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A B S T R A C T

Producing Al powder feedstock containing high levels of Ti and B through gas atomization remains technolog
ically challenging. In this study, a different route is proposed based on the functionalization of powder surfaces 
rather than pre-alloying. A Ti-bearing Al-Mg powder was modified by decorating its surface with 0.5 wt% of 
boron nanoparticles via a fluidized-bed process. This approach enabled powder surface decoration with B, 
leading to in-situ TiB2 formation during Powder Bed Fusion - Laser Beam (PBF-LB/M), without the need for ex- 
situ ceramic additions. The approach, demonstrated here on an AlTiMgSi alloy, can be easily extended to other 
systems to design in-situ reinforced feedstocks for additive manufacturing. The results showed that the AlTiMgSi 
alloy is characterized by a partial suppression of epitaxial growth in PBF-LB/M due to the presence of Al₃Ti. In 
contrast, when B was added to the powder surface, the refinement effect was significantly enhanced, due to the 
combined effect of formation of TiB2 particles and the segregation of excess Ti at their surface promotes the 
formation of Al₃Ti. After solution treatment and aging, differences in Al₃Ti precipitation behavior were observed 
in the two investigated systems: the B-free alloy showed a dense distribution of acicular precipitates, whereas the 
functionalized alloy exhibited coarser and fewer Al₃Ti particles due to Ti consumption during TiB2 formation. 
The AlTiMgSi(B) alloy exhibited higher ultimate tensile strength (305.7 ± 0.2 MPa) and yield strength 
(273.9 ± 8.1 MPa) compared to the B-free alloy (264.6 ± 5.9 MPa and 214.1 ± 0.2 MPa, respectively).

1. Introduction

Additive manufacturing (AM) is rapidly expanding towards the 
production of structural and functional components. This evolution 
inevitably requires a broader range of materials than those currently 
available. However, the materials currently used for these techniques 
are mainly metallic systems and alloys, including titanium alloys, nickel 
superalloys, cobalt-chromium alloys, aluminum alloys, stainless steels, 
and tool steels [1,2]. These alloys, however, were originally developed 
for conventional manufacturing processes. As a result, a key challenge is 
the development of tailored alloys specifically designed to further 
advance AM technologies. Indeed, the processability of certain metal 
powder grades, such as nickel superalloys, aluminum alloys, and pure 
copper, can pose significant challenges due to their susceptibility to 
solidification and liquation cracking, or high laser-reflectivity [3–7]. For 

instance, Al alloys of the 2xxx series are highly prone to solidification 
cracking [8]. The case of high-strength Al alloys is particularly critical: 
most wrought compositions that display excellent mechanical properties 
are also among the most difficult to process, due to their marked 
hot-crack sensitivity [3–7,9]. Hot cracking occurs during solidification 
when the solid–liquid interface becomes unstable. As the temperature 
and liquid volume fraction decrease, volumetric solidification shrinkage 
and thermal contraction in these regions create cavities and hot cracks, 
which can potentially span multiple layers [10,11]. In this context, the 
addition of heterogeneous nucleation sites plays a crucial role. The 
addition of Ti and B, which leads to the formation of TiB2 particles, has 
been shown to be an effective grain refinement strategy, significantly 
reducing the alloy's susceptibility to hot cracking [12]. However, pro
ducing Al powder feedstock with high amounts of Ti and B via gas at
omization presents significant challenges. The high reactivity of B with 
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Ti in the molten bath results in the formation of borides that tend to 
separate from the liquid phase, causing non-homogeneous boride dis
tribution and leading to issues such as nozzle clogging during powder 
production [13,14]. An alternative approach involves modifying only 
the surface of the powder particles. Several works have demonstrated 
that also the ex-situ addition of TiB2 is effective in suppressing the for
mation of hot cracks by promoting grain refinement [15–17]. However, 
a previous work by some of the authors of this paper demonstrated that 
pre-alloying Ti and B into the powder is more effective than ex-situ 
additions in generating a refined grain structure and improving me
chanical performance [18]. Therefore, developing a method that en
ables the exclusive formation of fine, uniformly distributed in-situ TiB2 
particles is crucial to achieving enhanced mechanical and functional 
properties.

