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The influence of scanning strategy (SS) on microstructure and mechanical properties of a Ti-35Nb-7Zr-
5Ta alloy processed by laser-powder bed fusion (L-PBF) is investigated for the first time. Three SSs are
considered: unidirectional-Y; bi-directional with 79° rotation (R79); and chessboard (CHB). The SSs affect
the type and distribution of pores. The highest relative densities and more homogeneous distribution
of pores are obtained with R79 and CHB scanning strategies, whereas aligned pores are formed in the
unidirectional-Y. The SSs show direct influence on the crystallographic texture with unidirectional-Y
strategy showing fiber texture. The R79 strategy results in a weak texture and the CHB scanning strategy
forms a randomly oriented heterogeneous grain structure. The lowest Young modulus is obtained with
the unidirectional-Y strategy, whereas the R79 strategy results in the highest yield strength. It is shown
that the SSs may be used for tuning the microstructure of a beta-Ti alloy in L-PBF.
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Additive manufacturing (AM) is an emerging technology receiv-
ing great attention in recent years. It allows the fabrication of
near-net-shaped parts with less material and energy waste than
conventional processes [1]. In general, metallic feedstock such
as metallic powder or wire is subjected to repetitive melting-
solidification cycles characterized by high heating and cooling
rates. Moreover, the previously deposited layers are remelted by
the energy source or heat-treated by a directional heat flow from
the melt pool toward the substrate [2].

The suitability of metal AM to fabricate individualized parts
has led to various studies reporting metal AM as a promising
route for the production of orthopedic implants [3]. Investigations
and development of novel metallic biomaterials have remained
a topic of high interest in academia and industry aiming for the
fabrication of individualized implants that could last for the entire
patient’s life. Examples of metallic materials used for implants
include cobalt-chromium (Co-Cr) alloys, 316L stainless steel,
commercial pure titanium (CP-Ti), and Ti-6Al-4V alloy. The
problem with those materials is the toxicity of some elements like
Ni, Co, Al V, and Cr. In addition, they present a higher elastic
modulus than the bone causing bone reabsorption problems and
loss of the prostheses within a few years [4].

Ti alloys exhibit good corrosion resistance, mechanical
properties, and biocompatibility. In addition, they show a lower
Young’s modulus compared to 316L and Co-Cr alloys. None-
theless, the widely used Ti-6A1-4V alloy and CP-Ti still show
significantly higher Young’s modulus than the compact bone.
Therefore, new compositions of biocompatible beta-TiNb alloys
have been considered to replace the more established Ni-Ti
and Ti-6AI1-4V alloys used in implants because of their lower
Young’s modulus and excellent biocompatibility [4, 5]. Further-
more, the addition of non-toxic elements such as Zr, Nb, and
Ta to beta-TiNb alloys has shown to be responsible for reduc-
ing Young’s modulus. These elements have been used in several
new beta-Ti alloys as Ti-18Zr-14Nb [6], Ti-29Nb-13Ta-4.6Zr
[7], Ti-24Nb-4Zr-85n [8], and Ti-35Nb-7Zr-5Ta (TNZT) [9].

Laser-powder bed fusion (L-PBF), also known as selective
laser melting (SLM), is one of the most widely used metal AM
techniques to fabricate metallic implants [10]. The process con-
sists of fully melting a metallic powder in a layer-by-layer man-
ner by scanning a highly focused laser beam onto the powder
bed. As a result, fully dense parts can be realized. During the
process, the chamber is filled with inert gas (Ar or N,) to pro-
tect the powder against oxidation [10, 11]. The most influential
processing parameters that directly affect the characteristics of
the final component are laser power, scanning speed, layer thick-
ness, and hatching distance. Parameters such as the laser wave-
length and powder particle size distribution (PSD) are normally

fixed. The scanning parameters define the volumetric energy
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input which is optimized according to the specific material and
envisaged geometry [10-12]. The resulting microstructure is
directly dependent on the melt pool shape and size. The L-PBF
process has generally smaller melt pools than laser welding and
presents the highest cooling rate among the metal AM processes,
due to the rapid scanning speeds [10-13], Therefore, the pro-
cessing parameters can be varied to result in a part with dif-
ferent densification and surface roughness [5], and parameter
optimization is vital to avoid the formation of defects such as
lack-of-fusion, keyholes, and balling [13].

