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A B S T R A C T

Processing aluminum alloys by Laser Powder Bed Fusion (L-PBF) is of great interest for components production in various industries; however, their processability is 
quite challenging due to their susceptibility to solidification cracking. One effective strategy to overcome this problem is the addition of inoculants to modify their 
solidification mechanism and to prevent crack initiation. In this context, this study focuses on the processability of the A2618 alloy with the addition of TiB2 as an 
inoculant using different ex situ strategies: low- and high-energy mechanical mixing and plasma coating respectively. The Single Scan Tracks (SSTs) approach was 
used to investigate the quality and stability of tracks that greatly influence the quality of printed parts and optimize the process parameters for the three feedstocks. 
The comparison between the systems enabled the identification of slight differences between powders in terms of the processability window, revealing the influence 
of the inoculant dispersion method on the processability of the A2618 alloy. Electron Backscatter Diffraction (EBSD) analysis carried out on the SST cross-sections 
confirmed significant differences between the three powders in terms of grain refinement. In addition to the microstructure refinement and the absence of solidi-
fication cracks, the analysis revealed the effectiveness of the plasma coating method which allows for obtaining a uniform and homogeneous distribution of the 
reinforcement on the aluminum particles’ surface. Bulk samples were then produced to validate the optimization study results: the characterization of the cubic 
samples revealed a dense (99.9%) and crack-free microstructure, with a homogeneous distribution of the reinforcement phase.

1. Introduction

The consolidation of additive manufacturing (AM) processes in the 
last few decades has been beneficial for various industrial fields [1]. The 
ability to produce near-net shape parts, lightweight structures, and in-
tegrated components [2,3] offers particular advantages, especially in 
aerospace applications where the production of parts with complex 
geometries, difficult-to-machine components, and lightweight struc-
tures is critical for decreasing costs and emissions [4]. Among the AM 
processes, Laser-Based Powder Bed Fusion for Metals (PBF-LB/M [5]), 
known as Laser Powder Bed Fusion (L-PBF), stands out as one of the 
most widely used techniques to process metallic materials. This is 
mainly due to the ability to obtain unique microstructures and improve 
mechanical properties thanks to the high cooling rate involved in the 
process [6].

Although L-PBF technology is now well-established, the metallic 
materials suitable for this process remain limited. Certain classes of al-
loys, such as steel, titanium alloys, and some nickel-based superalloys, 

are relatively easy to process with L-PBF [7]. In contrast, aluminum 
alloys pose significant challenges due to their high thermal conductivity, 
high reflectivity, and poor feedstock flowability. Traditional casting 
aluminum alloys, such as AlSi10Mg [8–10], AlSi12 [11,12], or 
AlSi10Mg0.7 [13], were among the first alloys successfully processed by 
L-PBF. Their relatively high Si content lowers the viscosity of the molten 
metal and narrows the solidification range, improving their process-
ability [14]. Conversely, L-PBF of wrought aluminum alloys, particu-
larly high-strength aluminum alloys, is demanding. These materials are 
characterized by poor fluidity, a wide solidification range, and high 
crack susceptibility [15] due to their columnar dendritic grain growth 
[16]. Maamoun et al. [17], for instance, performed a process parameters 
optimization to investigate their influence on the microstructure and 
mechanical properties of Al6061 alloy. Independently of the used pro-
cess parameters, the produced samples exhibited solidification cracks 
that propagated along the building direction. Tan et al. [18] also eval-
uated the effect of laser power and scanning speed on the L-PBF pro-
cessability of A2024 alloy, highlighting that hot cracking could be 
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minimized by adopting low (<40 J/mm3) or high (>140 J/mm3) 
volumetric energy density. However, within these process windows, the 
crack density decreased at the cost of increased porosity.

To enhance the processability of high-strength aluminum alloy for L- 
PBF, different strategies have been developed, leading to notable im-
provements in printability. These include increasing the Si content to 
narrow the solidification range [19–21], preheating the building plat-
form to mitigate thermal gradient [22], and introducing inoculants to 
modify the solidification mechanism. The introduction of heterogeneous 
nucleation sites hinders the formation of columnar grains and promotes 
the growth of equiaxial grains, thereby preventing the initiation and 
propagation of solidification cracks [23,24]. Furthermore, the use of 
these inoculant phases (such as Al3Zr [25,26], TiAl3 [27], TiB2 [28–31], 
and TiC [32–34]) can enhance the powder bed absorptivity [32] and 
improve the mechanical properties of the material through the pro-
duction of a metal matrix composite with increased Young’s modulus, 
stiffness, and hardness [33]. The consolidation of these strategies, 
together with the potential offered by the L-PBF process, has led to the 
development of new compositions specifically designed for this process 
(ultrahigh-strength Al alloys) [34,35], with the potential to achieve 
mechanical properties significantly superior to those of traditional Al 
alloys.

The design and production of Aluminum Matrix Composites (AMCs) 
can be carried out using various strategies, such as blending the rein-
forcement particles with the Al powder (ex situ) or synthesizing the 
reinforcement during the L-PBF [36] or gas atomization [37] (in situ). 
While in situ particles offer a strong interfacial bonding, their synthesis is 
challenging because of the control of the reactions in terms of unreacted 
precursors and synthesized phases [27,38,39]. Conversely, ex situ re-
inforcements may require additional effort to achieve a homogeneous 
distribution and a stronger bond with the matrix but are simpler to 
design and implement and often come with lower costs.

