedwith annular
dark field (ADF) and high angle annular dark field (HAADF) detectors,
while the chemical composition of individual grains and particles was
detected by energy dispersive X-ray spectroscopy (EDXS) and electron
energy loss spectroscopy (EELS). The microscope is equipped with a
FEI Super-X detector (Chemi-STEM technology) for EDXS and with a
Dual EELS Quantum Gatan Imaging Filter (GIF) for electron energy loss
analysis. The micrographs and EELS spectra were processed using
Gatan's Digital Micrograph Software.

Tensile tests were performed according to the E8/E8M-11 ASTM
standard on sub-sized specimen with a crosshead speed of 0.5 mm/
min (3.3 10−4 s−1) using an MTS 2/M universal testing machine at
room temperature. Three samples in the as-built condition, built with
the longer side parallel to the building platform (see Fig. 1b), were
tested. The specimens were machined by wire electrical discharge cut-
ting to dogbone shape and the surface was then finished with 600 grit
SiC abrasive paper grinding: this allowed to remove possible
Table 2
Varied and fixed process parameters.

Varied parameters Power [W] 250–300
Exposure time [μs] 20-40–60-80

Fixed parameters Scanning strategy Meander
Hatch distance [μm] 90
Point distance [μm] 90
Laser spot size [μm] 65
Atmosphere Ar
Thickness layer [μm] 30
Platform temperature [°C] 30
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contributions from the near-surface material, which is known to possi-
bly behave differently because of the different thermal history experi-
enced during the building process.

3. Results and discussion

3.1. SLM processability

The energy provided by the laser to the powder bed during SLMpro-
cessing may be described by a volumetric energy density (Ψ), whose
expression for a PW laser [22], is reported in the following:

Ψ ¼ P � texP
dp � dh � s

ð1Þ

where P is the laser power, texp is the exposure time, dp is the point dis-
tance, dh is the hatch spacing, and s is the layer thickness.

An appropriate feasibility window was identified by varying the
main process parameters (power and exposure time), which are repre-
sentative of the PW emission mode, in order to maximize the relative
density. Fig. 2a reports the evolution of the relative density of the spec-
imens produced with the laser power and exposure time values, listed
in Table 2, while Fig. 2b shows the effect of the energy density, Ψ, on
the densification of the AlCu-TiB2 alloy.

The histogram shown in Fig. 2a indicates that the lower value of laser
power allows to obtain higher relative density, while the increase of in-
teraction time causes a better densification. These results highlight that
laser power and exposure time have an opposite effect of the relative
density of the AlCu-TiB2 powder processed using a PW laser emission
mode, even though both these parameters are directly proportional to
the energy densityΨ.

Specimens produced with different energy densities exhibit diverse
shape, size and distribution of defects, as the prevalent defect formation
mechanism [23,24] varies according to energy density. These defects
can be associated to different regions of a processabilitymap, as qualita-
tively shown in the schematic of Fig. 3. Literature reports that different
types of defects are caused by a combination of different phenomena,
such as key-hole, shrinkage, balling and lack of fusion [25,26]. The
most common defects, which can be found in SLMed parts, are irregular
porosities, due to lack of fusion, and spherical pores, due to gas entrap-
ment (see pictures in Fig. 4).

The evolution of relative density as a function of Ψ, depicted in
Fig. 2b, presents the typical trend for SLMed specimens in different al-
loys [27–29]. At low energy density, incomplete melting occurs, due to
the energy being insufficient for the fusion of the initial powder: irreg-
ular defects of some tenths of microns in size are induced in large num-
ber, as shown in Fig. 4a. An increase of the energy density can promote a
rapid increase of the relative density up to its maximum value (see
Fig. 4b). A further increase of the energy density induces a soft density



Fig. 2. Evolution of the relative density as function of the investigated parameters, namely power and exposure time, (a) and of energy densityΨ (b).

Fig. 3. Schematic of the feasibility area as function of the investigated process parameters.
The principal defects are also highlighted in correspondence of the process parameters.
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decay, depending on an excess of heat transferred to the liquid pools,
which produces a limited vaporization of somematerial. This vaporized
material can be entrapped in the liquid pool during its rapid solidifica-
tion, therefore giving rise to small and spherical pores.
Fig. 4. SEM images of the samples, produc
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In the middle of the defects-containing regions of Fig. 3, an almost
defect-free region, in which full dense parts can be achieved by the se-
lection of the proper energy, can be found [30].