In this work, a new powder functionalization strategy is explored to 
overcome the limitations of pre-alloying. Specifically, the surface of an 
AlTiMgSi powder was decorated with 0.5 wt% of B nanoparticles using a 
fluidized-bed process. This approach aims to demonstrate that boron can 
be deposited on the particle surface and effectively promote in-situ 
formation of TiB2 during Powder Bed Fusion - Laser Beam (PBF-LB/ 
M), without relying on ex-situ TiB2 additions. Moreover, by adjusting 
the B content, this method offers a useful tool to enhance the process
ability of crack-sensitive Al alloys and to produce composite materials 
with tailored properties, combining high reinforcement content with 
optimized microstructural and mechanical performance. Although 
demonstrated here using an AlTiMgSi alloy as a case study, the proposed 
surface functionalization strategy can be readily extended to other alloy 
systems, offering a general and scalable route to improve the process
ability and performance of powders for AM.

Recent evidence demonstrated that altering the powder feedstock 
composition may affect multiple stages of the manufacturing route, from 
laser processing to post-processing treatments. In addition to influencing 
grain refinement during solidification, feedstock modification may 
modify the processing window in PBF-LB/M, but more importantly it 
can change the precipitation behavior during heat treatment [19]. 
Building on this evidence, the present work systematically investigates 
how surface functionalization with B nanoparticles affects process 
optimization, microstructural evolution, and mechanical performance 
in PBF-LB/M, with the aim of clarifying the broader implications of 
powder modification strategies.

2. Experimental and numerical methods

2.1. Powder feedstock

AlTiMgSi powder was produced by Kymera International [20]
through gas atomization. The chemical composition is reported in 
Table 1. The particle size distribution (PSD) of the powder was as fol
lows: particles with a diameter below 20 µm accounted for 9.5%, those 
between 20 µm and 63 µm represented 94.4%, while only 0.1% of the 
particles exceeded 63 µm.

Subsequently, the powder was functionalized by a fluidized-bed 
coating process, by adding 0.5 wt% of B nanoparticles uniformly onto 
the surface of the AlTiMgSi particles. Amorphous B nanoparticles with a 
nominal average particle size of 200 nm were used (see Supplementary 
material 1).

To achieve optimum homogeneity, the B nanoparticles were first 
dispersed in colloidal suspensions before their deposition onto the 
AlTiMgSi host powder. Distilled water was used as the dispersion me
dium. To optimize the stability and dispersion of the nanoparticle 

suspensions, the isoelectric point and zeta potential were measured 
using a Zetasizer Nano ZEN3500 (Malvern Instruments Ltd., Spain) as a 
function of the suspension pH. Suspensions containing 0.1 g/L of 
nanoparticles were prepared and their pH was adjusted using HNO₃ and 
Tetramethylammonium hydroxide (TMAH). In addition, to ensure 
proper nanoparticle dispersion and adhesion to the host particles, pol
yethylenimine (PEI) was added to the suspensions at different weight 
fractions relative to the nanoparticles (0.5, 1 and 2 wt%). The surface 
charge of the nanoparticles was evaluated, and the most stable sus
pension conditions were identified.

The surface modification of the AlTiMgSi powder was performed in a 
stainless steel fluidized bed reactor equipped with a distributor plate 
with an average pore size of 5 µm. The powder bed of the AlTiMgSi host 
powder was placed in the reactor, and 50 mL of the stable nanoparticle 
suspension were introduced into the fluidized bed via a spray nozzle. 
The amount of nanoparticles in the suspension, with respect to the total 
weight of the AlTiMgSi host powder, was 0.5 wt%. Prior to being 
sprayed, the nanoparticle suspensions were treated with an ultrasonic 
probe at 300 W for 1 h to ensure complete dispersion. Argon with a 
purity of 99.5% was used as the fluidization gas. The gas flow rate was 
maintained above the minimum fluidization threshold, and the pressure 
drop across the distributor plate was kept sufficiently high to decouple 
the gas supply from bubble formation within the bed. To facilitate 
evaporation of the suspensions during coating, the reactor was heated to 
120 ◦C and the inlet gas was dried to remove residual moisture.

2.2. Thermo-Calc simulations

The Thermo-Calc software with the TCAL8 database was employed 
to investigate the effect of different alloying elements on the solidifi
cation behavior of Al alloy and to assess the influence of B. 
Scheil–Gulliver simulations were performed to predict the evolution of 
phases during non-equilibrium solidification, providing insights into the 
formation of reinforcing TiB2 particles.