In this work, the processability of the high-strength 2618 Al alloys 
was investigated and improved through the addition of inoculant pha-
ses. This alloy belongs to 2XXX high-strength aluminum alloy class and 
finds widespread application in the automotive and aerospace industries 
due to its ability to preserve good mechanical properties at temperatures 
up to 300 ◦C [40]. However, its processability for L-PBF is limited due to 
its susceptibility to hot cracking. Various attempts have been made to 
enhance the printability of this alloy by incorporating inoculant phases 
and producing AMCs [25]. Belelli et al. [41,42] reported that TiB2 is 
highly effective both as a grain refiner and for improving the mechanical 
properties of the material [38,39]. However, to the authors’ knowledge, 
only the pre-alloying strategy has been employed to incorporate TiB2 
particles in the matrix.

This work aims to investigate the influence of TiB2 addition on the 
processability of A2618 alloy by L-PBF by adopting different reinforce-
ment addition strategies. In particular, three different technologies to 
obtain A2618 AMC were studied and compared: (i) low-energy and (ii) 
high-energy mechanically mixed A2618 and TiB2 [43], and (iii) TiB2--
coated A2618 [24]. To evaluate the powder processability by L-PBF, the 
single scan track (SSTs) approach [44,45] was adopted to optimize the 
process parameters. The analysis of the obtained SSTs in terms of both 
cross-section and on-top morphologies, in fact, enabled the determina-
tion of the most promising values of power and scanning speed in pro-
cessing these materials. Based on these results, massive samples were 
produced to evaluate their densification degree.

2. Materials and methods

2.1. Powders characterization

In this work, three different composite powders of A2618 alloy 
reinforced with 5 vol% TiB2, in addition to the standard A2618 alloy, 
were investigated (Table 1). The choice of A2618 alloy and TiB2 as the 
matrix and reinforcement, respectively, for the AMC was made after a 

comparison of different Al alloys and ceramic phases, taking into ac-
count several properties (such as microstructural stability, mechanical 
and thermal properties, high-temperature performance, and reactivity). 
Based on these comparisons, the combination A2618/TiB2 proved to be 
the most suitable for this work. The three systems differ in the ex-situ 
methods adopted for dispersing TiB2 particles in the Al-based matrix. 
Powder B was obtained by low-energy mechanical mixing, using a low- 
energy drums mixer under Ar atmosphere at 40 rpm for 2 h; powder C 
was obtained by high-energy mechanical mixing under N2 atmosphere; 
finally, powder D was obtained by plasma coating through non-thermal 
plasma glow discharge [46].

The powders were first characterized to highlight the differences in 
terms of morphology, particle size distribution [47], and flowability as 
influenced by the different preparation methods. The granulometry of 
the powders was evaluated using a laser diffraction particle size analyzer 
Mastersizer 3000 (Malvern Panalytical, Malvern, UK). The morphology 
and chemical composition of the particles were investigated through 
scanning electron microscopy, using a Phenom ProX SEM (Thermo 
Fisher Scientific, Waltham, MA, USA) equipped with an EDS detector. 
Low-magnification micrographs of the powders were acquired to esti-
mate the aspect ratio (AR) and circularity of the particles through image 
analysis using the open-access software ImageJ (Wayne Rasband, 
Bethesda, MD, USA). The flow behavior and the spreadability of the 
powders were investigated through powder flow tests conducted with an 
FT4 Powder Rheometer (Freeman Technology Ltd, Tewkesbury, UK). 
Finally, the absorbance of the powders was evaluated using a UV–Vis 
spectrophotometer UV-2600 (Shimadzu, Kyoto, Japan) equipped with 
an integration sphere ISR-2600Plus, in diffuse reflectance mode between 
220 and 1350 nm.

2.2. Single scan tracks production

With the aim of investigating the processability of the three com-
posite powders by Laser Powder Bed Fusion (L-PBF), a Single Scan 
Tracks (SSTs) approach was used. The SST samples were produced using 
a Print Sharp 250 (Prima Additive, Torino, Italy), a medium-volume 
(258 × 258 × 330 mm3) L-PBF machine equipped with a 500 W 
single-mode IR fiber laser emitting at a wavelength of 1070 nm.

A total of four jobs were manufactured for each powder. The first two 
jobs were produced to evaluate the influence of laser power (P) and 
scanning speed (v) on the processability of the investigated materials 
within a wide process window. In these jobs, P ranged from 250 to 450 
W with increments of 50 W, while v varied from 200 to 1800 mm/s with 
a step of 200 mm/s, resulting in a total of 54 tracks produced for each 
system. Subsequently, a third job was manufactured to investigate the 
effect of the two parameters within a narrower process window, based 
on the results obtained from the characterization of the previous jobs. In 
this third job, P varied in the range between 350 and 425 W, while v 
ranged from 1100 to 1700 mm/s.

