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Abstract: Despite the increasing interest in laser powder bed fusion (LPBF), only a few cast aluminum
alloys are available for this process. This study focuses on improving the LPBF processability of the
A6061 alloy, which is challenging due to its wide solidification range, the dendritic columnar grain
growth, and consequent solidification cracking. To address these issues, in situ-synthesized grain
refiners can be used to induce equiaxial grain growth and prevent crack formation. A6061 RAM2
powder—a mixture of A6061, Ti, and B4C—was characterized and processed using a low-power
LPBF machine to create an in situ particle-reinforced metal matrix composite. Parameter optimization
was performed to evaluate the effect of their variation on the printability of the alloy. Microstructural
characterization of the samples revealed that the complete reaction and the synthesis of the ceramic
reinforcement did not occur. However, TiAl3 was synthesized during the process and promoted a
partial grain refinement, leading to the formation of equiaxial grains and preventing the formation
of solidification cracks. The tensile tests carried out on the optimized samples exhibit superior
mechanical properties compared to those of A6061 processed through LPBF.

Keywords: LPBF; modified A6061; metal matrix composite; in situ grain refiners; reactive additive
manufacturing; TiAln

1. Introduction

In recent decades, the interest of the scientific community in laser powder bed fusion
(LPBF) has grown exponentially. This additive manufacturing technology, also known
as selective laser melting (SLM), can produce metal parts using a layer-by-layer strategy.
The additive approach offers many advantages [1]; in fact, it can (i) obtain near-net shape
parts with complex geometries and lightened structures; (ii) optimize the use of the material
reducing the production of waste; and (iii) fabricate parts with particular microstructures and
improved mechanical properties due to the high cooling rate involved in the process [2,3].
Due to its ability to fabricate components with high performance and efficiency, LPBF is
used in different application fields such as aerospace, automotive, and biomedical [4,5].

The great interest and the widespread use of Al alloys in various industrial sectors
have induced many researchers to study their processability by LPBF [6]. Al alloys are
characterized by a relatively low cost, low density, high specific strength, and high oxidation
resistance. Currently, the number of Al alloys which can be effectively processed by LPBF is
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limited. In fact, their printability is affected by several features such as high reflectivity, high
thermal conductivity, and poor flowability of the powder [7]. Among traditional Al alloys,
near-eutectic cast alloys such as AlSi10Mg [8–13], AlSi12 [14,15], and A357 [16–18] are the
most studied and suitable for LPBF [2]. This is due to the high Si content, which improves
both the processability and the printability of these alloys by enhancing the fluidity of the
melted alloy, narrowing the solidification range [19], and increasing the fraction of absorbed
energy [2]. As proved by the high number of published works, significant improvements
have been achieved in the processing of Al cast alloys by LPBF. However, further efforts
are needed to promote their uptake by industry [6].

The increasing interest in the development of new Al-based systems to overcome the
difficulties in processing these kinds of alloys by LPBF is the main reason for studying
the suitability of traditional Al wrought alloys, especially high-strength Al alloys such as
2000, 5000, 6000, and 7000 series, for LPBF technology [20]. These alloys are commonly
used in aerospace and automotive fields because of their improved mechanical properties.
However, these materials have poor processability by LPBF due to their wide solidifica-
tion range, poor fluidity, and, consequently, high crack susceptibility [21]. In fact, these
alloys solidify with dendritic growth, creating interdendritic; because of the development
of local stresses resulting from solidification, cracks can propagate along interdendritic
directions [22]. Solidification cracking is, in fact, observed to be the main issue that affects
the processability of these alloys. Maamoun et al. [23] studied the effect of LPBF process
parameters on the microstructure of both AlSi10Mg and Al6061 parts, and they found a
high crack density in their Al6061 samples. Furthermore, it was observed that process
parameters can only limit the size of cracks but not eliminate them. Another important
issue is the presence of volatile alloying elements such as Zn, Mg, and Li which may
evaporate due to the high energy density used during the process. This may cause mod-
ification in the alloy composition, leading to an inhomogeneous chemical composition
of the part, compromising the beneficial effects of following precipitation heat treatment.
In their work, Aboulkhair et al. [13] observed the depletion of Mg in printed AlSi10Mg
parts when compared to the virgin powder, supposing that it could depend on the evapora-
tion and the scattering of this element. Li et al. [24] investigated the influence of energy
density on various properties of as-built 7075 aluminum alloy. The authors observed a
linear relationship between the volumetric energy density (VED) and the loss in weight of
low-melting alloying elements such as Zn and Mg. Additionally, despite the optimization
of process parameters resulting in near-fully dense samples (99.4%), solidification cracks
were observed in the optimized LPBF-processed samples.

