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• Laser scanning strategies strongly influ-
ence the crystallographic texture in as-
printed components.

• A ⟨100⟩ single crystalline-like texture is
obtained in the direction of laser writ-
ing.

• Site-specific texture control is achieved
by selectively switching laser scanning
strategies.
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Selective laser melting has been used to demonstrate the striking effect of laser scanning strategies on the crys-
talline texture in 316L SS. The aligned crystal orientation along the tensile direction (Z-axis) could be varied using
the scanning strategy. A strong 〈100〉 single crystalline-like texture is obtained in the direction of the laser scan
and a 〈110〉 texture was observed in the build direction when using a bidirectional scan without rotation. Fiber
texture was observed along the tensile direction when the bi-directional laser scanning vectors were rotated
by 67° (Rot-scan) for each layer. The study highlights a correlation between laser scanning strategies with
resulting textures, microstructure, and mechanical properties in as-printed bulk 316L SS. The hardness, Young's
modulus, and ultimate tensile strengthwere significantly influenced by the finalmicrostructure, crystallographic
texture, and porosity. Furthermore, the applied laser scanning strategies made it possible to tailor crystallo-
graphic textures locally within the component. This was demonstrated by printing characters with a fiber tex-
ture, in a matrix with ⟨100⟩ texture parallel to the Z-axis.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Additive manufacturing (AM) or 3D printing has become an indis-
pensable tool to fabricate complex geometries, which are often difficult
to manufacture by conventional techniques. The process offers cost
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Fig. 1. A secondary electron image showing the morphology of gas atomized 316L SS
powder.
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reduction, product and process redesign, lead time reduction, and flex-
ibility to manufacture parts with desired material properties [1–5]. Ad-
ditive manufacturing has evolved from a mere prototyping and tooling
technique to a direct part manufacturing method over the past few
years [6]. A wide variety of materials have been processed through
AM, including titanium, stainless steel, aluminum, nickel-based superal-
loys, etc. [7–10].

Selective laser melting (SLM) is an AM technique where a scanning
laser is used to melt along a certain direction in the powder bed. Typi-
cally, high cooling rates and high thermal gradients are achieved in
the SLM process, which results in a highly anisotropic solidification of
themelt pool [11]. The thermal gradient and solidification front velocity
can be used to predict the microstructural growth and morphology,
while the cooling rate determines the size of the dendrites formed. Pro-
cess parameters such as laser power, scan speed, hatch spacing, scan-
ning strategies, and even sample orientation in the build plate have
been reported to significantly alter the crystallographic texture during
the process [12–15]. As crystalline texture is known to affect,
e.g., mechanical and corrosion properties of a component, its control
can be used to manufacture parts with desired material properties
[16]. Several authors have discussed the impact of laser scanning strat-
egy on the obtained texture in Ni-based alloys. For example, unidirec-
tional laser scanning was found to result in a fiber texture, while
bidirectional scanning of the laser gave rise to rotated cube-like texture
in the printed components [17]. Furthermore, a switching from trans-
verse anisotropic to isotropic and vice-versa has been demonstrated in
the SLM of IN738 [18]. Crystallographic texture control in nickel-base
superalloy Inconel 718was demonstrated by varying the energy density
input to the powder bed using different electron beam scan strategies to
locally change the grain orientation at precise locations in the as-build
component [19]. A strong influence of laser scanning strategy on texture
has also been observedwhen processingwide range of othermetals and
alloys [20–22].

One of the most common alloys is 316L SS, on which influences of
scan strategy on texture have been reported by Wei et al. [23]. They
showed that orientation of the primary dendrites was at 60° for all de-
posited layers with unidirectional scanning laser scan, and for bi-
directional laser scan, it was found to be 90° in the neighboring layers.
Furthermore, in a recent study by Andreau et al. the effect of gas flow
and direction of laser scanning on crystallographic texture in 316L SS
was discussed [24]. They observed that the crystallographic texture ap-
peared to be dependent on the relative direction of laser scanning and
gas flow, which was attributed to an absorbing effect of the metal
vapor plume. Scanning in the same direction as the gas flow was
found to affect the depth of the melt pool, due to local attenuation of
the laser beam's effective energy density transmitted to the powder
bed.

The aim of this work is to demonstrate how laser scanning strategy
can be used to control texture during SLM, and even obtaining single
crystals of 316L SS. The microstructure and crystallographic textures
formed during the process are correlated to the mechanical properties.
The use of laser scanning strategies to control the final shape of the
part and to simultaneously imprint a predesigned spatially resolved
crystallographic grain orientation pattern during the SLM process is
also demonstrated.