2.3. Printing and heat treatments

A Renishaw AM250 equipped with the Reduced Build Volume (RBV) 
module was used to manufacture cubic samples (8 × 8 × 8 mm³) for 
density and microstructural analyses using both AlTiMgSi and AlTiMgSi 
(B) powders. The relative density of the printed samples was evaluated 
on polished cross sections parallel to the building direction using ImageJ 
software. Optical microscopy observations were performed with a Nikon 
Eclipse LV150NL light optical microscope (LOM) equipped with a 
25 × objective lens. The optimal combination of printing parameters to 
achieve the highest density for each powder feedstock was identified 
and is reported in Table 2 (the optimization procedure is not detailed in 
this work). These optimized parameters were subsequently used to 
produce samples for microstructural characterization and micro-tensile 
testing.

Heat treatments were carried out to evaluate their effect on the 
microstructure and mechanical properties of both alloys. The thermal 
cycle consisted of a solution treatment at 530 ◦C for 1 h, followed by 
water quenching and subsequent artificial aging at 180 ◦C. The aging 
parameters were defined through a preliminary study aimed at identi
fying the peak hardness condition, based on Vickers microhardness 

Table 1 
Nominal chemical composition of the AlTiMgSi powder (wt%).

Mg Si Ti Al

1.12 0.78 1.4 Balance

Table 2 
Optimized process parameters used to print the samples.

AlTiMgSi AlTiMgSi(B)

Laser power 200 W 200 W
Time of exposure 140 μs 140 μs
Point distance 80 μm 60 μm
Hatch distance 80 μm 80 μm
Layer thickness 25 μm 25 μm
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measurements performed using a Future-Tech FM-810 system. The full 
optimization procedure is not detailed in this work. The peak hardness 
condition (T6) was achieved after aging the AlTiMgSi alloy for 4 h and 
the AlTiMgSi(B) alloy for 2 h.

2.4. Microstructural characterization

The analysis of microstructures of bulk samples at relatively low 
magnification was performed by LOM and a field emission scanning 
electron microscope (SEM, Zeiss Sigma 500) equipped with energy 
dispersive X-ray analysis (EDX) and secondary electron and back
scattered electron detectors (EBSD).

X-ray diffraction (XRD) analyses were performed on bulk materials 
with a Rigaku SmartLab diffractometer employing Cu Kα radiation. The 
data were obtained in the diffraction angle range 30◦≤ 2θ ≤ 80◦, with a 
step width of 0.01◦ and a velocity of 0.5◦/min.

Transmission electron microscopy (TEM) analyses were carried out 
on as-built (AB) and T6 samples produced both with the AlTiMgSi and 
AlTiMgSi(B) powder feedstocks. Thin lamellae were prepared using a 
FEI Scios DualBeam FIB-SEM system. TEM observations were performed 
using a FEI Tecnai G2 Spirit TWIN microscope equipped with a LaB6 
electron source, operating at an acceleration voltage of up to 120 kV. 
The system is fitted with both an FEI Eagle 4k bottom-mounted CCD 
camera and an Olympus SIS MegaView G2 side-mounted CCD camera, 
offering a magnification range from 18 × to 650,000 × and a line-to-line 
resolution of 0.20 nm.

2.5. Mechanical tests

Micro-tensile tests were carried out using an MTS-Alliance RT/100 
universal testing machine to evaluate the mechanical response of the 
materials in the as-built and heat-treated conditions. In total, six speci
mens were tested. For the heat-treated condition, two specimens were 
tested for each alloy to ensure reproducibility of the results. In contrast, 
only one specimen per alloy was tested in the as-built condition, as the 
samples exhibited pronounced brittleness. The specimens had a gauge 
section with a thickness of 1 mm, a width of 3 mm, and a gauge length of 
6 mm. The samples were directly fabricated in their final geometry by 
PBF-LB/M, followed by grinding and mechanical polishing to remove 
surface irregularities. Due to the small dimensions of the specimens, 
some scatter in mechanical performance is expected, particularly 
affecting the strain at failure and the ultimate tensile strength (UTS).