In recent years, researchers have focused their efforts on overcoming these issues
to improve the printability of these alloys and make them available for industrial use.
To the authors’ knowledge, three different approaches have been used and described in
the literature. The first one involves modifying the chemical composition of the alloy by
increasing the Si content. A higher Si content can narrow the solidification range and
increase the fluidity of the molten metal. Hyer et al. [25] investigated the role of Si in
mitigating hot cracking susceptibility in aluminum alloys. Six binary Al-Si alloys with
different compositions (ranging from 0.5 to 16 wt.% Si) were characterized in terms of
density, microstructure, and mechanical properties. The study revealed that alloys with
lower Si content exhibited micro-cracks, whereas increasing the Si content prevented the
occurrence of solidification cracks. Montero-Sistiaga et al. [26] obtained dense (99%) and
crack-free Al7075 samples by mixing Si and Al7075 powders, with mechanical properties
comparable to those of the traditional alloy. Increasing the Si content (from 1 to 4 wt.%)
led to a decrease in crack density and significant grain refinement. The second approach
consists of applying a high-temperature preheating of the building platform to mitigate
thermal stress. Uddin et al. [27] used an induction heater to heat the platform to 350–500 ◦C
and obtained fully dense (>98%), crack-free, and pure Al6061 samples. However, the high
temperature of the building platform was observed to induce the formation of incoherent
precipitates and alter the typical LPBF microstructure.
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The third method involves the introduction of nucleants into the system: the presence
of nucleation sites in the alloy induces a columnar-to-equiaxed microstructural transi-
tion and promotes the growth of equiaxed grains, thus avoiding cracks development.
Martin et al. [22] modified Al7075 and Al6061 powders by coating the particles with
hydrogen-stabilized zirconium, while Mehta et al. [28] mixed Al6061 powder with Zr
powders. Both studies observed the nucleation of fine Al3Zr particles during the process,
which acted as heterogeneous nucleation sites and promoted the formation of equiaxed
and fine grains. Dense and crack-free samples were obtained and observed in both stud-
ies. Therefore, the production of aluminum matrix composites (AMCs) can be a valid
approach to enhancing the printability of high-strength aluminum alloys and improving
their mechanical properties.

Al6061 is one of the most interesting high-strength Al alloys for industrial applications
due to its lightness, high strength, excellent formability, and good corrosion resistance. It is
an Al-Mg-Si alloy, and it can be heat treated for precipitation strengthening. Researchers
have made significant efforts in recent years to make it printable and processable by LPBF.
In addition to the previously discussed strategies, reactive additive manufacturing (RAM)
is going to be considered a valid approach for high-strength Al alloys. This patented
technology [29] involves the use of a metal powder mixed with different components that
can react and form ceramic reinforcement phases. These phases act as grain refiners and
heterogeneous nucleation sites, enabling the processability of high-strength Al alloys. A
new printable Al6061 RAM alloy for LPBF has recently been made available on the market.
However, despite the great potential of this material to produce crack-free Al6061 parts
using the AM technique, to the authors’ knowledge only a few papers on this topic have
been published [30–32]. Moreover, in these studies, information regarding the powder
formulation, and LPBF process conditions including process parameters are not provided
because of the collaboration with the supplier company and the patent.

In this work, the A6061 RAM2 system was characterized in terms of powder feedstock
and LPBF process. The optimization of process parameters was performed on the material
processed by a low-power LPBF machine. The effect of power laser, scanning speed, and
volumetric energy density on the printability of the alloy was evaluated. The reaction
mechanism and the evolution of the microstructure were also investigated. Finally, after
identifying the optimized parameter set for high density, the mechanical properties of the
processed material were evaluated through tensile tests, comparing the results with pure
A6061 processed by LPBF.

2. Materials and Methods
2.1. Powder Characterization

A6061 RAM2 powder, supplied by Elementum 3D (Erie, CO, USA) was used for this
study. Because of the patented technology and the lack of information from the supplier, a
complete powder characterization was performed to investigate the powder’s composition
and properties. Powder density was evaluated using a Helium Pycnometer Ultrapyc 5000
(Anton Paar GmbH, Graz, Austria), and an elemental analysis to evaluate the content of
C in the powder was performed using a carbon and sulfur Combustion Analyzer CS744
Series (LECO Corporation, St. Joseph, MI, USA). The particle size distribution of the
powder was carried out using a laser diffraction particle size analyzer Mastersizer 3000
(Malvern Panalytical, Malvern, UK). Powder micrographs were acquired with a Zeiss FE-
SEM Merlin (Zeiss, Oberkochen, Germany), while the phase identification was performed
with a PANalytical Empyrean diffractometer (Malvern Panalytical, Malvern, UK). The
XRD analysis of the powder was carried out using a Bragg–Brentano geometry and Cu Kα
radiation at 40 kV and 40 mA. The powder sample was investigated in a 2θ range between
30◦ and 110◦, with a step size of 0.013◦/s and a time step of 60 s.