The SSTs were printed on A2618 discs used as substrates, following 
the design depicted in Fig. 1a (an example of the printed samples is 
shown in Fig. 1b). The powder layers were spread using a film depositor 
with a 60 μm gap. The layer thickness was chosen based on the results 

Table 1 
Investigated powder systems.

Label Description supplier

A Standard A2618 alloy Kymera International GmbH (Velden, 
Germany)

B Low-energy mechanically mixed 
A2618 + TiB2

A2618: Kymera International GmbH 
(Velden, Germany) 
TiB2: Höganäs SA (Höganäs, Sweden)

C High-energy mechanically mixed 
A2618 + TiB2

IMR GmbH (Lind ob Velden, Austria)

D Plasma Coated A2618 + TiB2 AM4AM S.à r.l. (Foetz Mondercange, 
Luxemburg)
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carried out by Mindt et al. [48]. In their study, they observed that, in the 
initial stages of the L-PBF process, the real powder bed thickness in-
creases until it reaches a steady-state value. This behavior is related to 
the shrinkage of the previous layers: in fact, during the consolidation of 
the first layers, the powder melting results in a consolidated layer with a 
real thickness lower than the theoretical one (set by slicing and equal to 
the vertical displacement of the platform during the L-PBF process). This 
reduction in thickness is due partly to the apparent density of the 
powder and the presence of voids between the particles, and partly to 
the thermal shrinkage as the molten metal cools. The subsequent layer 
will then have a thickness equal to the set layer thickness (t), increased 
by a δz to account for the shrinkage of the previous layer. Furthermore, 
they noted that this steady-state value is generally twice the set layer 
thickness and corresponds to the platform displacement. For aluminum 
alloys processed with the Print Sharp 250, a nominal layer thickness of 
30 μm was generally used, corresponding to a steady-state value of 60 
μm. To ensure a homogeneous powder bed on the substrates, a slurry 
consisting of powder and ethanol (50 vol%) was used to facilitate the 
spreading of the layers. Before printing the tracks, the ethanol was 
allowed to evaporate in the building chamber at room temperature for 1 
h, under Ar flow.

2.3. Single scan tracks characterization

The SSTs were characterized in terms of their on-top profile and 
cross-section. The on-top analysis was carried out on the first two jobs to 
identify a stability range within the investigated process parameters 
window. An optical microscope Leica DMI 5000 M (Leica Microsystems, 
Wetzlar, Germany) was used to acquire images of the tracks along their 
entire length. For each track, the different micrographs were stitched 
together to form an image of the complete track. These images were first 
subjected to visual examination to identify tracks showing discontinu-
ities that could not be considered for further analyses. Subsequently, the 
continuous tracks were post-processed using MATLAB software previ-
ously developed to assess their stability through the definition of 
quantitative parameters. Based on existing literature on SSTs [44,45,49,
50], the average track width (P1), its standard deviation (P2), and the 
track roughness (P3) were selected for the analysis. The average track 
width (P1) was used to assess the influence of process parameters (such 
as laser power P and scanning speed v) on the track width. The second 
parameter was the width standard deviation index (P2) based on 
Equation (1): 

P2=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i=1
(xi − x)2

N

√
√
√
√
√

(Equation 1) 

where xi is the track width in the i-point, x is the average track width, 
and N is the number of points considered along the track length. To 
define P2, 100 points were considered for each track.

The third parameter was the roughness index (P3), defined according 
to Equation (2): 

P3=

∑
nhpeak −

∑

n
hvalley

n
(Equation 2) 

where hpeak and hvalley are the heights of the n-peak and n-valley, 
respectively, and n is the number of peaks and valleys considered. To 
define P3, five peaks and valleys were considered for each track. The 
analysis of P2 and P3 enabled the evaluation of track stability by 
assessing the presence of defects along its entire length.

The analysis of the cross-sections was conducted on the third job, 
produced using a narrower range of parameters. To investigate the 
cross-sections, the disks were cut, mounted, and polished following the 
standard metallographic procedure. The samples were then etched using 
Keller’s solution for 15 s to highlight the meltpool boundaries. A 
micrograph for each cross-section was acquired using the optical mi-
croscope to measure the geometrical parameters of the meltpools 
(growth, g, and depth, d), which are schematized in Fig. 2.

For each powder, the cross-section obtained with the optimal process 
parameters set was analyzed with a focused ion beam scanning electron 
microscope (FIB-SEM, TESCAN S9000G, Tescan Company, Brno, Czech 
Republic) equipped with an electron backscatter diffraction (EBSD) 
analyzer to evaluate the effectiveness of grain refinement in relation to 
the dispersion method adopted. The analysis was carried out at 20 kV 
and 10 A, with a step size of 0.5 μm.

2.4. Cubic samples production and characterization

A job consisting of cubic samples was produced to evaluate the 
densification behavior of the different systems. For each powder, ten 
cubic samples, each measuring 10 × 10 × 10 mm3, were printed, using a 
hatching distance of 160 μm, a layer thickness of 30 μm [51,52], laser 
powers of 375 and 400 W, and a scanning speed ranging from 1200 to 

Fig. 1. (a) Schematic representation of the produced jobs, and (b) an example of SSTs samples.

