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Abstract

The performance of engineering materials depends on the conciliation between their structure defined by the 
fabrication process and the properties required for their application. Within this context, the new developments in the 
additive manufacturing (AM) process offer great potential to generate new applications and to induce technological 
innovations with engineering materials. One of these innovations is the possibility of using the crystallographic texture to 
control proprieties that normally would not be adjustable by other mechanisms, but which are needed in certain specific 
applications, such as low stiffness for metallic implant parts. In this way, this article presents a structured review to describe 
trends in production parameters of AM by LPBF process suitable to obtain and control crystallographic texture aiming to 
improve the property-performance relationship of metallic materials. The increasing evolution of AM by LPBF technology 
is generating opportunities to increase control over texture and thus over texture-dependent properties of metallic materials 
products. Despite the potential of tailoring material properties by texture control, the practical use of this technique in AM 
by LPBF processes is still incipient.
Keywords: Additive manufacturing; Microstructure control; Crystalline texture; Stiffness.

1 Introduction

The crystallographic texture is characterized by an 
alignment of the material forming crystals (or grains) where a 
specific <uvw> direction is parallel to a macroscopic direction 
of the sample, that also can present certain crystalline planes 
(hkl) parallel to a reference plane of the sample [1,2]. This 
alignment creates anisotropy in material properties that can 
be targeted to improve component performance in specific 
applications. However, the induction of a crystalline orientation 
strong enough to obtain a relevant crystallographic texture 
depends on some specific phenomena. These phenomena 
may or may not be combined in such a way as to generate 
texture throughout the entire volume of the material or at 
certain positions [3-5], as shown in Figure 1a for a high-
performance turbine blade and in Figure 1b for a bone plate 
implant [6].

In the case of turbine blade (Figure 1a), the portion 
of the part that receives the centrifugal force due to rotation 
is composed of columnar grains whose crystallographic 
orientation can be controlled to avoid unwanted movement 
of dislocations that induces creep damage [1,3,4]. On the 
other hand, the lower fixed portion is composed of random 
polycrystalline equiaxial grains to ensure fatigue resistance 
and low-temperature toughness [1,3,5]. In biomedical 

implants (Figure  1b), the strength and stiffness must be 
adjusted appropriately to adapt to the stress field in the 
actual application in vivo to reduce stress shielding of bone, 
an objective that can be obtained by a convenient crystalline 
texture. However, such a level of microstructural control is 
still limited to entire volume and specific processes, that can 
be expensive as casting processes [4,5], or geometrically 
limited to flat shapes as in cold rolling followed by annealing 
process used in steel sheets [1,7].

At the same time, the use of Additive Manufacturing 
(AM) processes has grown as a solution to produce geometrically 
complex products (Figure 1) that are not so simple to obtain 
through other manufacturing processes [8-10]. Furthermore, 
some variants of AM have shown the capability to induce 
strong crystalline texture in metallic materials, especially 
using energy beams and oriented solidification [11-13].

Although the textures obtained by these AM processes 
are consequences of the adopted procedural parameters, 
this dependence is not yet adequately established in the 
literature [6,9,11], which is not yet general in describing 
the relationship between process variables versus obtained 
texture.
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engineering material for a given application [1:231]. Several 
properties are affected by texture, but the mechanical 
properties associated with elasticity, strength, ductility, fracture 
toughness and fatigue are generally the most studied due to 
their direct importance in engineering applications [2:207]. 
This is the case of elastic stiffness constants (Cij) or their 
specific values of Young’s modulus (E) for isotropic 
materials, which are considered practically constant for 
engineering metals, as they are not easily influenced 
by traditional manufacturing processes [1:75]; [3:233]. 
Figure 2 illustrates the dependence of the E value with 
crystalline directions for selected metals, ordered by 
increasing anisotropy from W to Cu.