The scanning strategy defined by the length and pattern of
the scanning vectors of the laser is another important param-
eter that should be optimized. It can be unidirectional or bidi-
rectional and undergo rotation between subsequent layers or
even within the same layer [5]. With other parameters fixed,
the scanning strategy has a significant influence on the quality
of the final part. Applying computational simulation and experi-
ments, Song et al. [14] showed that the scanning strategy affects
the temperature field and residual stress distribution. However,
the authors did not find the scanning strategy to have a great
influence on the melt pool size.

Valente et al. [15] studied a Ti-6A1-4V alloy showing that
the scanning strategy influences the type and volume of porosity,
resulting in lack-of-fusion in some cases. It was also shown that
it impacts the microstructure refinement and phase formation.
With a line scanning strategy, the grains of the B-phase remained
in the aligned in the printing direction, due to the lack of rota-
tion between adjacent layers. In the island scanning strategy, the
B-grains appeared irregular and the martensite morphology was
non-homogeneous.

Han et al. [16] also investigated the effects of scanning strat-
egy in the Ti-6A1-4V alloy. The authors developed a scanning
strategy with rotation from outside to inside aiming to reduce
the surface roughness and provide more uniformity to the parts.
For the Ti-5553 alloy, Schwab et al. [17] studied the influence
of using a chessboard scanning strategy compared to a stripe
strategy with 45° rotation between adjacent layers. The authors
highlighted the importance of properly selecting an adequate
hatching distance between the islands of the chessboard strategy.
The results showed a direct impact on the porosity distribution
of the samples.

Although some works have reported effects of scanning
strategy on the quality of parts manufactured by L-PBE, there
are limited studies on the design of microstructure of beta-Ti
alloys through scanning strategies. In addition, to the best of our
knowledge, there are no reported studies on the effects of the
scanning strategy for the biocompatible p-Ti-35Nb-7Zr-5Ta
alloy. Therefore, this work aims to investigate how varying the
scanning strategies affect the microstructure, densification, and

mechanical properties of the TNZT alloy synthesized by L-PBE
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Chemical analysis and powder characterization

Table 1 shows the chemical composition of the TNZT powder
and the as-built samples produced by L-PBF with different scan-
ning strategies.

It is noticed that the chemical composition of the samples
is close to the nominal composition. The bulk samples showed
higher oxygen than the powder which suggests that during the
melting the melt pool is enriched in oxygen. This is related to
the alloy’s high affinity to oxygen [18].

The spherical morphology of the TNZT powder particles
is shown in Fig. 1(a) and (b). The powder particles present
a smooth surface, and only a slight presence of satellites is
observed.

The microstructure of the powder is shown in Fig. 1(c). The
powder presents an equiaxed-dendritic solidification structure
related to a high cooling rate in the gas atomization process

TABLE1: Chemical composition and oxygen contents of the Ti-35Nb-7Zr-
5Ta powder and L-PBF samples.

Sample Ti Nb Zr Ta (6]

TNZT powder  Bal 34.0+15 6.60+0.10 4.10+£0.02 0.050+0.002

Unidirectional- Bal 37.7+0.1 6.50+0.04 5.20+0.10 0.124+0.007
Y

R79 Bal 37.6+0.1 6.49+0.04 5.20+0.10 0.126+0.001

CHB Bal 36.9+0.1 6.39+0.04 5.40+0.10 0.131+0.001

of the TNZT alloy. In addition, the EDS maps [Fig. 1(d)-(g)]
show a homogeneous chemical distribution of the elements in

the powder particles.