Fig. 2. Geometrical parameters of the meltpool: growth g, depth d, and 
width w.
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1600 mm/s.
The cubes were removed from the platform using an electrical 

discharge machine (EDM) and were roughly polished to eliminate sur-
face roughness. The density of the samples was evaluated using Archi-
medes’ method. Image analysis was used on the samples to validate the 
obtained results (for each sample, 15 images were acquired using the 

optical microscope at 10X) and evaluate the presence of process defects.

Fig. 3. SEM BSD micrographs of (a–b) A2618, (c–e) low-energy mechanically mixed A2618 + TiB2, (f–h) high-energy mechanically mixed A2618 + TiB2, and (i–k) 
plasma-coated A2618 + TiB2, at low and high magnification.
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3. Results and discussion

3.1. Powders characterization

Micrographs of the different powders can be observed in Fig. 3, while 
the aspect ratio, circularity, and particle size distribution parameter 
values are reported in Table 2. In powders B, C, and D, it is easy to 
distinguish the Al powder, which is the main component, and the TiB2 
particles (identified as such through EDS analysis) dispersed on their 
surface. For all the systems, it is possible to observe that the particles are 
predominantly spherical, although the presence of satellites and elon-
gated or irregular particles can be noticed. Examining the geometric 
parameters of the powders, shown in Table 2, two points are note-
worthy: on the one hand, the high standard deviation suggests that the 
powders consist of a large fraction of irregular particles with 
nonspherical morphology. On the other hand, there are no significant 
changes in aspect ratio and circularity in powders B and C: mechanical 
mixing, conducted at both low and high energy, does not seem to have 
caused plastic deformation or a worsening of the particle sphericity, as 
can also be observed by comparing the images of the pure alloy (Fig. 3a 
and b) with those of powders B (Fig. 3c and d) and C (Fig. 3f and g).

As for the ceramic reinforcement, the TiB2 particles appear well 
dispersed on the surface of the Al particles, although agglomerates can 
be detected in powders C and D. It is also worth noting that, when 
comparing these feedstocks, the reinforcement appears better dispersed 
and distributed on the Al particles in the case of powder D, with better 
adhesion to the surface. Ceramic particles exhibit polygonal and irreg-
ular morphology. In addition, the size of these particles in powder B is 
larger than in the other two, where TiB2 particles have submicrometric 
sizes. The use of submicrometric or nanometric particles can be conve-
nient in terms of nucleating effectiveness and mechanical properties 
[53], but can also cause agglomeration phenomena that can worsen the 
flowability of the powder [54].

The particle size distributions of the four investigated systems are 
shown in Fig. 4, while the D10, D50, and D90 values are summarized in 
Table 2. A significant difference consists of the type of distribution, 
which is monomodal for powder A, and bimodal for the composite 
powders. For these powders a low-intensity peak is observable due to the 
presence of ceramic particles. The position of this peak is in accordance 
with the morphological observations made by analyzing SEM images of 
the powder. For powder B, the TiB2 particles have micrometric size, 
while for powders C and D, they are submicrometric. These consider-
ations are confirmed by the quantitative parameters of PSD, particularly 
D10: the latter is lower in composite powders than in powder A due to 
the presence of TiB2, and it is minimal in powders C and D.

The flow behavior and the spreadability of the powder feedstocks 
were evaluated through rheological tests, using an FT4 powder rheom-
eter. The instrument allows for the assessment of the powder behavior 
under low-intensity stresses, thus simulating the spreading of the pow-
der bed by the recoater [55]. The measured values of basic flowability 
energy (BFE), specific energy (SE), and conditioned bulk density (CBD) 
are shown in Fig. 5. The BFE enables the quantification of the energy 
required to flow a stabilized powder with a certain flow rate and pattern: 
whereby high BFE values indicate a powder that is difficult to dislocate 
due to phenomena such as mechanical interlocking and friction. Among 
the powders, B showed the highest value of BFE, while C and D had the 

lowest values. The larger size and more irregular morphology of TiB2 in 
powder B may contribute to increased inter-particle friction and poorer 
flowability. Regarding the SE, there are no significant differences be-
tween powders. The low values indicate low cohesiveness. Lastly, the 
CBD allows for evaluating the bulk density of the powder after a con-
ditioning phase. For this reason, high CBD values are desired as they 
indicate the powder ability to self-arrange and create a compact and 
dense layer. Among the powders, C has the highest CBD value. It is 
possible that the larger size of TiB2 in powder B, and the presence of 
agglomerates in powder D, increase interparticle friction and hinder the 
powder self-packing.

In light of these considerations, powder C has the best rheological 
properties and flowability.