Nevertheless, to obtain relevant effects on stiffness 
or any other texture-dependent properties is necessary the 
presence of a strong crystalline alignment [17]. According 
to Suwas and Ray [2], such a level of orientation is 
characterized by having at least 30 to 40% of the material 
formed by crystals ordered in a specific <uvw> which can 

Based on this scenario, this review article offers 
some highlights and trends to explain crystallographic 
texture control covering AM processes employing laser 
powder bed fusion (LPBF). The choice of AM by LPBF is 
justified because this process can not only generate strong 
textures in metallic products [6,12,13], but also because 
it is a well-established, highly versatile, and relatively 
accessible process [9,14,15]. Therefore, AM by LBPF is an 
important candidate process to control the crystalline texture 
and, indeed, for the definition of physical and mechanical 
properties normally not manipulated in metallic products 
such as stiffness.

2 Crystallographic texture and properties

The great interest in crystallographic texturing lies 
in the ability to configure, with greater precision or even in 
an unprecedented way, relevant properties of a crystalline 

Figure 1. Potential application of crystalline control to increase the performance of metallic components: (a) medical implant adjusted 
appropriately to adapt to the stress field of bone [6:1768] and (b) turbine blades, with columnar oriented grains in airfoil (up), and equiaxed 
microstructure in dovetail (down) [6:1771].

Figure 2. Orientation dependence of Young’s modulus (E) with crystalline directions <uvw> for some metals [16:56].
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be characterized by the EBSD technique through orientation 
maps (OMs), or inverted polar figures (IPFs), or (Bunge) 
Euler angles (φ1, ϕ, φ2) [17]. But these tools do not allow 
extracting a numerical value to quantify the texture level, 
requiring a more assertive approach, such as using the 
following Equation 1 [13,18]:

2
uvw

A
uvw

A

cos dA
P

dA

θ
=
∫
∫

	 (1)

Where: θ<uvw> is the smallest angle between the observation 
direction and one of the equivalent orientations of <uvw>. 
Under this definition, the value of θ<uvw> is evaluated at each 
measured point, and the average value of cos2θ<uvw> by the 
area (A) of the spherical reference triangle, (defined by the 
directions [001], [110] and [111]). For example, P<uvw>=1 
with a perfect alignment and P<100>=0.7009; P<110>=0.8354 
and P<111>=0.7577 for randomly oriented polycrystalline 
cubic structures.

2.1 Solidification texture

Crystallographic texturing can be achieved by 
combining one or more of the mechanisms [2]:

1.	 solidification texture, produced by fusion and oriented 
solidification;

2.	 deformation texture, that develops by the differential 
deformation response during forming processes such 
as rolling, forging, and extrusion;

3.	 textures of recrystallization and grain growth, formed 
when deformed material is annealed at sufficiently 
high temperatures and for prolonged periods and;

4.	 transformation textures, that originate as a result of 
crystallographic transformations from an original 
phase to a final phase.

A manufacturing process will induce strong 
crystallographic texture when certain solidification 

conditions occur synergistically. The AM process by 
LPBF has its texture basically defined by the solidification 
mechanism [6,9,12], which is the focus of this article. 
In this case, a strong crystallographic texture comes up 
when the following conditions occur synergistically like 
illustrated by Figure 3:

1.	 induce properly oriented crystals nucleation;

2.	 forming a continuous structure, consolidated by 
competitive epitaxial growth due to an alignment 
with the thermal gradient;

3.	 remelting crystals of unwanted orientation intensifying 
the desired texture.

The presence of a low-energy and low-temperature 
interface or more stable small solid nuclei in contact with the 
liquid phase gives aid to solidification [4]. Once nucleated, 
the growth rate of solid crystals depends on the movement of 
a solid-liquid interface, whose dynamics are dictated by the 
rate of atoms aggregated [19,20]. Crystalline surfaces that 
have better conciliation between lower planar density (ρp) and 
availability of stronger bonds will become faster, more stable, 
and thus priority growth planes during solidification [19]. 
This situation is particularly aided by the thermal gradient 
(G), as will be discussed shortly. The aforementioned 
conditions lead to epitaxy, a type of crystal growth in which 
new crystalline layers are formed with one or more well-
defined preferential orientations concerning the crystalline 
former layer. Epitaxy crystalline directions <uvw> will be 
defined throughout this article as D<uvw>.