It can be seen from Fig. 2b that an energy density of 82 J/mm3, corre-
sponding to the process condition (P=250W; texp = 80 μs), is needed
by the alloy for its proper melting and consolidation: a relative density
of 99.5% was achieved, which is significantly higher than experimental
results obtained in other works with similar TiB2 content [15]. The ob-
tained value of energy density appears to be in good agreement with
other works in literature, dealing with the SLM of Al based powders
with TiB2 reinforcements [31,32].

From a thermodynamic point of view, the absorbed energy density
condition needs to excess the ideal energy required by the material to
reach its complete melting, E, according to the following equation
(Eq. (2)):

E ¼ ρ � Cp � TM−Ti½ � þ LM
� � ð2Þ

where ρ is the density; Cp is the thermal capacity; TM and Ti are the
melting and initial temperatures, respectively, and LM is the latent heat
of melting [33].

The currentmelting point and the corresponding latent heat ofmelt-
ing of the alloy under investigationwere determined byDTA analysis, as
depicted in Fig. 5. The melting temperature interval of the powder is
quite large and the melting point is high, if compared to the ones of
other SLMed aluminum alloys, such as the ones based on eutectic Al-Si
ed at 42 J/mm3 (a) and 82 J/mm3 (b).



Fig. 5. DTA scan of the AlCu- TiB2 powder.
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system (AlSi10Mg, for instance), due to the limited amount of silicon in
the alloy. In fact, melting takes place between 619 °C and 711 °C, with
the peak lying at 657 °C, while the measured latent heat of melting
was 269 J/g.

Considering a thermal capacity of 0.9 J/gK and an ideal powder pack-
ing coefficient of 0.6 [34], the ideal energy required formelting the alloy,
E, can be calculated as equal to 1.4 J/mm3. This value is in good agree-
mentwith theoretical values of energy density for the completemelting
of metals carried out with the thermodynamic approach [26,35].

The absorbed energy density, calculated as Ψ multiplied by the ab-
sorption coefficient for an aluminum powder bed subjected to melting
(in this case, it was assumed equal to 0.5 [36]), is 41 J/mm3. Therefore,
it can be affirmed that the absorbed energy density, experimentally
identified from the peak of the relative density curve (see Fig. 2b), ex-
ceeds the ideal value of E.

The large difference between Ψ and E can be explained by several
considerations, including the following: (i) overheating of the liquid
pool is not considered; (ii) the contribution of the TiB2 reinforcement
is considered negligible; (iii) all the thermo-physical properties are con-
sidered temperature constant; (iv) energetic losses due to convection
Fig. 6. 3D specimen reconstruction via CT (a); x
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and heat dissipation occurring during heat conduction are not consid-
ered. Moreover, literature indicates that multi-reflection of the laser
beam occurs in the region of fully dense parts: the incident energy is
absorbed and reflected between powder particles several times, there-
fore the energy density can be amplified and results to be higher than
the theoretically needed energy [26]. It could be mentioned that the
TiB2 reinforcement should not remain in solid state under the effect of
the laser scan: the maximum temperature during the melting is suffi-
cient to go over the melting point of the AlCu alloy, but reasonably not
high enough to melt TiB2 (melting point of 3215 °C), as also suggested
by other works in literature [31].

CT scan was carried out for confirming the measured density,
resulting in a 99,66% relative density. Moreover, a deeper analysis of
the observed defects was allowed by the CT analysis. Fig. 6 a shows
the CT scan of the entire specimen produced in the identified optimal
process condition, while representative vertical (namely xz) and hori-
zontal (namely xy) sections are depicted in Fig. 6b, c, respectively. The
detected defects are uniformly distributed across the entire volume
with no evident clustering of the defects either in the core or along
the borders of the sample. No evidence of the localization of defects
along preferential directions, such as laser scans, could be found.

In Fig. 7 the quantitative analysis of the detected defects is reported;
in particular, the defects size ranges approximately from 50 μm up to
350 μm,while only few defects can be as large as 500 μm. The sphericity
of the defects varies between 0.3 and 0.8 (Fig. 7a). However,most of the
defects, having size up to 200 μm, can be detected in a confined area, as
shown in the plot shown in Fig. 7b. Analyzing both the graphs reported
in Fig. 7, it can be concluded that themost frequent defects are spherical
ones with a size below 100 μm. This analysis confirms the proper selec-
tion of the optimal process condition at an energy density of 82 J/mm3,
since it allowed to obtain high density and a favourablefavorable shape
of the present defects, which are on average characterized by small size
and high sphericity.