Finally, the absorptivity of each powder was evaluated, and the 
corresponding spectra are depicted in Fig. 6, along with the absorbance 
values at 1064 nm (the wavelength of the laser of the PrintSharp 250, 
the L-PBF machine used in this work). The absorbance of pure A2618 
alloy aligns with that of other high-strength Al alloys, such as A7075 and 
A2219 [56,57], with a value of approximately 53%. It is worth noting 
that the addition of TiB2 particles enhanced the absorptivity in all three 
cases of composite powders (B, C, and D), consistent with previous 
findings in the literature, where lower reflectivity particles (such as TiO2 
[56], Ti/B4C [58], TiN [59]) c. Comparing the spectra of powders B and 
C, both obtained through mechanical mixing, it is possible to note that 
the absorbance follows a similar trend, although the absorptivity of 
powder C is slightly higher compared to that of powder B. The different 
absorption values of these two powders can be explained by considering 
two aspects: on the one hand, the high-energy mechanical mix leads to a 
more homogeneous dispersion of the reinforcement on the Al particle 
surfaces, providing a stronger bond between Al and TiB2 particles; on 
the other hand, the TiB2 size in powder C is significantly smaller than 
that in powder B, resulting in a larger specific surface area and higher 
absorptivity [60]. Regarding powder D, the TiB2-plasma coated powder 
reveals the highest absorptivity among the investigated systems, with an 
increment of 7% compared to mechanically mixed powders: the 
enhanced absorbance can be related to the homogeneous distribution of 
reinforcement particles along the Al particles (Fig. 3j and k). In addition 
to the small sizes of ceramic particles, the formation of a uniform TiB2 
coating increases the particle roughness, enhancing their absorptivity 
[61].

3.2. SSTs on-top analysis

The first step of the SSTs characterization consisted of a visual in-
spection of the tracks. This preliminary step made it possible to recog-
nize tracks with discontinuities or defects. For powder A, SSTs were 
excluded from the analysis because of the presence of cracks, as can be 
observed in Fig. 7. In some cases, such as in tracks built with very en-
ergetic parameters, cracks were observed along the entire length of the 
track, while in others they were limited to only a few sections. From 
Fig. 7c, it can be observed that the crack propagates in the growth di-
rection, as expected from solidification cracks). The presence of 
centerline cracking aligned with the deposition direction is a well- 
known phenomenon in conventional welding of high-strength Al al-
loys [62–66]. In welded Al alloys, cracks originate in the central region 
of the meltpool and propagate along the welding direction, creating a 
centerline crack. The propagation along this direction is related both to 
the growth of columnar grains (in the X–Y plane) along this direction, 
due to the thermal gradients, and the higher tensile stresses located in 
this region [67,68].

A similar behavior was observed in Single Scan Tracks (SSTs) pro-
duced using aluminum alloys [69,70]. Specifically, Sonawane et al. [69] 
observed that, in SSTs produced with the A6061 alloy, the cracks pref-
erentially originated from the central part of the meltpool in the pres-
ence of high-angle grain boundaries. In order to understand the 
longitudinal propagation of the crack along the track, the authors 

Table 2 
Aspect ratio, circularity, and PSD parameters of the selected powders.

Powder A Powder B Powder C Powder D

Aspect Ratio 1.3 ± 0.4 1.4 ± 0.6 1.2 ± 0.2 1.4 ± 0.5
Circularity 0.6 ± 0.2 0.4 ± 0.1 0.6 ± 0.2 0.7 ± 0.1
D10 (μm) 31.7 27.4 19.1 19.9
D50 (μm) 52.2 49.9 40.8 43.7
D90 (μm) 83.6 89.0 75.4 78.5
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evaluated the length of the mushy zone (in which solidification cracks 
occur), using it as a cracking sensitivity parameter. The analysis 
revealed that, at the center of the meltpool and corresponding to the 
centerline crack, the mushy zone reaches a critical value.

As explained before, this defect is the major limitation to the pro-
cessability for L-PBF of this type of alloy [23], and its presence com-
promises the integrity of the component. For this reason, the tracks 
obtained with powder A were not further characterized.

Visual inspection of the tracks made it possible to recognize 
discontinuous tracks, which were excluded from the analysis. For 
instance, in Fig. 8, the on-top surfaces of the SSTs produced with powder 
B are shown. The SSTs highlighted in red, excluded from further anal-
ysis, were produced with combinations of low laser powers and the 
highest scanning speed that did not provide sufficient energy to enable 
powder melting.

The continuous tracks were analyzed with MATLAB software to 

evaluate their thickness and stability and to identify a process window 
with regular tracks of appropriate width. To select the most promising 
tracks, the following considerations were made. The first parameter, 
track width (P1), was considered to evaluate track thickness. Tracks 
with a width ranging between 216 and 330 μm were deemed acceptable, 
while widths outside this range were considered unsuitable for the L-PBF 
process, and the corresponding tracks were excluded. The optimal width 
range was determined based on the need for overlap between tracks in 
the bulk samples, and it was calculated according to Equation (3). 

φ=
w − h
w + h

• 100 (Equation 3) 

where φ is the overlap rate, w is the track width, and h is the hatching 
distance. The range was calculated considering an overlap between 15 
and 35 % [71–73], and a hatching distance of 160 μm. The width 
standard deviation (P2) and track roughness (P3) were utilized to 

Fig. 4. (a) Frequency and (b) cumulative volume particle size distributions.

Fig. 5. Basic Flow Energy (BFE), Specific Energy (SE), and Conditioned Bulk Density (CBD) values of the selected powders.
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Fig. 6. Absorbance spectra and absorbance values at 1064 nm.

Fig. 7. (a) On-Top surface of the track built with 350 W and 200 mm/s, (b) detail of the surface, and (c) micrograph of the etched cross-section.