3. Results

3.1. Powder characterization

Boron suspensions exhibited an isoelectric point at pH 4–4.5 and zeta 
potential values between –31 and –45 mV under alkaline conditions (pH 
8–10), indicating a limited stability. In contrast, as shown in Fig. 1, the 
addition of PEI significantly modified the electrostatic behavior of the 
suspensions. The isoelectric point shifted to approximately pH 10, and 
the zeta potential became consistently positive across a broad pH range 
(2–8), reaching values between + 40 and + 70 mV depending on the PEI 
concentration. This behavior confirms that PEI effectively reverses the 
particle surface charge and enhances colloidal stability. When PEI is 
dissolved under basic conditions, the nanoparticle surfaces adsorb 
ionized PEI molecules, becoming positively charged and exhibiting a full 
reversal of the original negative surface potential [21].

Among the tested formulations, suspensions prepared with 2 wt% 
PEI and adjusted to near-neutral pH displayed the most favorable 
characteristics, achieving zeta potentials of + 50 to + 60 mV. These 
values meet the widely accepted criteria for colloidal stability, in which 
zeta potentials above ±30 mV indicate stable suspensions, while values 
exceeding ±60 mV denote excellent stability [22–24]. Therefore, B 
suspensions containing 2 wt% PEI were selected for nanoparticle 

deposition onto the AlTiMgSi powder in the fluidized-bed reactor.
Fig. 2 presents SEM images of the powder feedstocks before and after 

the surface functionalization process. The AlTiMgSi powder (Fig. 2a) 
exhibits the typical morphology expected from gas-atomized powders. 
High-magnification SEM observations (Fig. 2c) allowed for the identi
fication of boron nanoparticles (see Supplementary material 1), mean
ing that the fluidized-bed process proved effective in decorating the 
surface of the Al powder.

3.2. Thermo-Calc simulations

Thermo-Calc simulations were carried out to predict the solidifica
tion sequence of the investigated alloys using the Scheil–Gulliver so
lidification model. The resulting phase evolution as a function of 
temperature is reported in Fig. 3. In the B-free alloy, the first interme
tallic phase predicted to form is Al3Ti. Conversely, in the B-containing 
alloy, TiB2 is predicted to nucleate first, preceding the formation of 
Al3Ti. B addition alters the solidification pathway, promoting the early 
formation of stable TiB2 particles that can act as effective heterogeneous 
nucleation sites for α-Al.

3.3. Characterization of as-built materials

Following the optimization of process parameters, bulk samples were 
successfully printed and characterized to evaluate their microstructures 
and mechanical properties. The density analysis of bulk samples was 
conducted by examining the cross sections, both normal and parallel to 
the z-axis, of three cubes following the ASTM F3637 − 23 standard [25]. 
Image analysis was performed with ImageJ to evaluate the relative 
density of the samples, which was found to be 99.8% and 99.4% for the 
AlTiMgSi and AlTiMgSi(B) powders, respectively.

Fig. 4 compares the microstructures of the investigated alloys. The B- 
free alloy is characterized by a mixed grain morphology with both 
equiaxed and elongated grains. EBSD and SEM analyses show finer 
grains near the melt-pool boundaries, where a high density of bright 
particles is observed. Their strong contrast with the darker matrix in
dicates Ti enrichment, suggesting that they are primary Al3Ti particles, 
consistent with Scheil simulation results. In contrast, the addition of B 
nanoparticles to the powder surface led to a fully equiaxed microstruc
ture with an average grain size below 1 μm, and the typical melt-pool 
morphology was no longer visible. The functionalization of the feed
stock with B effectively enhances the heterogeneous nucleation of α-Al 
phase in the printed material (Fig. 4 f), thereby suppressing the epitaxial 

Fig. 1. Variation of Zeta Potential of colloidal suspension of boron with 
different percentages of PEI.
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growth of columnar grains from previously deposited layers [26]. A 
more homogeneous distribution of bright particles is also observed, 
likely corresponding to TiB2 and Al3Ti. However, SEM alone does not 
allow unambiguous phase identification and for this reason TEM ana
lyses were performed on both AlTiMgSi and AlTiMgSi(B) alloys in 
as-built condition (Fig. 5). In the B-free alloy, TEM images clearly 