Effect of the scanning strategies on relative density

Table 2 presents the densities of the samples fabricated by L-PBF
with unidirectional-Y, R79, and CHB scanning strategies. The
results were compared with a theoretically fully dense as-cast
sample to calculate the relative density. The three scanning strat-
egies resulted in samples with a relative density exceeding 99.0%.
The pore distribution and shape were further investigated with
u-XCT (Fig. 2).

It is seen that the pores tend to align in the direction of
the scanning vector within the layer when the unidirectional-Y
scanning strategy was employed [Fig. 2(a)]. By rotating the vec-
tors with R79 [Fig. 2(b)] and CHB [Fig. 2(c)] strategies, a more

TABLE 2: Relative density of as-built samples of the TNZT alloy produced
by L-PBF with three different scanning strategies.

Relative density
by Archimedes

Sample Density (g/cm?) (%)
Unidirectional-Y 5.72+0.01 99.5
R79 5.75+£0.01 100
CHB 5.77+£0.04 100

Figure 1: TNZT powder: (a, b) powder particles morphology, (c) dendritic microstructure, and d-g) EDS analysis of the powder particles. The maps in

(d-qg) correspond to Ti, Nb, Zr, and Ta, respectively.
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Figure 2: The p-XCT images with projected pores on the cross-section plane: (a) unidirectional-Y, (b) R79, and (c) CHB scanning strategies. The purple
color indicates defects.

homogeneous distribution of pores is observed. Furthermore,  in pores mostly concentrated in regions that coincide with the
the pores are more circular in the samples produced with the =~ boundaries of the islands.

R79 and CHB strategies than in the sample with the unidirec- Figure 3 shows images obtained by confocal optical micro-
tional-Y. The CHB scanning strategy showed in Fig. 2(c) resulted ~ scope and p-XCT along the building direction of the samples
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Figure3: Confocal (left) and p-XCT (right) images of the as-built samples produced by L-PBF with different scanning strategies: (a) unidirectional-Y, (b)
R79, and (c) CHB.
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produced with the unidirectional-Y, R79, and CHB scanning
strategies.

At least two types of defects are detected: (i) Gas poros-
ity with a spherical shape resulting from the shielding gas or
entrapped gas into the powder particles, and (ii) Lack-of-fusion
that typically occurs due to an insufficient melt pool penetration
in previous layers. The latter pores are larger and show sharp
edges, which can act as stress concentrators under loading [10].

The unidirectional-Y scanning strategy resulted in lack-of-
fusion [Fig. 3(a)], which explains its lowest density among all
samples produced (Table 1). The R79 scanning strategy results in
a more uniform distribution of mainly circular pores [Fig. 3(b)],
while the CHB scanning strategy showed pore accumulation
between the islands [Fig. 3(c)], similarly to previous works
about Ti- and Cu-based alloys [17, 19]. However, this was not a
definitive pattern as some randomly distributed pores are also
observed in the CHB strategy, which is related to the 90° rota-

tion between islands in the CHB scanning strategy.

Microstructure of the L-PBF as-built samples

The phase constitution of the as-built samples produced by
L-PBF with different scanning strategies was analyzed by
XRD (please see Figure S1 in Supplementary Material). The
bulk samples produced by unidirectional-Y, R79, and CHB
scanning strategies show a p single-phase structure. The high
concentration of B stabilizing elements in the TNZT alloy
combined with the high cooling rates of the L-PBF process
is sufficient to inhibit the precipitation of other phases [20].
Therefore, although the scanning strategy is expected to influ-
ence the heat distribution between adjacent layers, it does not
affect the phase formation of the TNZT alloy. Moreover, a
reflection separation at 56°and 70° was detected. Kherad-
mandfard et al. [21] observed this double reflection in a
B-Ti-29Nb-13Ta-4.6Zr alloy and suggested that it is related
to a spinodal decomposition of the p phase into B1 and p2
phases, with the difference being the lattice parameters of each
of the B phases. This phase separation was also observed in
the work of Afonso et al. [22] in an as-cast and age-hardened
TNZT alloy.