Fig. 8. On-top surfaces of single scan tracks produced with powder B in the first two jobs. Discontinuous tracks are highlighted in red.
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describe the regularity and stability of the tracks. High values of P2 
would indicate irregular width, track instability, and the presence of 
defects such as balling. Similarly, high values of P3 would suggest track 
asymmetry or spattering. Conversely, low values of both P2 and P3 
would indicate a regular and stable track. The trends of the three pa-
rameters for powder B are shown in Fig. 9. Concerning parameter P1, it 
is possible to observe that the track width decreases as the scanning 
speed increases at the same laser power, while the width increases with 
the increase in laser power. Generally, the track width increases pro-
portionally to the energy supplied to the powder bed, as mentioned in 
the literature [44,72].

It is interesting to note that both P2 and P3 values are relatively 
higher when using the highest and lowest scanning speeds for all the 
considered power values, indicating a higher irregularity of these tracks. 
Specifically, the use of low scanning speeds (200–600 mm/s) led to the 
maximum values of P2 and P3, regardless of the laser power applied. In 
addition to the high width, these tracks show periodic ripples on the 
surface, which are related to the formation of capillary waves at the 
interface between the molten alloy and the gas [74]. Conversely, the use 
of the highest scanning speed leads to the formation of irregular or 
discontinuous tracks because of insufficient energy and 
Plateau-Rayleigh capillary instability (as explained by Zheng et al. 
[75]). In general, intermediate scanning speed, ranging between 800 
mm/s and 1400 mm/s, results in lower P2 and P3 values, yielding more 
regular and stable tracks. Regarding the influence of laser power on 
material consolidation, it can be observed that low laser powers (such as 
200 and 250 W) lead to instability or a small track width. As the laser 
power increases, these discontinuities disappear, making way for more 
stable and thicker tracks.

The trends of P1, P2, and P3 for powders C and D are shown in 
Figs. 10 and 11, respectively. For P1, similar considerations can be 
drawn for powders C and D as for powder B, with the track width 
inversely proportional to the energy provided to the powder bed. Be-
sides, it is worth noting that the P1 values for powder C and D are 
relatively higher with respect to those of powder B, especially for low 
laser power (between 200 and 300 W). Higher P1 values indicate thicker 
tracks due to higher energy supplied to the powder bed. Using fine 

ceramic particles can improve the absorptivity of the powder bed, 
leading to an increase in the melt pool size [76].

Regarding the P2 parameter, greater instability of the tracks can be 
observed when using low scanning speeds, which is consistent with what 
was observed for powder B. Observing the trend of P3, however, it can 
be noted that for powder D, these values are subject to significant 
fluctuation, unlike powder C. This variability may suggest a greater 
instability of the tracks produced with powder D and the convective 
motions that are generated during the L-PBF process. On the one hand, 
the fine size of the ceramic particles in this powder can increase the 
energy absorption of the powder bed, but on the other hand, it can cause 
the formation of aggregates (observed in Fig. 3i–k), which can increase 
viscosity and contribute to the track instability.

The integration of considerations regarding the three parameters 
enabled the development of the process map for powders B, C, and D, as 
depicted in Fig. 12. These maps allow for summarizing and visualizing 
the remarks previously made and identify a process window for each 
powder.

Regarding powder B, for 200 and 250 W, the tracks showed dis-
continuities or were too small and insufficient in width, because of the 
low LED used. For 300 W, the tracks were mostly unacceptable, although 
some regular tracks were obtained for intermediate values of scanning 
speeds. For laser powers between 350 and 450 W, low scanning speeds 
led to tracks that were too thick or irregular. However, continuous and 
stable tracks were identified for scanning speeds ranging from 1000 to 
1600 mm/s. In view of these considerations, a process window was 
identified for laser power between 350 and 450 W, and scanning speeds 
between 1000 and 1600 mm/s.

The process map for powder C turns out to be similar to that for 
powder B. Laser powers below 350 W do not allow tracks with a suitable 
width or sufficient regularity, and the same process window can be 
identified for laser powers between 350 and 450 W, and scanning speeds 
between 1000 and 1600 mm/s. For powder D, in contrast to the other 
investigated systems, higher laser powers and scanning speeds (resulting 
in lower LED) are required to obtain stable tracks with a suitable width, 
consistent with the higher absorptivity of the coated powder compared 
to powders B and C. The process window was found to be between 400 

Fig. 9. Track width (P1), width standard deviation (P2), and track roughness (P3) trends for SSTs produced with powder B.
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and 450 W for laser power, and scanning speeds above 1000 mm/s.
In general, the three identified process windows are found to fit 

within the same parameter ranges. To investigate the promising process 
window in more detail, the third SSTs job was manufactured using a 
combination of laser powers between 350 and 425 W, with a step of 25 
W, and scanning speeds ranging from 1100 to 1700 mm/s, with a step of 
100 mm/s.

3.3. SSTs cross-sections analysis

Fig. 13 shows the cross-section micrographs of the SSTs produced in 
the third job, using a narrower process parameter window. The SSTs 
highlighted in red were excluded due to the presence of humping and 
undercuts in the tracks. The presence of these defects is related to the 
Marangoni flow that arises from surface tension gradients [77] and can 
lead to the formation of pores and worsen surface roughness in the bulk 
samples [78–80]. However, it is interesting to note that all cross-sections 

Fig. 10. Track width (P1), width standard deviation (P2), and track roughness (P3) trends for SSTs produced with powder C.