These results can be compared with the defects analysis performed
with the same method by the authors [27] on an AlSi9Cu3 alloy, proc-
essed using the same SLM equipment; the size of defects was found to
lie in a similar range.

3.2. Microstructural characterization

Fig. 8 shows the optical micrographs of sections lying orthogonal
(indicated as xz plane; Fig. 8a) and parallel (indicated as xy plane;
z (b) and xy (c) views for defects analysis.



Fig. 7. Analysis of defects by CT scan: diameter - sphericity (a) and frequency - diameter (b) trends.
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Fig. 8b) to the building platform. The typical layer by layer building
strategy can be recognized, according with the presence of semi-
elliptical liquid pools overlapped to each other. The detected shape of
the liquid pools, which are approximately 120 μm in width and 90 μm
in depth, is representative of the conduction mode welding, performed
under irradiance, or density of power, below 105W/cm2 [27]. In fact, the
aspect ratio of the liquid pool (width to depth ratio) is higher than 1, in-
dicating that the principal active mechanism is complete melting of the
alloy, without any significant vaporization under the effect of the laser
beam. Therefore, it can be confirmed that the selected process condition
(i.e. 82 J/mm3) does not induce keyhole, which can be obtained under
an irradiance higher than 106–107 W/cm2.

XRD analysis performed on as-built sample is shown in Fig. 9: the
spectrum shows the presence of two secondary phases, i.e. Al2Cu
(body-centered tetragonal, BCT) and TiB2 (hexagonal close packed,
HCP), in addition to the peaks related to theα-Almatrix. Relative height
of the peaks of the latter phase are consistent with standard intensities
from pure aluminum powder spectrum, suggesting the absence of pre-
ferred solidification texture.

The SEM observations were performed on as-built samples along xz
plane, as shown in Fig. 10a, b, c. The grains can be easily distinguished in
Fig. 10b thanks to the Cu segregation at the grain boundaries: they ap-
pear equiaxed and rather small. Melt pool boundaries, highlighted by
dashed lines in Fig. 10b, c, d, are evidenced by grain growth in the
heat-affected regions: the average grain size inside the melt pool is
Fig. 8. OM views of the xz (a) and xy (b) pla
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about 0.5 μm, whilst it grows up to 2 μm at the melt pool boundaries.
The microstructure revealed a homogeneous dispersion of TiB2, visible
as white spots in SE micrographs (comparable to EDS map of Fig. 10e),
that were present both as single particle (see Fig. 10b, bottom) or few
particle groups (Fig. 10b, upper left side). No direct correlation between
the position of TiB2 particles and the melt pool boundaries could be ar-
gued, even if grouped particles appear more frequently in their vicinity.
Possibly, the dispersion of TiB2 in the center of themelt pool is favoured
by strong stirring experienced by the liquidmetal heated by the laser in
conduction mode [27], and no big agglomerates of particles were ob-
served, contrarily to what found by Gao et al. [12]. The EBSD/EDX anal-
yses not only confirmed the grain size and the presence of TiB2

dispersed in Almatrix, but also showed no columnar texture nor epitax-
ial growth near themelt pool boundaries, whichwas also demonstrated
by orientation imaging map (OIM) of aluminum matrix (Fig. 10d).

This result is quite different from the typical grain shape and size dis-
tribution in the more widespread SLMed Al-Si based alloys: AlSi10Mg,
for example, usually exhibits columnar grain growth when produced
using in both pulsed and continuous wave laser emission mode [22].
This feature of the AlCu-TiB2 alloy is hindered by the presence of
submicrometric particles, which can act as nucleation sites limiting
grain growth, making the equiaxed microstructure more favorable. In
fact, a well-known method of controlling grain size lies in promoting
heterogeneous nucleation of an equiaxed structure by using in situ nu-
cleating agents. The use of heterogeneous particles (e.g. TiB2 in Al
nes of the sample, built with 82 J/mm2.



Fig. 9. XRD spectrum of the as-built specimen.
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alloys) that can stimulate the nucleation of new grains in liquidmelts, is
a common practice in foundries aimed at refining the cast structure. It is
well established that hot tearing resistance can be improved simulta-
neously, especially when nanoparticles are added to the cast melt
[32,37] or inserted into the powder feedstock in AM [31,38,39].