revealed elongated grains, consistent with the epitaxial growth observed 
by EBSD. Selected area electron diffraction (SAED) patterns acquired at 
grain boundaries exhibited diffraction spots corresponding to Al3Ti 
phase in the tetragonal D022 structure. (Fig. 5b). In AlTiMgSi(B), TiB2 
precipitates are present both within the grains and at the grain bound
aries. SAED analysis performed at the grain boundaries revealed 
diffraction spots corresponding to both D022- Al3Ti and TiB2 phases 
(Fig. 5e). Fig. 5 f reports TEM image of a TiB2 particles, its SAED pattern 
exhibited faint hexagonally arranged streaks around the main diffrac
tion rings. These hexagonal streaks are typically observed in crystals 
with hexagonal symmetry (in the present case TiB2) and originate from 
the overlap of reflections from parallel crystallographic planes with 
similar interplanar spacings but different angular orientations. In such 
cases, the planes produce constructive interference along specific di
rections, resulting in the characteristic streaked pattern observed in the 
diffraction image [27,28].

3.4. Characterization of the heat-treated materials

The microstructure of the alloys in the heat-treated condition was 
first examined via SEM, and the results are shown in Fig. 6. In both 
AlTiMgSi and AlTiMgSi(B) alloys, the T6 heat treatments promoted the 
formation of finely dispersed nanometric precipitates throughout the 
matrix. No evident morphological differences between the two alloys 
were observed through the SEM analysis. However, the small size of 
these precipitates makes them challenging to characterize reliably using 
SEM and EDX. To gain a more detailed understanding of the precipitate 
characteristics, including size and distribution, TEM analyses were 
performed on T6 samples. The results are reported in Fig. 7. In the 
AlTiMgSi alloy (Fig. 7a and b), TEM images show the presence of ho
mogeneously dispersed rod-like thin precipitates, which were identified 
as D022- Al3Ti by SAED. In the AlTiMgSi(B) alloy, the density of D022- 
Al3Ti precipitates is lower. Nonetheless, D022- Al3Ti precipitates are still 
present in this alloy, appearing bulkier compared to the thin acicular 
ones in the B-free alloy (Fig. 7c and d). The TEM images also confirm the 
presence of TiB2 nanoparticles, highlighting their stability after expo
sure to elevated temperatures (Fig. 7d). Additionally, both alloys exhibit 
Mg2Si precipitates, which appear as polyhedral or cubic particles 
(Fig. 7e and f).

To further support phase identification, XRD analyses were per
formed on both AlTiMgSi and AlTiMgSi(B) alloys in the as-built and T6 
heat-treated conditions. The corresponding diffraction patterns are re
ported in Fig. 8. In both alloys, the dominant reflections arise from the 
α-Al matrix. In addition, diffraction peaks attributable to Al3Ti were 
detected, and their positions are consistent with the tetragonal D022 
structure. In the heat-treated conditions, reflections attributable to 

Fig. 2. SEM micrographs of the powder feedstock. a) AlTiMgSi powder and b),c) powder feedstock after surface functionalization where the red arrows indicate B 
nanoparticles.

Fig. 3. Scheil-Gulliver solidification curve of a) AlTiMgSi alloy and b) AlTiMgSi 
(B) alloy.
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Mg2Si were also observed, in agreement with the TEM observations of 
Mg2Si precipitates after T6 treatment. In the AlTiMgSi(B) alloy no 
distinct TiB2 reflections were resolved in the XRD patterns, likely to its 
low volume fraction and fine particle size, which limit detectability by 
XRD.

Tensile tests were performed on the materials in as-built (AB) and 
heat-treated (T6) conditions, and the curves are presented in Fig. 9. The 
AlTiMgSi(B) alloy exhibited a higher ultimate tensile strength (UTS) 
(257.2 MPa in AB and 305.7 MPa in T6) and yield strength (YS) 
(236.3 MPa in AB and 273.9 MPa in T6) compared to the AlTiMgSi 
alloy. This improvement confirms the strengthening effect of TiB2 
nanoparticles.

Moreover, it is worth mentioning that the adopted specimen geom
etry reproduces a thin-wall structure, with a final thickness below 1 mm. 
Such a reduced cross-section strongly amplifies the influence of defects 
and surface imperfections on the overall mechanical response. There
fore, the obtained results should be regarded as preliminary indicators of 
the mechanical behavior of the alloy and represent a lower bound of the 
expected properties for fully dense bulk samples.