For cubic crystalline systems, the {100} family of 
planes presents both low density and good atomic bond 
anchorage [19:12]; [21:319]. Therefore, the presence of {100} 
interfaces can induce epitaxial D<100> growing, especially 
if there are thermal conditions present favorable to the 
competitive growth of more stable interfaces. The energy 
extraction rate or heat flux (Q), which has the same direction, 
but with the opposite direction to the thermal gradient (G), 
influences crystalline growth in metals [4,5,22-25].

As shown by Figure 4a, lower thermal transfer (G/R), 
due to lower temperature gradients (G) and higher growth 
rates (R) in the liquid, supports a dendritic solidification 

Figure 3. Schematic illustration of three conditions to induce a strong crystalline texture from solidification mechanism based on the sequence: 
(a) oriented nucleation, (b) competitive columnar growth (D<uvw>//G), and (c) proper remelting reinforcing a textured surface/layer.
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process. Contrary conditions lead to the formation of 
columnar grains with planar or cellular fronts. Additionally, 
dendritic solidification may exhibit a change in columnar to 
equiaxed morphology when the G/R ratio is lower, as shown 
by Figure 4b. Both columnar or dendritic structures fronts 
grow according to epitaxially preferred directions (D<uvw>), 
which in turn tend to be aligned with the direction of the 
temperature gradient at the solid-liquid interface. Therefore, 
for cubic crystal systems, this leads {100} directions to growth 
parallel to the thermal gradient (G) direction, or D<100>//G as 
a general trend described in the literature [4,19,24,26,27].

3 Texture in AM by LPBF

The AM by laser powder bed fusion (LBPF), 
also known as selective laser melting (SLM) or direct 
metal laser sintering (DMLS) is schematically illustrated 
in Figure 5 [28]. In this process, a laser beam scans the 
surface along the so-called Scanning Direction (SD), at a 
controlled speed (v) and according to a scanning strategy 
geometry on the powder bed, melting together the particles 
present to the solid material underneath or by partial 
melting [selective laser sintering (SLS)]. The powder bed 
table is lowered by a defined height (th) and a new layer of 
powder is deposited and leveled by a ruler named ‘recoater’. 
The described process is repeated until the part is completely 
built along the so-called Build Direction (BD).

Moreover, the perpendicular direction to the laser scanning 
direction is defined as the Transverse Direction (TD) [9,10,14,28]. 
The three mentioned directions (BD, SD, and TD) are customarily 
used as a reference coordinate system for the process, as 
indicated in Figure 5. The great advantages of AM by LPBF 
are: (1) obtaining complex parts, (2) minimum need of raw 
material (metallic powder), (3) capability to work with high 
melting point metals and (4) the possibility to obtain final 
parts without further complex steps [8-10,15].

3.1 Process variables

The range of parameters that can be used in AM within 
which it is possible to obtain an accredited end-use product 
is known as the “processing window” [9,29]. Traditionally, 
the processing window is initially defined to obtain a high-
density product with scan speed (v) and laser power (P) 
the basic parameters that define it [2,9,30]. But the exact 
definition of a processing window depends on the final use 
in terms of geometric, physical, chemical, structural, and/
or mechanical requirements [23,27,29-33].

Due to the large number of variables involved [9,14], 
there is a wide variety of conditions and parameter combinations 
that can influence the results obtained in products from 
AM by LPBF. Therefore, in a previous publication [34], 
the present authors proposed the grouping of AM by LPBF 
parameters in four groups of similarities:

1.	 deposition variables, such as velocity (v), power (P), 
effective diameter (df) of the beam, hatch distance 

Figure 4. General conditions of crystal formation during solidification, according to a G×R map: (a) general view where G/R (k⋅s/m2) determines 
the morphology and G×R (K/s) determines the size of solidified structure, adapted from Lippold [25] and (b) specific results for Ti-6Al-4V with 
data from different manufacturing processes, adapted from Collins et al. [11].