Fig. 11. Track width (P1), width standard deviation (P2), and track roughness (P3) trends for SSTs produced with powder D.
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were found to be dense and free of solidification cracks: the absence of 
this defect suggests that the addition of TiB2 improved the processability 
of A2618 alloy by modifying its solidification mechanism.

To perform an objective evaluation of the cross-sections and identify 
a narrower process window, the regular and defect-free melt pools were 
analyzed in terms of the g/d ratio, where g represents the growth, and 
d represents the depth of the melt pool. Fig. 14 summarizes the results of 

this analysis. The use of lower scanning speeds led to melt pools with low 
g/d ratios and excessive penetration because of the higher energy den-
sity provided to the powder bed. Nevertheless, the melt pools obtained 
using moderate scanning speeds (in a range between 1200 and 1600 
mm/s) and laser powers of 375 and 400 W exhibited g/d values between 
0.6 and 0.9, which are acceptable and indicate the presence of sym-
metrical melt pools.

The results of the cross-section analysis carried out on powders C and 
D are summarized in Fig. 15, which shows the process maps for these 
two systems. Similar considerations can be drawn: stable and regular 
melt pools were obtained using 375 and 400 W as laser powers and 
intermediate scanning speeds. It is worth noting that the process win-
dow for powder D, based on the cross-section analysis, is extremely 
narrow and limited, confirming the difficulties encountered in process-
ing powder D.

For each powder, a cross-section was selected from the respective 
process windows and used for EBSD analysis to evaluate the inoculant 
effect of the TiB2 particles through the grain morphology and the grain 
size distribution. The results of these analyses are shown in Fig. 16. 
Firstly, for powder A (Fig. 16a) it is worth noting the presence of 

Fig. 12. Process map for powders B, C, and D. The identified process windows are highlighted by the contour.

Fig. 13. Cross-section micrographs of the single scan tracks produced with powder B. Excluded tracks are highlighted in red.

Fig. 14. Process map for powder B. The identified process window is high-
lighted by the contour.
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columnar grains at the melt pool boundary. Alloy 2618 (and, in general, 
high-strength Al alloys) is subjected to strongly directional solidification 
during the L-PBF process, so, as expected, the grains tend to grow along 
the thermal gradient directions [15,81]. At the same time, the formation 
of columnar grains causes the occurrence of solidification cracks: these 
cracks can initiate and propagate between the elongated grains due to 
the difficulty in compensating for solidification shrinkage and accom-
modating the stresses that arise during solidification. In terms of grain 
dimensions, the fine size is related to their thin and elongated 
morphology: this would be confirmed by an aspect ratio of 2.0 ± 0.9, 
significantly higher than that found for other powders.

Powders B and C (Fig. 16b and c, respectively) allow a comparison of 
nucleant dispersion carried out by mechanical mixing at different en-
ergies. By comparing the EBSD grain maps, it can be noticed that the 
low-energy mechanical mix leads to partial grain refinement, as 
columnar grains at the melt pool edge can still be detected. In contrast, 
the high-energy mechanical mix enables evident grain refinement: the 
grain size appears to be finer and more regular, and no columnar grains 
are observed in the melt pool. This is confirmed by the grain size dis-
tribution of powder C, which appears to be narrower and left-shifted 

compared to that of powder B. The greater effectiveness of grain 
refinement in powder C can have different explanations. On one hand, in 
powder C the size of TiB2 particles is much smaller compared to that in 
powder B, and this can contribute to increasing the effectiveness of the 
ceramic as a nucleant. At the same time, another aspect to be considered 
is the impact of the dispersion method. The higher energy used in me-
chanical mixing would lead to a stronger bond between Al and ceramic 
particles and ensure better dispersion and distribution of TiB2 particles. 
The synergistic action of the size and the distribution might contribute to 
a more effective grain refinement with respect to powder B.

Powder D (Fig. 16d) is the one that led to the best grain refinement in 
terms of both grain morphology and grain size. In this case, TiB2 parti-
cles were dispersed in the A2618 powder using a plasma treatment to 
create a coating. As in powder C, the ceramic particles were also very 
fine, but they were even more homogeneously dispersed on the surface 
of the aluminum powders. Comparing the grain size distribution, plasma 
coating is confirmed to be the most effective dispersion method, with the 
narrowest curve, shifted to the left among those considered, confirming 
submicrometric and uniform grain size in the melt pool.

Fig. 15. Process maps for powders C and D. The identified process window is highlighted by the contour.

Fig. 16. EBSD analysis of optimal cross-sections and corresponding grain size distributions of powders A (a), B (b), C (d) and D (D).
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3.4. Cubic samples

The results obtained from both the on-top and cross-section analysis 
performed on the different powders, led to the selection of the most 
promising process parameters to be used for printing cubic samples. 
Cubic samples were therefore produced using laser powers of 375 and 
400 W and scanning speeds from 1200 to 1600 mm/s; the residual 
porosity of the specimens was determined to verify whether the pro-
cessing window identified for each powder enables the production of 
dense material.