4. Discussion

The fluidization process enabled uniform and homogeneous depo
sition of B nanoparticles onto the AlTiMgSi powder. Continuous parti
cle–nanoparticle interactions within the fluidized bed facilitated 
consistent surface coverage, confirming the effectiveness of this method 
for the surface functionalization of metallic powders. The B nano
particles appear homogeneously dispersed onto the powder surface, 
with no evidence of large agglomerates (Fig. 2). This homogeneous 

distribution is particularly important, as it ensures uniform energy ab
sorption during laser processing and promotes homogeneous in-situ 
formation of TiB2 in the bulk material. Moreover, after the functionali
zation treatment, the particles retained their spherical shape, confirming 
that the process did not alter the original morphology of the feedstock. 
The spherical morphology is crucial for ensuring good flowability and 
processability in the subsequent printing step.

Fully dense cubic samples were successfully printed using PBF-LB/M 
with both powder feedstocks. The microstructure of the AlTiMgSi alloy 
highlights that the presence of Al3Ti only partially suppresses epitaxial 
growth, resulting in a duplex grain morphology (Fig. 4e), composed of 
both equiaxed and elongated grains. The equiaxed grains are mainly 
concentrated at the melt pool boundaries, where SEM observations 
reveal a high density of fine precipitates (Fig. 4b). These particles are too 
small to be precisely identified by EDX, but their bright contrast in
dicates that they are Ti-rich, likely Al3Ti as predicted by Scheil simula
tions. TEM analysis confirmed the presence of elongated grains (Fig. 5a) 
while XRD analysis and SAED patterns acquired at grain boundaries 
consistently displayed diffraction spots of D022- Al3Ti (Fig. 5b and 
Fig. 8). In this case, grain refinement can be primarily attributed to the 
peritectic theory [29,30]. During cooling, Ti-rich particles such as Al3Ti 
act as stable substrates for the heterogeneous nucleation of α-Al. Ac
cording to the peritectic model, the interfacial reaction between the 
remaining liquid and pre-existing Al3Ti promotes the formation of a thin 
α-Al layer at the particle surface, enhancing nucleation without 
requiring significant undercooling. This mechanism has been widely 
reported as a key factor governing grain refinement in Al-Ti systems 
[31]. In addition to the peritectic nucleation mechanism, the observed 
enrichment of Al3Ti at grain boundaries suggests that grain refinement 

Fig. 4. a), b) SEM images and e) IPF map of the AlTiMgSi alloy. c), d) SEM images and f) IPF map of the AlTiMgSi(B).
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may also be influenced by solute segregation effects. During solidifica
tion, dissolved Ti can segregate ahead of the solid–liquid interface, 

increasing the local solute content in the melt and generating constitu
tional supercooling. This solute-induced undercooling restricts the 

Fig. 5. a),b) TEM images of the AlTiMgSialloy in as-built condition; the corresponding SAED pattern for image b) is shown. c), d, e), f))TEM images of the AlTiMgSi 
(B) alloy in as-built condition; the corresponding SAED patterns for images e) and f) are shown.

Fig. 6. SEM images of the a) AlTiMgSi and b) AlTiMgSi(B) alloys in T6 condition.
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growth of existing grains and enhances the driving force for the nucle
ation of new α-Al grains [32,33]. The duplex grain microstructure and 
the inhomogeneous precipitate distribution can be explained by varia
tions in the solidification front velocity across the melt pool. As the 
solidification front velocity increases toward the melt pool top region, 
approaching the beam scanning velocity, solute trapping becomes sig
nificant [34]. Under these high solidification velocities, the formation of 
primary Al3Ti can be locally suppressed, causing Ti to remain in su
persaturated solid solution within the columnar α-Al grains rather than 
forming Al3Ti particles [35,36].

A markedly different behavior is observed when B is added to the 
powder surface. Indeed, in this case the refinement effect was signifi
cantly enhanced, and the heterogeneous nucleation of the α-Al phase 
occurred more uniformly. As a result, the columnar-to-equiaxed grain 
transition (CET) was complete, leading to an average grain size below 1 