Figure 5. Schematic illustration of the laser-based powder bed fusion 
process [28:104].
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(hp) between scans, deposition (td) and melted layer 
thickness (tm), scan strategies (SS);

2.	 geometry variables, linked to the geometry of the 
support structures and to the final product itself;

3.	 powder variables, linked to the powder-like type 
(spherical or irregular), surface condition (smooth 
or rough), reflectance, compaction, dimensional 
distribution; and

4.	 metal/alloy variables, such as melting temperature (Tf), 
liquidus (TL), and solidus (TS) as a function of metal/
alloy, thermal conductivity (κ), heat capacity (Cv);

5.	 general variables, associated with conditions not 
foreseen in the other groups or secondary, like the 
chamber atmosphere, type, and temperature of the 
substrate, and others.

Composite parameters, dimensionless or not, obtained 
by combining these variables are also used. A widely used 
parameter to describe AM processes by energy beams is 
the energy introduced volumetrically by the beam itself 
(EV) [6,9], as showed by equation (2):

) /      ( /) (V LE H h t P v h t= ⋅ = ⋅ ⋅ 	 (2)

Where: P (W) is power, v (mm/s) is scan speed, h (mm) is 
the width between lanes, and t (mm) height of the bed, that 
defines EV (J/mm3) or HL = P /v (W⋅mm/s).

There are some criticisms regarding the application of 
a simple parameter like EV in different systems. For example, 
the effective layer deposited (td) and melted (tm) are different 
from lowered height (th), both former are associated not only 
with the lowering step of the bed table but with the apparent 
density of the powder, too [35]. Another limitation is the different 
effects of laser reflection and effective energy absorption in 
the process, along different metallic systems [36].

3.2 Influence on crystallographic texture

The solidification structure, grain morphology, and 
orientation (texture) in AM by LPBF are highly dependent 
both on the metallic system used and the adopted processing 
conditions [34,37]. Although there is no general rule about 
which combinations of parameters are most suitable to 
obtain and control crystallographic texture, the following 
conditions have been reported by literature as combinations 
that were able to induce strong crystallographic texture in 
metallic systems produced with AM by LPBF:

1.	 molten pool conditions,

2.	 laser power and scan speed (energy),

3.	 scan strategy and,

4.	 other conditions.

3.2.1 Molten pool conditions

As pointed out by literature, LPBF process involves 
very fast heating, melting, solidification, and cooling 
phenomena associated with temperature gradients typically 
around 106 K/m [23,34,38,39]. Those mentioned conditions 
favor the solidification of large columnar (elongated) 
grains [5,11,23,25,38] especially when bigger G/R ratios are 
present (Figure 4b). The presence of this microstructure is 
essential to induce crystalline texture by synergistic epitaxial 
nucleation and growth between columnar or dendritic 
elongated grains, a mechanism recurrently reported by 
literature [9,12-14,32,40-43]. For this mechanism to work, 
the geometry and dynamics of the molten pool need to 
match D<uvw> (preferential epitaxial crystalline direction) 
to the thermal gradient (G) direction, whereas for cubic 
systems epitaxy occurs when D<100>//G (parallel) or D<100>⊥G 
(perpendicular) [26,31,44].

Figure 6 presents a simplified planar analysis to 
explain the association of crystalline texture with different 
molten pool conditions (G). It can be noted that all three 
conditions for obtaining strong solidifying texture (Figure 3) 
are represented in Figure 6: epitaxial (directional) nucleation, 
competitive (continuous) growth structure, and filtered texture 
by remelting. In the first condition shown in Figure 6a, the 
process variables used led to the form of a melt-pool that 
induces an angular growth between {100} directions with the 
BD. When the laser beam passes to melting the next layer, 
unmelted grains can maintain their initial angular growth to 
BD. In this case, if this angle is around 54.7° an unusual crystal 
texture {111}//BD can result, as reported by Thijs et al. [13] 
for tantalum. It is important to highlight that the {111}//BD 
texture is rare in literature, even when the building process 
starts on a monocrystalline-like surface [18]. This means that 
such a combination must be unusual.