Before printing, the powder was sieved under 50 µm and dried for 2 h at 90 ◦C to elim-
inate moisture, thus preventing hydrogen porosity [33] and improving the flowability [34].
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2.2. LPBF Process

Massive samples were produced using a Concept Laser Mlab Cusing R (General
Electric, Boston, MA, USA), an LPBF machine with a small build volume (building platform
90 × 90 mm2, building height 8 cm), equipped with a 100 W fiber laser emitting at a
wavelength of 1070 nm and a spot size of 50 µm.

A total of three jobs were manufactured. The first two jobs were carried out to optimize
the process parameters. Sixteen cubic samples (10 × 10 × 10.5 mm3) were produced for
each job, resulting in a total of 32 cubic specimens. Aluminum platforms were used as
substrate. All samples were printed with a layer thickness (t) of 15 µm and a hatching
distance (h) of 100 µm. The laser power (P) varied within the range of 80 to 95 W, while
the investigated volumetric energy density (VED) ranged from 60 to 130 J/mm3. The
process parameters used in this study were chosen based on a preliminary review of the
literature focused on the processing of A6061 alloy [35] and other aluminum alloys [36,37]
using LPBF machines with similar maximum laser power. The range of VED investigated
was expanded to account for the exothermic phenomena that occur during the reaction
mechanism. The scanning speed (v) for the adopted process parameters was calculated
using Equation (1), while keeping the other parameters constant, and ranged from 390 to
1000 mm/s. A summary of the process parameters is given in Table 1.

VED =
P

t× h× v
(1)

Table 1. Process parameters used for jobs 1 and 2.

Volumetric Energy
Density (J/mm3)

Scanning Speed (mm/s)

Power 80 W Power 85 W Power 90 W Power 95 W

60 847 899 952 1005

70 726 771 816 862

80 635 675 714 754

90 564 600 635 670

100 508 540 571 603

110 462 491 519 548

120 423 450 476 503

130 391 415 440 464

Lastly, a third job was manufactured with a set of optimized parameters to evaluate
the mechanical properties of the printed material. This last job consisted of 6 dog bone
specimens built horizontally according to ASTM E8/E8M-22 [38], with the longitudinal
axis aligned parallel to the platform.

2.3. Characterization of the Bulk Samples

A6061 RAM2 samples were removed from the platform using an electrical discharge
machine (EDM). Cubic specimens were coarsely polished to eliminate the surface roughness
and their densities were evaluated with pycnometer measurements (density measurements
were also made by Archimedes’ method to confirm those made with the pycnometer).
The optimized set of parameters for the third job was chosen on the basis of the obtained
density values.

All the cubic samples were cut along the building direction, mounted, polished, and
etched with Kroll reactant for 40 s to observe the microstructure. Micrographs across
the building direction were acquired with both Leica DMI 5000 M optical microscope
(Leica Microsystems, Wetzlar, Germany) and Phenom ProX SEM (Thermo Fisher Scientific,
Waltham, MA, USA) equipped with an EDS detector. Moreover, portions of the cubic
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samples were cut and prepared to perform XRD analysis for phase identification. XRD
measurements were conducted similarly to that carried out on the powder.

At last, the mechanical properties of the bulk material were evaluated. Six dog bone
specimens printed using the optimized process parameters set were tested using a tensile
machine Zwick/Roell ProLine Z050 Universal (Zwick Roell Group, Ulm, Germany) using
a strain rate of 8 × 10−3 s−1. A strain gauge (with an initial length of 10 mm and placed
in the middle of the gauge length) was used to measure the strain. Young’s modulus and
yield stress were estimated according to the BS EN ISO 6892-1:2019 standard [39].

3. Results and Discussion
3.1. Powder Characterization

The density of the powder was measured with a helium pycnometer, and it was
evaluated at 2.7574 ± 0.0011 g/cm3. In Figure 1, both relative and cumulative particle size
distributions of A6061 RAM2 powder are shown. The relative curve displays a monomodal
distribution. As reported in Figure 1, D50 and D90 values comply with those of other pow-
ders for LPBF [40], while the D10 value is lower, indicating a higher fraction of fine particles.
In fact, a low-intensity peak evidences the presence of a not negligible amount of fine parti-
cles with dimensions in a range from 3 to 10 µm. These may correspond to the precursors
of ceramic reinforcements added to the Al-based alloy. It is well known that the size of
reinforcement is one of the main factors that influence the in situ reaction. Chang et al. [41]
studied the effect of starting SiC particle size on the processing of (Al4SiC4 + SiC)/Al hybrid
composites produced by selective laser melting. The experimental results showed that the
use of SiC particles with D50 of 5 µm allows us to obtain the highest density if compared to
those obtained with the addition of SiC particles with D50 of 15 µm and 50 µm, respectively.
In fact, when SiC particle size decreased, the in situ reaction between the aluminum matrix
and SiC was enhanced and, accordingly, a higher amount of the Al4SiC4 reaction product
was observed.
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Figure 1. A6061 RAM2′s particle size distribution, where is reported the relative distribution (red
line) and the cumulative one (blue line).