TEM analyses, coupled with EDX mapping, confirmed the general
features observed in the SEM: namely, grain size variation across the
melt pool boundary, and also allowed the detection of other features
of the microstructure. TiB2 was found as both nanometric (Fig. 11)
and micrometric elongated particles. It can be observed that Cu is dis-
tributed not only at the grain boundaries, where it reaches the Al2Cu
composition and structure, but also within the aluminum matrix, both
as a dissolved element and in spherical particles containing Cu, Mg
and Ag atoms. Other alloying elements, such as Ti, Mg and oxygen,
Fig. 10. SEM analyses on the as built material: a -b-cmicrographs at differentmagnifications, b,
results; OIM of the aluminummatrix in a region across a melt pool boundary (white dashed li
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have been found to occasionally accumulate in such particles. In addi-
tion, Cu has been detected in spherical particles of complex composition
with sizes smaller than 50 nm, which appear to have formed around
central MgO-rich cores and nanopores; such particles have a mixed
structure formed by multiple phases, as shown on the HAADF micro-
graph (Fig. 11c) and EDX maps (Fig. 11e): a detailed description of
such particles is beyond the purpose of the present work. Ag, on the
other hand, segregated preferentially at the interfaces of Cu-rich regions
and TiB2 particles with the matrix and at grain boundaries.

3.3. Mechanical characterization

Themechanical behaviour of the considered alloy was characterized
under tensile conditions, as reported in Fig. 12. Yield strength, ultimate
c: black lines are drawn to help the individuation ofmelt pool boundaries, d-EBSD analyses
ne) is shown, e, f - EDX maps of Ti, Cu acquired simultaneously to EBSD map.



Fig. 11. TEMmicrographs showing a) amelt pool boundary region, b) cluster of nanometric TiB2 particles, d) detail of rounded nanoparticle, and EDXmaps performed on as built specimen,
to assess d) element distribution and e) nanometric phases composition.
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tensile strength and elongation to failure were found to be 317.8 ±
9.3 MPa, 391± 7.3 MPa and 12.5 ± 0.8%, respectively. It is immediately
evident that the stress – strain curve presents an upper yield point,
followed by a plateau ranging from yielding up to about 3% in strain. A
similar behaviour was described in SLMed Al-Sc alloys and related to
the formation of Luders bands in the very early stages of plastic defor-
mation [40].Moreover, the curve is characterized by the presence of dis-
continuities in the plastic flow, commonly related to the Portevin - Le
Chatelier effect, similar to the ones reported by P. Mair et al. [41]. This
latter macroscopic feature is connected on a microstructural level to
the dynamic strain ageing (DSA) phenomenon. In literature different
types of jerky flows are catalogued [42]: accordingly, type C serrations,
visible as stress drops below the main level of the curve, seem to popu-
late the initial yielding plateau. Thereafter, type A serrations (abrupt
stress growths followed by a drop below the general level) characterize
the initial part of the work hardening stage (between 3% and 4,5%
8

engineering strain); finally, type A serrations develop into type E ones
(similar to the previous ones, but with little or no strain hardening) at
larger plastic strain [43]. In order to better understand the mechanical
behaviour of the present alloy, the strain hardening parameter Θ, also
called work hardening parameter, was computed as Θ ¼ dσ

dε , where σ
and ε are true stress and true strain, respectively. The resulting evolu-
tion ofΘ as function of true strain is plotted in Fig. 12b. It may be appre-
ciated that, apart from the typicalΘ decrease immediately after yielding,
three stages can be roughly recognized. At low plastic strain, very low
values of strain hardening correspond to the initial stress plateau; there-
after, an increase in strain hardening above 2000 MPa takes place; fi-
nally, Θ decreases more or less smoothly until Considère's criterion is
reached (i.e. Θ and σ curves meet), indicating that uniform elongation
and necking are attained before final failure.