Likewise, as indicated by Figure  6b, if a flatter 
molten pool is present, it will induce preferential conditions 
of parallelism between D<100>, G, and BD, which leads to 
the formation of a BD-aligned remnant crystalline texture 
<100>. Garibaldi et al. [31] present this situation, where 
the degree of concavity of the molten pool influences the 
texture obtained in samples of high silicon steel produced 
by SLM. The complexity of the melt pool shape and the 
dynamics of molten metal can lead to more perturbations 
in the thermal profile. Cells might initially grow with 
D<uvw>//G, but as they grow to different regions at which a 
new local G is no longer preferable for the growing cells, 
side-branching of cells may occur even within a melting 
pool [44]. Yu et al. [24] warn that the velocity of the liquid 
inside the molten pool can impair the formation of grains 
and consequently their epitaxy. The work of Rasch et al. [23] 
offers some results with Al-Cu alloy demonstrating the 
possibility to obtain a columnar textured or an unoriented 
and equiaxial microstructure varying G and R parameters 
of AM by LPBF.
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3.2.2 Laser power and scan speed

Both the P and v parameters have traditionally been 
used to plot process window graphs against porosity or 
density as done by Majumdar et al. [30]. Therefore, it is 
natural to try to use these parameters as guiding conditions 
to obtain crystalline texture in metallic systems produced by 
LPBF. In fact, most works present their results of crystalline 
texture as a function of P and v (or EV), like in the work by 
Tsutsumi et al. [45], Sun et al. [46] illustrated by Orientation 
Maps (OMs) or P<uvw> values as used by Ishimoto et al. [47] 
and shown in Figure 7. A more general view of this scenario 
is provided by Hibino et al. [12] and presented in Figure 8. 
In the latter case, it is worth noting that different textures 
can be obtained only by the variation of scan speed and not 
Power (Figure 8).

Despite being tempting, the use of such simple 
parameters is inaccurate when considering different 
metallic systems, and therefore the values covered by the 
bibliography are quite varied. This occurs because each 
metallic system will present different physical (density, 
reflectance, thermal conduction, and capacity, etc.) and 
metallurgical (liquidus temperature, crystalline structure, 
phase stability, and transformation, etc.), as all properties 
influence the molten pool dynamics (see 2.2.1), including 
the geometry of the powder particles [48]. Therefore, it 
is necessary to seek more universal and representative 
parameters to quantify and describe, comprehensively and 
assertively, the relationship between procedural conditions, 
metallic systems, and texturing. However, the adoption and 
use of such parameters are still limited [34].

3.2.3 Scan strategy

Scan strategy can be described as the way or path 
through which the laser beam scans the forming layer during 

LPBF. Their main characteristics are the hatching distance 
(hd) or distance between the center of neighboring scan paths, 
the grouping of the laser path in ‘islands’ on the surface, 
track angle between scanning directions (α) and inversion 
(or not) of direction during deposition on the same layer 
(between ‘islands’) or in different level layers. In AM by 
LPBF, it is common to use different strategies, essentially 
to reduce residual stresses or porosity [9,44] or to maximize 
strength by reducing grain size [6,23]. However, his practice 
also strongly affects the crystalline texture of the material, 
both in terms of intensity and orientation [6,18,26,44,45,49]. 
A scan strategy that favors texture may harm other desired 
characteristics like high strength and low residual stresses, 
thus making it challenging to reconcile these requirements 
in AM by LPBF [9,34,37].

Results available from the literature demonstrate the 
ability of the deposition strategy to intersect the molten pools 
in order to ensure complete melting of the powder and/or 
compatibility between the thermal gradients (G) of neighboring 
pools, which are already naturally asymmetric [27,41], 
with the preferred epitaxial growth directions (D<uvw>), as 
discussed in 2.2.1. Sun et al. [26,46] and Ishimoto et al. [47,49] 
presented a series of works discussing the influence of scan 
strategy on crystalline texture on Ni-Mo, Ti-Mo-Zr-Al, and 
316L stainless steel alloys. In these studies, it was pointed 
out that employing correct scanning strategies for each 
LPBF system is essential to establish crystalline texture. 
Ishimoto et al. [49] obtained two very different results with 
Ti-Mo-Zr-Al only by the variation of scan strategy from 
XX (α=0°) to XY (α=90°): <110>(001) texture with XX 
and <100>(001) texture with XY.