Moreover, with reference to in situ production of composites by additive manufactur-
ing technologies, it was found that the laser absorptivity increases with decreasing powder
particle size. In fact, Gu et al. [42] reported that the addition of SiC and TiB2 particles with
a dimension of about 5 µm enhanced the absorptivity of the AlSi10Mg matrix.

Figure 2a shows A6061 RAM2 powder which, as expected, consists of three compo-
nents, mixed in a reactive formulation. In Figure 2b the three reactants can be recognized,
due to the different morphology and dimension; further, EDS analyses performed on the
different particles (whose results are reported in Figure 2c) highlighted chemical differences
and made it possible to identify them. Al particles are the main component in the system,
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and they are characterized by higher dimensions, rough surfaces, and approximately spher-
ical shapes. The EDS analysis conducted on these particles revealed the presence of Mg
and Si as the primary alloying elements, thus confirming a composition consistent with
A6061. Titanium particles are the second component, and they are identifiable by smaller
dimensions and a more regular spherical morphology. Finally, carbon boride particles
have an irregular and polygonal shape. EDS analysis confirmed the presence of B and C.
However, it is not possible to determine the stoichiometric ratio between B and C. EDS is,
in fact, a semiquantitative analysis, and the determination of light elements such as C, B,
and N is not accurate [43].
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Figure 2. SEM images of A6061 RAM2 powder at (a) lower and (b) higher magnification. (c) EDS
analysis performed on the particles.

Figure 3 shows the XRD analysis performed on the powder which confirmed the
presence of these three components, although the peaks attributed to Ti and B4C have
low intensity if compared to Al peaks. The low intensity of the peaks belonging to the
precursors suggests that these are added to the system in a small amount with respect
to A6061. According to the information provided by the supplier, the amount of ceramic
reinforcement in the printed material should constitute 2% volume. As explained in detail
in the following paragraph, the precursors are expected to undergo a complete reaction to
produce the reinforcing phases. Therefore, their amount in the powder would fall within
the range of 2–3% [44].

3.2. A6061 RAM2 System

As discussed previously, reactive additive manufacturing is a technology patented by
Elementum 3D that combines the processes of LPBF and self-sustaining high-temperature
synthesis (SHS) process. It is used for the production of a metal matrix composite, combin-
ing additive manufacturing and in situ reactions. The powder used in the LPBF process is a
mix of several components able to react with each other thanks to the laser, which triggers
a sequence of reactions supplying energy to the system. These reactions play a crucial
role in the reinforcement formation and the energy system. On one hand, they involve
the synthesis of the ceramic reinforcement with a strong interfacial bond due to the in situ
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formation [45]. On the other hand, the reactions are exothermic, and the released energy
can assist the LPBF process.
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Powder characterization of the A6061 RAM2 system made it possible to recognize
the components as Al alloy, Ti, and B4C particles. This system was investigated by
Shen et al. [46] to produce in situ Al/TiC-TiB2 composites and the following reaction
mechanism was proposed.

The first step involves the melting of the Al matrix, followed by its reaction with Ti
particles to form TiAln, according to Equation (2).

Al + Ti→ TiAln (2)

The synthesis of these intermetallics has a key role in the formation of the ceramic TiC
and TiB2 reinforcement. In fact, TiAln surrounds carbon boride particles because of the
convective motes induced by the laser. The formation of the TiAln/B4C interfaces promotes
the interaction between Ti, C, and B and the subsequent reactions, reducing the atomic
diffusion distance. At the same time, the formation of TiAln is exothermic, generating heat
that supports the subsequent diffusive motes.

The second step is the diffusion of C in TiAln (Equation (3)).

TiAln + B4C→ TiAln + B13C2 + TiCx + TiaAlbCc (3)

Carbon atoms diffuse more easily with respect to boron atoms from B4C particles [47].
The diffusion of C in TiAln is supported, on one hand, by the increment in temperature
guaranteed by the formation of TiAln and, on the other hand, by the counterdiffusion of Al
atoms in B4C particles, promoting the dissociation of boron carbide. These two phenomena
activate the C atoms, which diffuse in TiAln and lead to the development of C-rich zones,
promoting the formation of TiCx. The synthesis of TiCx is strongly exothermic and the heat
will help to maintain the TiAln in the melted state and to activate further C atoms inside
B4C particles. At the same time, depletion in C of B4C particles and formation of TiaAlbCc
may occur.