Fig. 17 shows the porosity trends as a function of process parameters 
for printed cubic samples. A similar trend can be observed for powders B 
and D, with an increase in porosity as the scanning speed increases. For 
powder B, the porosity is constant up to 1400 mm/s and then signifi-
cantly increases at higher scanning speeds. The lowest porosity value 
(0.3%) was achieved using a laser power of 375 W and a scanning speed 
of 1200 mm/s, obtaining a dense sample with homogeneously dispersed 
ceramic reinforcement. Using higher scanning speeds, defects mainly in 
the form of cracks were observed in the bulk samples. A further increase 
in the scanning speed (higher than 1500 mm/s) led to the formation of 
lack of fusions (LOFs) and the presence of unmelted particles. It is 
reasonable to suppose that the energy provided to the powder bed was 
insufficient to melt the powder completely. For powder D, this trend is 
more marked: the porosity increases significantly as the scanning speed 
increases; however, a marked difference in terms of densification degree 
can be observed between the two powers investigated. This would 

support the considerations regarding the difficult processability of 
powder D, which were already highlighted from both the on-top 
(Fig. 12) and cross-sections (Fig. 15) analyses. Regarding the effect of 
laser power, it can be noticed that the porosity values obtained using 
375 W are slightly better compared to those obtained using 400 W, for 
powders B and D respectively. In contrast, for powder C, the use of 400 
W results in slightly better density values. Furthermore, the porosity 
values were found to be approximately constant and not significantly 
affected by the scanning speed in the investigated range. Considering 
that the obtained porosity values are the lowest among the three 
investigated systems, powder C appears to have the widest process 
window for producing dense samples.

In Fig. 18, micrographs of cross-sections of samples produced with 
the three different powders are shown: specifically, cross-sections of the 
three cubes produced with 375 W and 1200 mm/s are compared. It can 
be observed that, in all three cases, the ceramic phase appears well 
distributed in the matrix, although with some differences. As expected, 
the particle size of TiB2 is larger in the cube produced with powder B 
(Fig. 18a) than in those printed with powder C (Fig. 18b) and D 
(Fig. 18c), respectively. In these cases, the smaller particle size of TiB2 
leads to a more homogeneous and uniform distribution of the ceramic 
phase in the matrix than in cube B. At the same time, the smaller size of 
TiB2 leads to the formation of aggregates, especially in samples pro-
duced with powder D (Fig. 18c).

Fig. 17. Porosity values of massive samples produced with powder B, C, and D. Representative micrographs of the cross sections are depicted.
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4. Conclusions

In this work, an investigation of the L-PBF processability of A2618 
with the addition of TiB2 particles as grain refiners was conducted. Three 
different dispersion methods were considered and investigated, 
including mechanical mixing performed at both low and high energy, 
and plasma coating. The SSTs approach was used to carry out a pre-
liminary process optimization, where the processability of the three 
systems was investigated over a wide range of process parameters, 
narrowing it down to identify the optimal process window. The effec-
tiveness of the different dispersion systems was evaluated in terms of 
grain refinement using EBSD analysis. Finally, cubic samples were 
produced to validate the identified process windows. The following 
conclusions can be drawn. 

1. Both mechanical mixing (at low and high energy) and plasma coating 
enabled a good dispersion of ceramic particles in the powder without 
causing deformations to the starting alloy. Generally, using finer TiB2 
particles in powders C and D enabled a more uniform and homoge-
neous distribution. In terms of flowability, powder C exhibited the 
best rheological behavior. Finally, the composite powders demon-
strated a higher absorptivity compared to pure A2618 powder, 
confirming the effectiveness of TiB2 dispersion in enhancing powder 
absorptivity. In particular, the plasma-coated powder exhibited the 
highest absorptivity due to the small TiB2 particle sizes and the 
increased roughness.

2. In general, for all investigated systems, stable tracks were obtained 
using scanning speeds between 800 and 1600 mm/s, and laser 
powers between 350 and 450 W. Lower laser powers (200–300 W) 
resulted in discontinuous tracks that were not fully fused or were 
unsuitable in terms of stability and track thickness. Using either low 
(200–400 mm/s) or excessively high speeds (1800 mm/s) led to melt 
pool instability, resulting in unsuitable tracks.

3. The analysis of the cross-sections highlighted that, for all three 
powders, stable melt pools could be obtained with scanning speeds 
between 1200 and 1600 mm/s, and laser powers of 375 and 400 W, 
consistent with the process window identified from the on-top 
analysis. However, powder D proved to be more challenging to 
process because of the narrower process window compared to 
powders B and C.

4. The EBSD analysis confirmed that all the considered dispersion 
methods had a beneficial effect on the processability of alloy 2618 as 
no solidification cracks were found. However, the three powders 
showed some significant differences: while low-energy mechanical 
mixing led to partial grain refinement, this refinement was complete 
and more effective in powders C and D. In conclusion, plasma coating 
proved to be the most effective method in terms of both grain size 
and morphology.

5. The cubic samples revealed high-density values (>99.9%) and the 
absence of defects. Overall, the SSTs approach proved to be a valid 
method for conducting preliminary parameter optimization, espe-
cially when developing new materials for the L-PBF process.
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