3.2.4 Other conditions

Other secondary conditions influence the control 
of the crystalline texture in products made with AM by 

Figure 6. (a) Protuberant and (b) flat sections geometries of the molten pool in BD×SD plane and their relationship with texture as dictated by 
Gavg// D<uvw>: (thickness: td - deposition powder, tm - melted, tr – remaining and th - lowered table level).
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LPBF. One of the most logical is the bulk continuity and/or 
homogeneity of the thermal history during building. These 
both are harmed close to scan islands borders [37] or at 
where transient conditions are present [33] or simply near 
the lateral and bottom edges of the part [9,27] illustrated by 
Figure 9 by Light Optical Microscopy (LOM) and Orientation 
Maps (OMs) for a pure tantalus part built by LPBF [13].

The crystalline orientation of the base substrate 
or layer on which the part is being built favors to a 
certain extent the crystalline texture, as demonstrated by 
Ishimoto et al. [18], where LPBF Ti–15Mo–5Zr–3Al samples 

were built on monocrystalline substrates (P<uvw>=1.0). 
In that study, even when the most favorable process 
conditions were applied, the final texture obtained was 
limited to about P<uvw> ≈ 0,90 as shown by Figure 10a. 
In contrast, unfavorable construction conditions did not 
produce immediate random orientation (P<100>=0.70 and 
P<110>=0.84) from a monocrystalline substrate, at least along 
a transient zone as illustrated by Figure 10b. These results 
suggest that texture and thus stiffness control are limited 
until a certain range due to process efficiency. This trend 
to was also obtained by Geiger et al. [50].

Figure 7. Example of the influence of scan speed on processing conditions that create strong crystalline texture (a) OMs and microstructure 
(b) P<uvw> values according to Equation 1 [47:4-5]. Scan speed used by specimen: A – “low”, B – “medium”, and C – “high” (numeric values 
not available).

Figure 8. OMs illustrate the strong dependence of crystalline texture with the process variables (P and v) for a nickel alloy (Hastelloy-X) [12:5].
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The laser beam has some influential role too, not 
only concerning laser wavelength (λ) and power level (P) 
but also related to how the laser energy is delivered to the 
powder bed. During AM by LPBF, energy absorption by the 
powder raw material affects the temperature profiles, molten 
pool, solidification, and microstructure. Energy absorption 
depends on the heat source characteristics or the laser power 
density distribution [9].

Modulated and continuous wave laser beams can 
be used in AM by LPBF to increase process resolution 
and reduce residual stresses and overheating [51]. But it 
impairs the building rate as well as introduces additional 
variables, like the effective laser power (Peff) [52]. This 
practice produces different energy inputs to the molten 
pool, thus altering the microstructure and texture results, 

as presented by Pham et al. [44] not necessarily improving 
it. The angle of incidence of the laser beam can change 
energy input and as pointed out by Young et al. [53]. In this 
case, more robust conditions are needed to guarantee the 
stability of oriented grain growth even with variations on 
incident laser beam angle along all building parts inside 
LPBF chamber. Pilz et al. [54] point out that a ‘top hat’ flat 
laser beam energy profile appears to be very beneficial for 
the crystalline texture of the beta Ti-Nb alloy. This type of 
laser led to an improved process stability and build-up rate 
in relation to a Gaussian laser of the same power.

Finally, Reijonen et al. [43], as well as Young et al. [53], 
point out that AM by LPBF exhibits other uncertainties, where 
variations in results are present despite using the same optimized 
processing parameters. Some of these conditions are the brand 

Figure 9. LOM and OMs images of the top face of a pure tantalus part produced by LPBF showing misoriented zones near its edge (crystal 
orientations along BD) [13:4662]. (a) sample as polished; (b) Inverse Pole Figure near edge and (c) continuing the previous image.

Figure 10. OMs demonstrate the continuity of texture from a monocrystalline substrate (P<uvw>=1.0) as a function of LPBF building variables: 
(a) best condition of texture continuity (P<100> and P<110>≈0.90) and (b) worst situation with quasi-random structure (P<100>≈0.70) [18].
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and model of the LPBF equipment, chamber size, shielding 
gas type, flow rate and direction, type of laser return on island 
boundaries (curved or stopped), size and geometry of the part 
itself, number of parts being built inside the chamber. Such 
variables need to be studied on a case-by-case basis and their 
influence evaluated based on the fundamentals of the process.