The last step is the diffusion of B in TiAln according to Equation (4), delayed with
respect to C diffusion due to its lower diffusivity.
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TiAln + B13C2 + TiCx + TiaAlbCc → TiAln + TiCx + TiB2 + TiaAlbCc → Al + TiC + TiB2 (4)

The synthesis of TiB2 is similar to that discussed for TiCx and it is caused by the
formation of B-rich zones. The precipitation of TiC and TiB2 grains occurs when the Al-Ti
melt reaches a condition of supersaturation.

The synthesis of an in situ A6061/TiC + TiB2 composite is beneficial for several reasons:

- TiC and TiB2 are commonly used as reinforcements for AMC because of their thermal
and chemical stability, and good wettability. The use of these two ceramic phases
makes it possible to improve mechanical properties (such as Young’s modulus, stiff-
ness, strength, and hardness), and corrosion and wear performances [48,49];

- The A6061 alloy has columnar dendritic solidification and a wide solidification range,
which can result in cracking during solidification. The nucleant and grain-refining
action of TiC and TiB2 for Al alloys [50–52] induces an equiaxed solidification, avoiding
crack formation; in fact, both ceramic compounds have a lattice parameter comparable
with that of the matrix and they can induce an equiaxed grain growth;

- The in situ synthesis of the grain refiners is beneficial for nucleation sites distribution
inside the matrix and the size distribution of these grain refiners [53].

Equation (5) summarizes the reaction mechanism of the A6061 RAM2 system:

Al + 3Ti + B4C→ Al + TiC + 2TiB2 (5)

According to the manufacturer, the system is designed under the following hypothesis:

- After the LPBF process, the final microstructure would consist of TiC and TiB2 particles
dispersed in the aluminum matrix;

- The in situ reaction leads to the formation of 2% vol of ceramic reinforcements;
- The system follows the stoichiometry of the reaction; therefore, Ti and B4C have a

molar ratio of 3:1.

Based on these considerations, the theoretical density of the LPBF-ed material and
the powder were calculated according to the stoichiometry of the reaction, and they were
evaluated to be equal to 2.7387 g/cm3 and 2.7249 g/cm3, respectively. A LECO analysis was
then performed on the powder to evaluate the content of C inside the powder. Assuming
that the measured C content was attributable to the B4C, it was possible to estimate the
density of the powder in accordance with the stoichiometry of the reaction. A value of
2.7245 g/cm3 was obtained. The theoretical density and that estimated by the LECO
analysis were similar and coherent; both of them were determined based on the hypothesis
of a perfectly stoichiometric system and a complete reaction of the powder. The estimated
composition of the powder is reported in Table 2.

Table 2. Estimated composition of the powder from LECO analysis.

Component vol.% wt.%

Al 97.5 96.6
Ti 1.5 2.5

B4C 1 0.9

However, the powder density was also measured using a helium pycnometer, and
it was evaluated to be 2.7574 ± 0.0011 g/cm3. Although this value was higher with
respect to the previously discussed theoretical and LECO-based densities, it was the only
one resulting from a direct measurement of the powder. This pycnometer density value
suggests that the composition of the powder is not stoichiometric: it is, in fact, reasonable
to suppose that the Ti content was higher than the estimated 1.5% vol. Assuming that the
B4C content was fixed, the density calculated with the pycnometer implied a Ti content of



Metals 2023, 13, 1128 9 of 18

3.25% vol. Therefore, a higher content of titanium might be justified by the key role of Ti
and TiAln in the reaction mechanism.

3.3. Bulk Characterization

In Figure 4, the density values of cubic samples are reported. Because of the lack of
information about the composition of the system from the manufacturer (due to the patent)
and the not-verified stoichiometric hypothesis, it was not possible to evaluate the effective
bulk density and accurately estimate the porosity of the samples.
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By observing the density trend as a function of laser power, a similar trend can be
identified for each tested VED value. In fact, the use of laser power of 80 W leads to
lower densities, as expected; indeed, aluminum alloys have high reflectivity and thermal
conductivity and require high laser power in order to obtain a complete melting of the
alloys [54]. For these reasons, the densities increase using higher laser power: they raise
using 85 W and reach their maximum values with 90 W. Finally, the use of 95 W leads to a
decrease in densities with respect to those accomplished using 90 W. In fact, laser power
that is too high can induce keyhole porosity, gas porosity, and other defects and can lead
to lower densities [7,55]. This trend finds validation in the literature: excessively high or
low VED values involve lower density and higher porosity [6,7,55,56]. On one hand, low
VED might induce partial or no melting of the metal powder; on the other hand, high VED
might cause a lack of fusion, evaporation, melt pool instabilities, and gas-induced pores.