Table 3 shows the dimensions of the melt pool for the dif-
ferent strategies studied. The melt pools of the fabricated parts

TABLE3: Melt pool dimensions for the TNZT alloy produced by L-PBF with
the different scanning strategies.

Sample Width (um) Depth (um)
Unidirectional-Y 192.5+21.6 58.1£9.8
R79 189.7+73.2 93.9+294
CHB 200.6+29.7 58.2+8.6

©The Author(s) 2022

were observed by optical microscopy in the building direction.
The measurement of the melt pool dimensions was performed
using the Image]J software.

Melt pool geometry will affect the local solidification rate
and consequently the microstructure. It is dependent on mate-
rial thermophysical properties and processing parameters, such
as laser power and scanning speed. In a previous work, Song
et al. [14] showed that there was no significant influence of
the scanning strategy on the melt pool dimensions for L-PBF-
fabricated Ti6Al4V. Those results corroborate with the unidi-
rectional-Y and CHB strategies studied in the present work.
However, the dimensions of the melt pool in samples with the
R79 scanning strategy show a significant difference in the melt
pool depth. At the unidirectional-Y and CHB with 90° rotation
scanning strategies, the laser remelts the same region of adjacent
layers. The remelting of a solidified previous layer occurs with
higher laser reflection than if it was a layer of powder bed, result-
ing in shallow melt pools. The effect of remelting has already
been reported to be responsible for decreasing melt pool depth
and changing melt pool shape [23]. On the other hand, samples
with the R79 scanning strategy showed the greatest values for
the melt pool depth. For the R79° strategy, the laser will only
melt the same region again after many layers. Therefore, the laser
will be mainly melting the powder bed and not a solid substrate,
resulting in a higher energy absorption and, hence, a melt pool
with higher depth. The melt pool dimensions in the samples
produced with unidirectional-Y and CHB are similar.

Figure 4 shows the solidification structure along the build-
ing direction of samples produced by L-PBF with the different
scanning strategies.

The formation of a cellular structure independently of the
scanning strategy with a high degree of cell refinement is vis-
ible in samples produced with the three scanning strategies
(cell thickness of approximately 600 nm). Several studies also
showed the formation of similar microstructures for $-Ti alloys
[20, 24-27].

Figure 4(a) and (b) present the microstructure of the sam-
ple produced using the R79 scanning strategy. The micrographs
show microsegregation in the melt pool boundaries and a simi-
lar feature is observed in the sample produced with the unidi-
rectional-Y and CHB scanning strategies [Fig. 4(c, d) and (e,
)]. In addition, columnar grains are observed, formed by the
alignment of cellular crystals inside the melt pool. Grain growth
perpendicular to the melt pool boundary is also observed and
the competitive growth mechanism is indicated by the direction
of the cellular growth, where the cells aligned along the direction
of maximum heat extraction are favored.

The cellular solidification structure of the as-built TNZT
samples results from the high thermal gradient and the high
cooling rates of the L-PBF process, which directly influence the
grain refinement of the microstructure. The {001) direction is
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Figure 4: SEM micrographs of samples of the TNZT alloy produced by L-PBF with three different scanning strategies: (a, b) R79, (¢, d) unidirectional-Y,

and (e, f) CHB.

the easy-growth direction and the remelting of previous tracks
induced by the unidirectional-Y and the CHB scanning strate-
gies also influence the grain structure of the samples [25].
Figure 5 shows the EBSD results for the three scanning
strategies. It is seen that the differences obtained in the crystal-
lographic textures as a result of the different scanning strate-
gies are associated with the differences in the melt pool shape.
The shape will influence the curvature and morphology of the
resulting grains and the direction in which the cells tend to
grow due to the direction of heat extraction [28, 29]. In addi-
tion, the local temperature field in the interface where growth

occurs depends on the scanning strategy and will impact the

©The Author(s) 2022

grain growth direction. The columnar grains are growing along
the build direction, with cellular crystals perpendicular to the
melt pool boundary, and ultimately forming elongated grains
(longer than the melt pool depth) seen in the SEM images and
the EBSD maps (Figs. 4 and 5, respectively).