μm (Fig. 4c and Fig. 4 f). TEM micrographs (Fig. 5c and Fig. 5d) further 
confirmed the presence of a fully refined grain structure, with local grain 
sizes down to approximately 500 nm. In the B-containing alloy, the 
refinement mechanism can be explained by the duplex nucleation and 
solute growth restriction theories [37]. In this case, TiB2 particles serve 
as stable substrates for heterogeneous nucleation, while Ti segregates at 
their surface, forming a thin Al3Ti layer. It has been reported that TiB2 
particles alone are not effective nucleation sites for α-Al grains in liquid 
aluminum, rather, the presence of solute Ti modifies the interfacial 
structure and growth kinetics, leading to the formation of an efficient 
TiB2/ Al3Ti nucleating interface [38,39]. The synergy between TiB2 and 
Al3Ti has been demonstrated to be a powerful grain-refinement mech
anism. Since α-Al requires a lower undercooling in the presence of Al3Ti 
than TiB2, Al3Ti is generally considered the effective nucleant in such 
systems [40]. Thermo-Calc simulations (Fig. 3b) support these 

Fig. 7. a), b) TEM images of the AlTiMgSi alloys in T6 condition; the corresponding SAED pattern for image b) is shown. c), d), TEM images AlTiMgSi(B) in T6 
condition; the corresponding SAED pattern for image d) is shown. e), f) TEM images of Mg2Si precipitates.
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interpretations, predicting the initial formation of TiB2 followed by 
Al3Ti. Additionally, as mentioned above, the presence of solute Ti in the 
melt promotes constitutional undercooling ahead of the solidification 
front, restricting grain growth and further contributing to the develop
ment of a fine equiaxed grain structure [41].

Importantly, while previous work using high-resolution TEM has 
directly observed a continuous Al3Ti layer at TiB2 interfaces [40,42], 
such a layer was not observed in this study, because of the limited spatial 
resolution of the TEM analysis employed here, which may prevent the 
detection of extremely thin interfacial layers. SAED patterns acquired in 
regions containing TiB2 particles consistently revealed diffraction spots 
attributable to Al3Ti, indicating the coexistence of Al3Ti and TiB2 in the 
analysed areas. Although these observations do not provide direct 
interfacial proof of a duplex TiB2/Al3Ti nucleation structure, they are 
consistent with the mechanism proposed in the literature and suggest 
that a similar grain-refinement mechanism may operate in the present 
alloy.

During the subsequent T6 heat treatment, both alloys exhibited 
Mg2Si precipitates with polyhedral or cubic morphology (Fig. 7 and 
Fig. 8). In Al-Si-Mg alloys subjected to T6, the precipitation pathway 
typically involves the formation of the β'' (needle-shape) and β' (rod- 

shape) metastable phases before the appearance of the equilibrium β 
(Mg2Si) phase. β″ is usually the dominant precipitate in the peak-aged 
condition [43,44]. Some studies have reported that the addition of Ti 
can inhibit or delay the formation of these Mg–Si metastable pre
cipitates, since Ti-rich intermetallics can capture Si and compete with 
the nucleation of the β'' and β' phases [19,45]. In the present alloys, 
however, coarse Mg2Si precipitates are clearly observed after T6, and 
their presence is also consistent with the XRD results (Fig. 8). Exami
nation of the micrographs (Fig. 7e and Fig. 7 f) suggests that some Mg2Si 
particles may nucleate on, or grow in contact with pre-existing rod-
shaped particles, resembling Al3Ti. While their morphology is compat
ible with Al₃Ti, the available SAED data do not allow their unambiguous 
identification.

The evolution of Ti-containing precipitates during T6 differed 
markedly between the two alloys and highlights a key implication of 
powder functionalisation: modifying the feedstock composition affects 
not only grain refinement during PBF-LB/M, but also the subsequent 
precipitation response during heat treatment. The evolution of Ti- 
containing precipitates upon T6 heat-treatments is important since 
they are known to contribute to alloy strengthening [46]. Comparison 
between the as built and heat-treated microstructures strongly suggests 
that a significant fraction of the fine Ti containing particles observed 
after T6 formed during heat treatment (Fig. 6).

In the B-free alloy (Fig. 7a), Ti is not consumed by TiB2 formation 
during solidification and therefore remains available in solid solution to 
a greater extent than in the B-bearing alloy. This condition promotes the 
nucleation of a larger number of Al3Ti precipitates throughout the ma
trix during aging, resulting in a denser dispersion of fine particles. 
Conversely, in the B-containing alloy (Fig. 7c), the reduced availability 
of Ti in solid solution limits the formation of Al3Ti precipitates. In 
addition, Ti-rich precipitates tend to form heterogeneously on retained 
TiB2 particles, leading to coarser features compared to the finer Al3Ti 
precipitates that form homogeneously from a highly supersaturated α-Al 
solid solution.