The maximum density was achieved using a power laser of 90 W and a VED of
90 J/mm3. This parameter set was used to produce the dogbone specimens and evaluate
mechanical properties.

Optical micrographs of the samples obtained by using the optimized set of parameters
are shown in Figure 5. It is possible to recognize several unreacted or partially reacted Ti
and B4C particles inside the aluminum matrix (the results of EDS analysis performed on
these particles are shown in Figure 6). The presence of these particles suggests that the
system does not evolve to the final stage of the reaction mechanism, which would involve
the complete consumption of reactants in the matrix and the formation of TiC and TiB2
particles. Similar considerations have been carried out by Torbati-Sarraf et al. [32] in their
study about the corrosion behavior of A6061 RAM2. In their study, the LPBF samples were
provided and processed by Elementum 3D using their optimized set of process parameters;
despite that, unreacted Ti and B4C were observed in the microstructures. As a matter of
fact, the presence of unreacted particles is one of the major issues in processing in situ
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metal matrix composites by LPBF [57]. From Figure 6 it can be observed that, while the B4C
particles retain their initial morphology and composition after the RAM process, Ti particles
exhibit a smaller size and a different shape. It is evident that the Ti particles display two
distinct zones, noticeable by the contrast arising from the difference in atomic weight. The
inner zone is Ti-rich and corresponds to the unreacted portion of the particle, while the
outer zone is a reaction zone consisting of TiAln with variable stoichiometry.
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At higher magnification (Figure 5b–d), some defects can be observed, such as microc-
racks, particle detachment (Figure 5b,c), and unmelted particles (Figure 5d). B4C particles
show debonding at the interface with the Al matrix and microcracks seem propagating
from them. The debonding can be explained by the poor wettability of B4C particles from
melted Al [46,58]. In addition, the thermal mismatch between Al and B4C [59], combined
with the rapid cooling involved in the LPBF process, can induce interfacial debonding,
crack initiation, and propagation [60,61]. A consequence of this debonding is the pull-out
of B4C particles and the formation of pores that can originate after the polishing procedure,
as shown in Figure 5b,c. For this reason, these pores are not attributable to the LPBF
process. As a matter of fact, Sullivan et al. [30] characterized crack-free A6061 RAM2
samples processed on an EOS M290 LPBF machine by Elementum 3D (the company owner
of the material and the RAM patent, Erie, CO, USA, using a preheating of 200 ◦C of the
building platform. The use of preheating has an important role in avoiding thermal cracks
in metal matrix composite, mitigating thermal gradient in the material [61]. Additionally,
the preheating might have a beneficial impact on the adhesion between ceramic particles
and metal matrix, avoiding particles debonding: in fact, the temperature increment can
enhance the wettability of B4C particles by molten aluminum and promote a stronger
interfacial bond [58,62].

At the same time, neither lack of fusion nor solidification cracking was observed.
The morphology of the cracks in the micrographs (Figure 5) is, in fact, different from
that of solidification cracks, which are characterized by propagation along the building
direction. The absence of this defect, which is characteristic of high-strength aluminum
alloys such as A6061, can be justified considering that, although the reaction is not complete,
heterogeneous nucleation took place during the solidification.

SEM micrographs of the optimized A6061 RAM2 sample and linear EDS analysis of
unreacted Ti and B4C particles are reported in Figure 7. It is possible to observe that Ti
particles have reacted with melted Al to produce TiAln, as confirmed by the EDS analysis
shown in Figure 7a. The stoichiometry of TiAln is not defined: a reaction zone is observable
around Ti particles, and linear EDS analyses reveal a concentration gradient of Ti and Al
in this zone. TiAln can be located around the unreacted Ti particles and dispersed in the
matrix, because of the convective motions during the LPBF process caused by the laser. The
presence of TiAln can be justified by the first step of the reaction mechanism (Equation (2))
and confirms that the system has started its in situ reaction.

In addition, EDS analysis conducted on B4C particles (Figure 7b) confirmed that the
system does not evolve to complete the reaction. As explained earlier, the synthesis of
TiC and TiB2 occurs at the TiAln/B4C interface, due to the diffusion of B and C in the
Ti-Al intermetallic layer. It is conceivable that the Ti content is not sufficient to guarantee
the interaction between the intermetallic and carbon boride particles. At the same time,
micrographs show several unreacted and partially reacted Ti particles, suggesting that their
size may hinder a complete reaction with aluminum to synthesize TiAln and, subsequently,
interact with carbon boride particles. Lastly, the use of a powder blend may not ensure opti-
mal dispersion of reactants and uniform reaction in the composite. Therefore, EDS analysis
has confirmed the absence of Ti at the interface and reaction zones around B4C particles.