The epitaxial grain growth is evidenced by the presence of
predominantly columnar grains growing throw several layer
thicknesses (40 um) in samples produced with R79 [Fig. 5(a)]
and unidirectional-Y [Fig. 6(c)] scanning strategies. The CHB
scanning strategy [Fig. 5(b)] resulted in a more heterogeneous
grain morphology with equiaxial grains forming in the contours
of the islands with columnar grains in the center of the islands.
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Figure 5: EBSD maps: Inverse pole figures in the z-axis (IPF-z) of as-built cylinders of the TNZT microstructure produced by L-PBF with (a) R79, (b) CHB
and (c) unidirectional-Y scanning strategies, and the corresponding pole figures on {001}, {011}, and {111} stereographic planes in (d), (e) and (f),
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Figure 6: The three laser scanning strategies used are: (a) unidirectional in the y-axis without rotation (unidirectional-Y), (b) bidirectional with 79°
rotation (R79), and (c) chessboard (CHB) bidirectional with 90° rotation between islands with 1.5x 1.5 mm?2.
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The sample produced with the R79 strategy [Fig. 5(a)] pre-
sented a weak tendency of grain alignment along the (001)
direction. The aspect ratio (w/L, where 1 is an equiaxial grain)
of the grains is in the range of 0.15-0.30 which confirms the
columnar morphology. The respective pole figure [Fig. 5(d)]
shows more intense poles in the {001} stereographic plane along
the axis of the building direction, while in the {111} pole figure
the formation of a more intense ring is noted. Therefore, for the
samples produced with the R79 scanning strategy, a weak {001)
texture is observed. In the R79 scanning strategy, the laser path
varies at a certain angle to the previous layer, and the direc-
tion of the higher thermal gradient changes, altering the texture
domain. New grains grow then in a slightly different direction
than the previously solidified grains resulting in greater random-
ness in grain orientation.

The sample produced with the CHB scanning strategy
[Fig. 5(b) and (e)] shows rather randomly oriented grains. In
the sample produced using the CHB strategy, the orientations
seem to constantly change along the growing direction within
the melt pool. In addition, laser remelting occurs in the bounda-
ries of overlapping islands. This results in smaller and randomly
oriented grains (absence of crystallographic texture). The grain
morphology is still predominantly columnar, with an aspect
ratio between 0.20 and 0.40, although with equiaxial grains
formed in the boundaries of overlapping islands.

Among the three scanning strategies, the unidirectional-
Y showed the strongest texture [Fig. 5(c) and (f)]. The respec-
tive EBSD map [Fig. 5(c)] shows a stronger alignment of grains
along the {001) direction. The pole figures [Fig. 5(f)] represent
the development of a fiber texture. The grains also have a colum-
nar morphology with an even lower aspect ratio in the range of
0.10-0.30. The laser beam scans the powder bed in the same direc-
tion during L-PBF processing with the unidirectional-Y strategy.
Therefore, the grains continue to grow along the direction of
maximum heat extraction resulting in elongated grains readily
reflected in stronger texture. Wei et al. [30] showed this difference
in grain orientation by numerical modeling of heat transfer com-
bined with experiments to understand the texture formation in a
nickel-based alloy. The authors compared the unidirectional and
bidirectional scanning strategies. The difference in heat distribu-
tion in the bidirectional scanning strategy in comparison to the
unidirectional scanning strategy affects the growth pattern of the
dendrites. In the latter, there is a deviation between the dendrite

grain growth and the direction of maximum heat flow.

Mechanical properties

Table 4 and Fig. S2 (please refer to Supplementary Material)
present the results of the compression tests of the TNZT alloy
produced by L-PBF with the three scanning strategies. As a first

result, it was observed that all samples showed excellent ductility

©The Author(s) 2022

TABLE4: Summary of compression properties of the TNZT alloy produced
by L-PBF with different scanning strategies.