4 Some potential applications

AM by LPBF offers the possibility to control 
mechanical properties by crystallographic texture, which in 
turn can be designed and obtained through the appropriate 
choice of process parameters. With the emergence of new 
production and characterization techniques, as well as new 
experiments and research, relevant advances in texture 
control are expected [12,34].

Saghaian et al. [55] demonstrate that the LPBF process 
can tailoring the microstructure and superelastic behavior 
of NiTi shape memory alloys.

In this case, the authors employed different local heat 
transfer of the melt pool by varying hatch spacing to induce 
changes in the final texture. Higher strain recovery and more 
stable superelastic behavior were obtained for [001]//BD 
texture conditions. Sun et al. [46] concentrated only on the 
mechanism of crystallographic lamellar microstructure (CLM, 
see Figure 7, specimen_B) development in 316L stainless 
steel by the X-scan strategy. The authors found that a CLM 
induced by a low energy density simultaneously improved 
the mechanical properties and corrosion resistance.

Control of the Young’s modulus is strongly desired for 
the application of metallic alloys as an implant material [49]. 
A lower stiffness is desired to avoid ‘stress shielding’, a 
mechanical incompatibility generated at the contact interface 
between metallic (stiff) medical implants and bone (mild) 
tissue [6,56].

Until the moment, some incipient but interesting 
results of stiffness-induced anisotropy by crystalline 
texture are presented by Pilz et al. [54], using laser energy 
profile, and by Geiger et al. [50], using scan strategy and 
heat treatment. In both works, obtained crystalline texture 
could induce directions with 34% lower E for Ti-42Nb beta 
alloys [54], 31% and 8,5% before and after thermal treatment, 
respectively for Ni-alloy IN738LC [50].

Additionally, Ishimoto et al. [49] obtained different 
E values for samples of Ti–15Mo–5Zr–3Al beta-type alloys 
manufactured by two different scanning strategies. With 
XX-scan was obtained E = 68.7 ± 0.9 and 99.6 ± 4.8 GPa and 
with XY-scan was obtained E = 75.3 ± 2.5 and 75.7 ± 1.0 GPa, 
along BD and TD respectively.

The present authors also obtained some results of 
E control by texture with Nb-48Ti alloys produced by 
LPBF. Figure 11 shows a comparison between the results 
of Young’s modulus of Nb-48Ti alloy from (a) theoretical 
monocrystalline, (b) textured LPBF, and (c) quasi-random 
LPBF [17,35,37,48]. Although a reduction of only 8% in 
stiffness was obtained (-6 at 70 GPa), new samples and 
results are under evaluation.

5 Conclusions

Additive manufacturing (AM) is a process with 
great potential to generate new applications for engineering 
materials, as well as induce technological innovations [8-10]. 
Particularly, AM processes by energy beams, such as laser 
powder bed fusion (LPBFL) and electron beam (EBPBF), 
show an aptitude for texture control [3,14,15,40] and, 
consequently, to obtain desirable unique characteristics in 
differentiated applications, such as stiffness for medical 
implants [6,56]. The control of properties by texture 
in AM processes is still incipient and there is limited 
knowledge about how the mechanisms that create, and 
control crystalline texture can be parameterized for AM 
by LPBF [12,13,18,34,37,54]. This can be justified due to 
the conjunction of two factors:

1.	 the great advances, innovations, and diversity of 
conditions, results, and applications that have been 
presented recently [9,10,20,28] and

2.	 the intrinsic procedural complexity, associated with the 
large number of parameters linked to AM [11,14,32,53].

Nevertheless, the potential for control mechanical 
properties by texturing is a reality, demonstrated in the 
literature [37,50,54], and tends to be more assertively sought 
by researchers.

Figure 11. Anisotropy on Young’s modulus (E) obtained by the present authors with Nb-48Ti alloy as: (a) bulk monocrystalline, (b) LPBF with 
some texture, and (c) quasi-random LPBF.
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