In Figure 8, the comparison between the XRD spectrum of the A6061 RAM2 powder
and LPBF-ed material is reported. The analysis of the XRD pattern of the bulk material
has confirmed the intermediate state of the system, as no evidence of the presence of TiC
and TiB2 has been detected. Quite the opposite, the presence of the intermediate TiAl3 and
TiAl2 (observed in the micrographs) has been confirmed by the XRD analysis, as shown in
Figure 8b.
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Tensile properties of as-built dog-bone A6061 RAM2 specimens (printed using the
optimized process parameters set) have been reported in Table 3 and compared with tensile
properties of as-built LPBF-ed A6061 processed with similar process parameters (Concept
Laser MLab R, P = 95 W, VED = 93 J/mm3) [35] and A6061 RAM2 processed by Elementum
3D [30]. In their study, Bradford et al. produced pure A6061 for LPBF using process
parameters similar to those used in this study, and they observed severe solidification
cracking in the produced samples. Micrographs of LPBF-ed pure A6061 showed severe
solidification cracking characterized by cracks propagated along the building direction. The
evaluation of tensile properties confirmed the deleterious impact of solidification cracks on
the mechanical properties of the LPBF-ed material.

Table 3. Tensile properties of A6061 RAM2 and as-built LPBF-ed A6061 [35].

Properties A6061 RAM2 E3D A6061 RAM2 [30] A6061 [35]

E (GPa) 73 ± 6 74 27.6
σy (MPa) 230 ± 6 - 56.6

UTS (MPa) 256 ± 11 234.3 62.1
εr (%) 4 ± 1.6 - 0.7

In addition, Sullivan et al. [30] characterized two different formulations of A6061
RAM (with 2 and 10 vol.% of inoculants) processed by LPBF and electron beam freeform
fabrication (EB-FF). In their study, A6061 RAM2 samples were provided by Elementum 3D
and processed by LPBF (EOS M290) using the optimized parameters set suggested by the
company. For the same formulation (A6061 RAM2), the UTS was reported as 234.3 MPa,
while Young’s modulus was evaluated as 74 GPa. Despite the use of the same powder and
optimized process parameters, these results are lower than those obtained in this study by
processing A6061 RAM2 with a low-power LPBF machine.

In the case of A6061 RAM2 processed in this study, tensile properties are superior
to those experienced for pure A6061 [35]. Given the use of similar process parameters,
two significant differences can be identified in A6061 RAM2. First, the presence of Ti and
B4C in the system increases the absorptivity of the powder [42,63,64]; therefore, the energy
transferred to the powder bed is higher with the same parameters and VED.

Second, notwithstanding the incomplete reaction of the system and the absence of
TiC and TiB2 in the final microstructure, no solidification cracking was observed in the
processed material. The equiaxed solidification should be provided by the in situ synthesis
of the final ceramic phases, but experimental characterization has confirmed that the system
does not evolve to the final stage. Because of the absence of the designed grain refiners
and the lack of solidification cracking, it is possible to hypothesize that another phase
allows for equiaxed solidification. It is reasonable to assume that TiAln might have had
a key role in hindering columnar grain growth and inducing the formation of equiaxed
grains. Especially TiAl3 has a small lattice mismatch with respect to Al and it has been
experienced as an effective nucleant for Al alloys [65,66]. It can be concluded that equiaxed
solidification occurs, even though the system does not evolve to the final microstructure
and the synthesis of TiC and TiB2 does not take place, due to the in situ formation of TiAl3,
which acts as an efficient nucleant for A6061 alloy.

As explained previously, the expected microstructure of LPBF-processed A6061 (and
other high-strength aluminum alloys) consists of large columnar grains grown along the
building direction [28,67,68]. These grains develop through several melt pool layers due
to remelting of the previous layer and subsequent epitaxial growth. In addition, their
morphology does not allow them to accommodate the strains caused by shrinkage during
solidification, resulting in solidification cracking.