Sample E (GPa) 020 (MPa)
Unidirectional-Y (this work) 4711 452+30
R79 (this work) 49+8 466+ 16
CHB (this work) 50+8 436+33
TNZT as-cast [31] 48+4 469142
TNZT as-built [31] 45+5 430+38
Ti-24Nb-4Zr-85n [32] 53+1 563+38

under compression and no fracture occurred with strains up to
60%. The Young’s modulus and yield strength were compared
to results reported in previous works for the TNZT alloy [20,
31] and to a -Ti-24Nb-4Zr-8Sn alloy produced by L-PBF [32].

A lower Young’s modulus is observed for the unidirectional-
Y sample, due to the strongest texture along the direction {001},
which is the same direction of the compression tests. Therefore,
it is shown that the grain alignment in this direction may con-
tribute to the reduction of Young’s modulus required for appli-
cations such as medical implants [33]. In addition, the samples
produced using the unidirectional-Y scanning strategy pre-
sented higher porosity, which contributes to a higher standard
deviation of the Young’s modulus when compared to the CHB
and R79 scanning strategies. To clarify this, nanoidentation shall
be performed in future works.

The samples produced with the R79 strategy showed the
highest yield strength. Based on the microstructural features
(Figs. 4 and 5), this result can be associated with a lower poros-
ity observed in the samples with the R79 scanning strategy. The
microstructure of samples with the CHB strategy consists of
more equiaxed and smaller grains in comparison to the R79
scanning strategies. In addition, the CHB strategy resulted in a
more randomly oriented grain structure. Therefore, a more iso-
tropic mechanical response is expected and shall be validated in
future works with tensile tests. Nevertheless, samples produced
with the CHB strategy presented higher porosity than in the R79
strategy (Figs. 2 and 3), which resulted in a slightly lower yield
strength for the CHB strategy.

Finally, it is seen that Young’s modulus and compressive
strength of the samples produced with the different scanning
strategies are similar to the TNZT as-cast [31], proving the fea-
sibility of designing the microstructure of the TNZT alloy by
L-PBF developing the scanning strategy.

In this work, three different scanning strategies were used in the
L-PBF of the TNZT alloy, while keeping the laser parameters

constant. The main findings are:
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e The variation of the scanning strategy affected the type and
distribution of pores. Lack-of-fusion was observed with
pores aligned in the direction of the scanning vector within
the layers in the unidirectional-Y scanning strategy, while
rotating the vectors in the R79 and CHB scanning strategies
resulted in a more homogeneously distributed circular pores.
The CHB strategy also resulted in a concentration of pores
along the boundaries of the islands.

e The scanning strategy did not show influence on the TNZT
alloy phase constitution, and a cellular solidification structure
was observed in all cases. Nonetheless, the influence on the heat
distribution was observed on the melt pool. Samples with the
R79 scanning strategy showed the greatest values for the melt
pool depth, while unidirectional-Y and CHB resulted in shal-
lower melt pools due to a constant remelting of previous layers.

e The unidirectional-Y strategy resulted in samples with fiber
texture along the (001) direction. The CHB scanning strat-
egy resulted in a randomly oriented and heterogeneous grain
structure with equiaxial grains forming in the contours of
the islands and columnar grains in the center. The R79 strat-
egy resulted in a weak tendency of grain alignment along
the {001) direction.

¢ TheR79 scanning strategy resulted in the highest yield strength
due to lower porosity. On the other hand, the lowest Young
modulus was obtained with the unidirectional-Y strategy
sample, due to fiber texture in the <001 > direction. The uni-
directional-Y strategy also produced the samples with highest

porosity, which also contributed to its lower Young’s modulus.

Material

TNZT (wt%) pre-alloyed powder with particle size between 45
and 106 um was used for producing the samples by L-PBE Chem-
ical analysis was carried out by inductively coupled plasma-optical
emission spectroscopy (ICP-OES, Varian vista AX CDD). The
analysis of oxygen content was obtained with infrared absorp-
tion and thermal conductivity (LECO OHN-836).