Comparing the shape of the stress strain curve with the results of
other alloys [22], and taking into consideration the relatively low



Fig. 12. (a) Engineering stress-strain curve; (b) true stress-strain curve, σ, and strain hardening rate, Θ, of the SLMed samples in the as-built condition.
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work hardening exhibited by the alloy, it can be argued that the ob-
served stress-strain curve shape is the consequence of the interaction
of the dislocation with the high solute content in aluminum matrix.
During cooling, the dislocations necessarily formed due to cooling
stresses and thermal coefficient mismatch can be stabilized by the
high solute content in the aluminummatrix: as indicated in TEM analy-
ses, Cu iswidely distributed in thematrix and forms few atomic clusters,
which can be advantageous as pinning points for partial dislocations in
FCC crystals. Consequently, an increased stress is necessary for the first
movement of such dislocations (upper yield point). Thereafter, gliding
dislocations are likely to encounter opposition to movement under the
form of Cottrell atmospheres formed by the largely available solute
atoms (reasonably copper atoms), which repeatedly lock and unlock
them giving rise to C type serrations. During this stage the generation
of new dislocations (and hence the strain hardening) is likely limited
because of the rarity of strong pinning obstacles inside grains. After
this initial stage, work hardening will increase as the results of further
movement of dislocations, reaching grain boundaries and other
Fig. 13.Micrographs of fracture surfaces: a, b, c) secondary electron micrographs; d, e, f) E
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obstacles in the matrix (such as nanometric TiB2 and Al2Cu particles,
grain and subgrain boundaries), which can bolster the generation of
new dislocations and the dislocation forest pinning effect. Correspond-
ingly a progressive reduction of serrations' frequency and a shift in
their kind from type C to type A ones are observed, possibly because
of the longer waiting times experienced by dislocations at available ob-
stacles. Finally, pinning effect on dislocation will become less evident
due to increased complexity of dislocation patterns, and, correspond-
ingly, a decrease of strain hardening towards typical values of plastic
flow is observed. The computed work hardening values are in the
range of the ones typical of conventionally produced aluminum alloys
or heat treated SLMed alloys, whereas they appear to be largely smaller
than the ones displayed by as-built SLMed Si-bearing alloys, such as
AlSi10Mg [44] or AlSi9Cu3 [27]. This overall smaller work hardening
ability may be ascribed to the absence of hard phases arranged in an
aligned fashion, such as the Si network composing cellular boundaries
in SLMedAl-Si alloys, whichwere shown to generate numerousOrowan
loops upon deformation [45].
DS reference image and EDS maps of Ti and Cu of the fractured surface, respectively.
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Micrographs of a representative fracture surface, aswell as EDS anal-
yses performed on it, are reported in Fig. 13. The fracture plane lies at
approximately 45° with respect to the loading direction, in the plane
of the maximum shear stresses, typical of highly ductile materials. In-
deed, the appearance of the fracture surface observed at highmagnifica-
tion, is ductile, with dimples approximately of the same size of grains.
Apparently no direct correlation between dimples boundaries and
grain boundaries can be inferred; tiny, nanometric hints of fragile sur-
faces or cleavage were observed at the boundaries of the dimples,
where higher concentration of Cu is present and eventually also the
clusters of nanometric TiB2 particles, observed with TEM analyses
(Fig. 11b), causing a less smooth dethatching boundary, and possibly a
reduction in ductility. At higher magnification, the Ti-rich (TiB2) and
Cu-rich particles that were observed in cross sections by SEM (Fig. 10)
and TEM (Fig. 11a) were also found: they emerged partially from the
dimple surface as highlighted by EDS mapping. They were present
both at dimple bottoms and at dimple sides; possibly, they can contrib-
ute in dimples nucleation. Besides the overall ductile behaviour of the
matrix, the total elongation to failure was rather limited: this aspect
can be related to the presence of pores, acting as stress intensifiers,
and to the presence of clusters of particles and Cu segregation at grain
boundaries, that limit dimples coalescence. Likely, mechanical proper-
ties could be further improved by increasing density and implementing
thermal treatments.

4. Conclusions

The following conclusions can be drawn:

- Process optimization allowed to obtain dense and sound SLMed
parts. A consistent processing window characterized by limited de-
fects was identified.

- The resultingmicrostructure is characterized by equiaxed and rather
uniform grains. SLM process fast cooling rates together with stirring
in the melt pool, promote engulfing rather than pushing of the al-
ready present TiB2 reinforcing particles.

- The matrix is characterisedcharacterized by a relatively homoge-
neous distribution of solute Cu and Ag. Nevertheless, higher concen-
tration of Cu, Ag and Mg were observed to enrich grain boundaries
and interfaceswith reinforcing particles. Small nanosized roundpar-
ticles of complex compositionwere observed in thematrix, denoting
high potential for further increase of mechanical properties through
aging treatments.

- The tensile behaviour displays an upper yielding point and jerky
flow; a tentative correlation between such mechanical response
and the observed microstructural features was proposed.
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