SEM micrographs of the etched cross-section are reported in Figure 9. Chemical
etching enables the visualization of melt pools and a bimodal microstructure: in fact, it can
be observed the presence of fine equiaxed grains (with dimensions between 1 and 5 µm) at
melt pool boundaries, and columnar grains in the inner part of the melt pool (perpendicular
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to the melt pool boundaries). The presence of both equiaxial and columnar fine grains
in the LPBF-processed A6061 RAM2 indicates a change in the solidification mechanism
compared to the unmodified A6061 alloy processed by LPBF. It is worth noting that Mehta
et al. [28] obtained a similar microstructure in Zr-modified A6061 fabricated by LPBF. In
their study, the authors compared the microstructure of as-built A6061 and Zr-modified
A6061, explaining the role of Al3Zr as a nucleant, especially at the bottom of the melt
pools. In fact, A6061 aluminum alloy processed by LPBF experienced severe columnar
grain growth across the melt pools and a consequent solidification cracking. The addition
of inoculants in the system made it possible to induce heterogeneous nucleation and obtain
a refined microstructure. Furthermore, they observed the presence of fine equiaxed grains
at melt pool boundaries because of the slower solidification front velocity and the lower
temperature (with respect to the center of the melt pool), optimally sized nucleant particles
are more stable and capable to induce heterogeneous nucleation. Similarly, Xi et al. [69]
investigated the effect induced by the addition of nano-TiB2 particles on the microstructure
of LPBF-ed AlSi10Mg. The authors observed a strong correlation between the addition
of inoculant particles and the refinement grade: as the TiB2 content grew, the portion of
refined microstructure increased because the number of nucleation sites raised. Adding
1–2% weight of TiB2 resulted in partial refinement of the microstructure and the presence of
equiaxial zones at the melt pool boundaries. Further increasing the TiB2 content extended
the refinement to the inside of the melt pool.
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Therefore, the partial refinement that has occurred in LPBF-processed A6061 RAM2
can be explained by two factors: (i) the higher stability at the melt pool boundaries and
(ii) the number of optimally sized TiAln particles [70,71]. Metallographic observation of
the processed material (Figures 5, 6, and 7a) underlined the presence of unreacted and
partially reacted Ti particles, and not dispersed TiAln within the matrix. It is reasonable
to assume that the micrometric size of Ti particles may hinder the synthesis of a sufficient
number of optimally sized TiAln particles. At the same time, this might occur at the melt
pool boundaries because of the remelting of the previous layer. The equiaxial grains at the
bottom of the melt pool can interrupt the epitaxial growth of columnar grains, which are
confined within the melt pool and have smaller sizes with respect to LPBF-ed high-strength
aluminum alloys.

Furthermore, although the presence of equiaxial grains is localized only at the melt
pool boundaries, they can improve the resistance of the material to solidification cracking.
On one hand, fine equiaxial grains can accommodate shrinkage-generated strains more
easily than columnar grains. On the other hand, they can hinder the propagation of
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intergranular cracks that are triggered within the melt pool and propagate along the
building direction and across the melt pools [28].

4. Conclusions

In this work, the effect of in situ synthesized grain refiners on the processability for
LPBF of A6061 aluminum alloy has been investigated. The commercial A6061 RAM2
powder was extensively examined to understand its composition and its evolution during
the LPBF process. Process parameters optimization was conducted to assess their influence
on the density and processability of the alloy. Finally, the mechanical characterization of
the material processed using the optimized parameters set has been performed. The main
conclusions are reported in the following:

1. A6061 RAM2 is a suitable material for the LPBF process, designed to obtain an alu-
minum matrix composite reinforced with ceramic phases through the reactive LPBF
process. The powder consists of three components—Al, Ti, and B4C particles—which
are capable of reacting with each other to synthesize TiC and TiB2. These synthesized
phases are expected to act as nucleants for the A6061 alloy.

2. The process parameters optimization performed on the material showed that the
highest density can be achieved using a laser power of 90 W and a scanning speed of
635 mm/s, resulting in a VED of 90 J/mm3. Specifically, for all tested VED values, a
power of 90 W ensures higher densities.

3. The LPBF process initiates the reaction mechanism, but this does not evolve into a
complete reaction. Evidence of the presence of TiAl2 and TiAl3 was found in the
processed material, in agreement with the reaction mechanism. However, TiC and
TiB2 were not detected in the final microstructure.

4. Despite the absence of TiC and TiB2, which are expected to act as grain refiners for
the A6061 matrix, solidification cracking does not affect the processed material. This
absence suggests that TiAl3 may act as a heterogeneous nucleation site and induces
an equiaxial solidification of the matrix: TiAl3 is known as an effective nucleant for
aluminum alloys, as confirmed in the literature. Chemical etching revealed partial
refinement and a bimodal microstructure, consisting of fine equiaxial grain at the melt
pool boundaries which can inhibit solidification cracks. At the same time, further
investigation is required to understand the role of titanium particle size and process
parameters in the synthesis of TiAl3 particles and their function as nucleants.

5. Defects such as pores and microcracks can be observed in the microstructure. These
defects are attributed to the interaction between the Al matrix and B4C particles,
resulting from thermal mismatch and weak interfacial bonding. Further investiga-
tion is, however, needed to mitigate these phenomena, including exploring the role
of preheating.

6. Despite the presence of defects in the LPBF-ed material, the mechanical properties
of the optimized process material are considerably superior to those obtained by
processing pure A6061 using LPBF. A6061 RAM2, with Young’s modulus of 73± 6 GPa
and a yield stress of 230 ± 6 MPa, exhibits significantly higher values compared to the
pure A6061 alloy processed for LPBF, which has Young’s modulus of 27.6 GPa and a
yield stress of 56.6 MPa, respectively.
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