The powder particles’ morphology was analyzed via scan-
ning electron microscopy (SEM, Phillips FEG XL-30) to inves-
tigate the sphericity, the presence of satellites and pores (Fig. 2).
For microstructural analysis, samples were metallographically
prepared with a final polishing step of 1.0 um and etched with
a solution of 5 mL HF (40% concentrated) + 10 mL HNO; (65%
concentrated) + 85 mL H,O.

Sample preparation

Cylindrical samples (10 mm in length and 5 mm in diameter)
were produced in a Realizer SLM 50 device equipped with a

fiber laser in continuous mode (A =1070 nm, focus position F:

©The Author(s) 2022

9.55 mm, spot size ~ 60 pm) and a baseplate of pure Ti (grade 2).
The chamber was purged with argon during all experiments for
minimizing the oxygen content of the atmosphere (< 0.1 wt%).

All samples were manufactured using the following param-
eters: 129 W of laser power, scanning speed of 0.57 mm/s, hatch-
ing distance of 110 pm, and layer thickness of 40 um. These
parameters were previously optimized and reported by Batalha
et al. [31]. With all parameters fixed, the scanning strategy was
varied in three modes: unidirectional in the y-axis without rota-
tion [unidirectional-Y, Fig. 6(a)], bidirectional with 79° rotation
between layers [R79, Fig. 6(b)], and chessboard bidirectional
with 90° rotation between islands of 1.5 mm? [CHB, Fig. 6(c)].
The 79° rotation between layers in R79 scanning strategy was
selected to delay the laser remelting of same track in next layers.

Relative density and porosity analysis

The density was measured according to the Archimedes
method in a Gehaka DSL910 balance. The relative density
was calculated by normalizing the measured absolute density
values for a fully dense sample of the TNZT alloy produced
by suction casting. A confocal microscope Olympus LEXT
OLS 4000 was employed to investigate the pore distribution.
X-ray micro-computed tomography (u-XCT) was addition-
ally performed in transversal and longitudinal sections of the
samples to determine the pore size distribution. The meas-
urements were carried out in a GE Nanotom” M device, with
a voltage of 140 kV, a current of 100 pA, and a voxel size of
5 um. All scans were reconstructed using the VGStudio Max
2.2.7 software, and the analysis was performed with the Avizo

9.4.0 software package.

Microstructure and mechanical characterization

The chemistry of the bulk samples was also analyzed by ICP-
OES, infrared absorption, and thermal conductivity. The micro-
structure of the samples was investigated in the longitudinal sec-
tion of metallographically prepared specimens, using an optical
microscope (OM - Olympus BX41M-LED) and an SEM (Phil-
lips FEG XL-30 and FEI Inspect S50). Chemical microanalysis
was performed via energy-dispersive X-ray spectroscopy (EDS,
Bruker) coupled to the SEM.

The phase identification of the as-built samples was per-
formed by X-ray diffraction (XRD, Bruker D8 Advanced ECO),
with Cu-K, radiation at 45 kV and 25 mA in the range 5-90°.
The phases were indexed with the software X’Pert HighScore
Plus.

Electron back-scattered diffraction (EBSD, Bruker) was
used to obtain additional information concerning the micro-

structure of the samples. The grain size and morphology, and
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crystallographic texture were investigated. The analysis was car-
ried out in an FEI Inspect S50 scanning electron microscope,
and the EBSD patterns were analyzed in the OIM Analysis
software (EDAX). The samples were cut along the longitudinal
section and prepared via grinding and polishing with a 1.5 mL
HF (40% concentered) +4 mL (65% concentrated) + 260 mL oxi-
silicate, followed by polishing in a VibroMet vibratory polisher
machine.

The mechanical properties were determined by uniaxial
compression testing following the ASTM E9 Standard. The
tests were performed in an INSTRON 5500R machine with an
initial strain rate of 10~* s". The yield strength was obtained at
0.2% strain (0 ,9,). A laser extensometer was used during the
compression tests and the Young’s modulus of the samples were

obtained from the stress—strain curves.
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