These findings further demonstrate that modifying the powder 
feedstock is not a neutral choice. Such compositional changes influence 
not only the grain refinement mechanism, but also the precipitation 
behavior during post-processing. This is particularly important from a 
practical standpoint, because once the alloy chemistry is modified, 
conventional heat-treatment parameters optimized for the base alloy 
may no longer be fully suitable. Therefore, dedicated alloy/heat- 
treatment design may be required to fully exploit the potential of the 
modified composition.

In line with these microstructural differences, the B-containing alloy 
exhibits higher strength already in the as-built state (UTS = 257.5 MPa, 
YS = 236.3 MPa) compared to the B-free alloy (UTS = 237.2 MPa, YS =
219 MPa). The finer grain size observed in AlTiMgSi(B) contributes to 
this strengthening, as the increased grain boundary density effectively 
impedes dislocation motion, thereby enhancing both YS and UTS. 
Nevertheless, the as-built ductility remains limited, with elongation to 
failure close to 3% for both alloys. Such low elongation is typical of PBF- 
LB/M processed materials and can be primarily attributed to the high 
level of residual stresses generated by the repeated and steep thermal 
cycles during processing [47,48].

After T6 heat treatment, the strengthening effect of TiB2 becomes 
even more pronounced. The AlTiMgSi(B) alloy reaches UTS of 
305.7 MPa and YS of 273.9 MPa, whereas the B free alloy attains only 
UTS of 264.6 MPa and YS of 214.1 ± 0.2 MPa. Regarding ductility, heat 
treatment is overall beneficial compared with the as-built state. Elon
gation increases from about 3.1% to 6.2 in AlTiMgSi(B), and from 2.9% 
to 13.2 in the B free alloy. The improvement is consistent with stress 
relief and the substantial modification of the characteristic PBF-LB/M 
cellular structure toward a coarser microstructure upon T6 heat treat
ment [19,49,50]. However, the B containing alloy remains less ductile 
than the B free alloy after T6. This reduced strain to failure can be 
attributed to the intrinsic tradeoff between strength and ductility in 

Fig. 8. XRD patterns of the AlTiMgSi and AlTiMgSi(B) alloys in as-built and 
T6 conditions.

Fig. 9. Stress vs strain curves of the AlTiMgSi and AlTiMgSi(B) alloys in as-built 
and T6 conditions.
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strengthened microstructures, as commonly observed in materials with 
ultrafine-grained microstructures [51].

5. Concluding remarks

The fluidized-bed surface functionalization approach developed in 
this work successfully introduced B onto the surface of AlTiMgSi pow
ders, enabling the in-situ TiB2 formation during PBF-LB/M process. The 
combined presence of TiB2 and Al3Ti phases proved crucial in control
ling the solidification microstructure. While Al3Ti alone was insufficient 
to completely suppress epitaxial grain growth, the coexistence of TiB2 
and Al3Ti promoted the formation of a fully equiaxed microstructure, 
leading to a marked improvement in both yield and ultimate tensile 
strength. Upon T6 heat treatment, distinct differences in Al3Ti precipi
tation behavior were observed between the two alloys. The B-free alloy 
exhibited a dense distribution of fine acicular precipitates, whereas the 
functionalized alloy contained fewer and coarser Al3Ti particles, 
consistent with Ti consumption during TiB2 formation.

Overall, these findings demonstrate that the proposed powder sur
face functionalization strategy provides an effective and scalable strat
egy to tailor solidification dynamics and strengthen Al alloys processed 
by PBF-LB/M. The methodology is versatile and can be extended to other 
Ti-containing Al systems, as the amount of B introduced onto the powder 
surface can be precisely adjusted to achieve the desired balance between 
grain size, strength, and ductility. This tunability makes the approach 
particularly promising for optimizing both processability and perfor
mance in additively manufactured Al components, while mitigating the 
challenges associated with gas atomization of Ti- and B-rich feedstocks. 
Nevertheless, altering the powder composition also implies that pro
cessing parameters, post-processing treatments, and conventional heat- 
treatment schedules may need to be re-optimized to fully exploit the 
benefits of the modified feedstock.
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