2. Materials and methods

316L SS gas atomized powders are produced by EOS, GmBH using
industrial-grade feedstock materials. The as-received powder particles
were sieved using a 63 μmmeshed sieve to remove oversized particles.
The sieved powder consists mostly of spherical particles, as shown in
Fig. 1. The powder size distribution for 316L SSwas determined accord-
ing to ASTM B822/ISO13320, and the D10, D50 and D90 values are
20 μm, 40 μm, and 60 μm respectively. The chemical composition of
the used virgin 316L stainless steel powder is shown in supplementary
Table S1. The printing was carried out in an EOS M100 (EOS GmBH,
Germany) system equipped with a Yb fiber laser. Different parameters
including laser power, scan speed, hatch spacing, and hatch overlap,
were varied in order to produce dense and crack free samples. The sam-
ples used to study the effect of different scanning strategies were proc-
essed using the optimised parameters, with a laser power of 107 W,
scan speed of 800 mm/s, and hatch spacing of 70 μm, to obtain the
best microstructural features. The thickness was set to 20 μm for each
powder layer deposition. The laser spot diameter was 40 μm, and bi-
directional laser scanning was used. The process chamber was flushed
with argon to minimize the presence of impurities in the material.

Three different scanning strategies were used in the printed parts, as
shown in Fig. 2, Z-scan (along the raking direction of the powder bed),
Y-scan (perpendicular to the raking direction), and 67° rot-scanwith bi-
directional laser scanning vectors. The 3D computer-aided design (CAD)
models for the tensile samples were generated using Magics software,
from Materialise, which is then numerically sliced into a number of
layers across the cross-section using EOS RP Tools 1.6 software. These
sliced layers are then recreated sequentially on a carbon steel build
plate to fabricate the components using an EOS PRINT software.

The sampleswere cut (XY plane) and the pieceswere polished using
a series of SiC emery papers, diamond paste, and finally, silicon dioxide
to obtain a mirror finish. The samples were etched in diluted aqua regia
for the 10 s to reveal themelt pool patterns, whichwere observed using
Olympus AX70 optical microscope. The relative densities of as-printed
samples were determined using the Archimedes principle. The weight
of the sample (W1) was measured in air at room temperature (RT).
The samples were then immersed in water and the weight (W2) was
measured at RT. The relative density of the samplewas calculated as fol-
lows;

Relative density %ð Þ ¼ W1 x density of waterð Þ
W1−W2ð Þ x 7:98

� �
� 100: ð1Þ

The density of water at RT was taken to be 0.9978 g/cm3. The theo-
retical density of 316L SS is taken as 7.98 g/cm3. The weight of the sam-
ples was measured using an electronic balance with 0.1 mg accuracy.

Electron backscatter diffraction (EBSD) mapping was carried out
using an acceleration voltage of 20 kV and a beam current of 10 nA at
14mmworking distance in a ZeissMerlin scanning electronmicroscope
(SEM). The samples were mounted at 70° using a pre-tilted sample
holder, and the data was recorded in the AZtec HKL software utilizing
a Nordlys Max detector. The pole-figures were reconstructed from the
EBSD maps using a half-width of 10° to analyze the grain orientation
with respect to scan strategies in the printed parts. X-ray diffraction



Fig. 2. Schematic view of laser scan strategies used for the fabrication of 316L SS samples. (a) laser scan direction along the Z direction, (b) laser scan direction along Y direction, and
(c) laser scan rotated by 67° for each layer. Laser scanning strategies are illustrated in the YZ plane. The direction of gas flow is parallel to the Y-axis, indicated by blue arrows. The
region marked in yellow illustrates the planes (XY) used for structural investigations.
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was performed on the XY planes in the as-processed samples. Themea-
surements were carried out using D8 Bruker Twin-Twin diffractometer,
with Cu-Kα radiation operating at 40 kVand 40mA. 2θ anglewas varied
from 30° to 100° with a scan rate of one degree per minute.

In order to determine thebulk texture of the as-printed components,
neutron diffractionwas used, enablingmeasurements on a large sample
volume of 10 × 10 × 10mm3. This ensures that observations are repre-
sentative of the whole sample. Samples are fixed on the Euler goniom-
eter and rotated along φ (0–360°) and χ (0–90°) angles with a step of
5°. Variation of neutron diffracted intensities for 4 individual reflections
[(111), (200), (220), and (311)] were collected for each orientation on
the MEREDIT instrument at the Nuclear Physics Institute, Czech
Republic, using a neutron wavelength of 1.46 Å. The data was analyzed
using JTEX software [25]. The orientation distribution function (ODF)
was calculated for each sample, and pole figures for predefined reflec-
tions were calculated for easy comparison of all samples.

Vickers microhardness analysis was conducted on a CM series mi-
crohardness indenter using 300 gf (~2.94 N) load and a dwell time of
15 s. The loadwas chosen to 300 gf to avoid visual perception problems
when measuring the length of the indentation tips on the sample, and
possibly avoiding potential data scatter [26]. The hardness with stan-
dard deviationwas determined in all samples.Measurementswere per-
formed in the tensile direction (Z-axis). Rectangular samples
60 × 10 × 10 mm3 in dimension (see supplementary Fig. S1) were
manufactured for the uniaxial tensile test. Each series consisted of 3
Fig. 3.X-ray diffraction patterns of (a) 316L SS powder and in-plane texturemeasured perpendi
axis, and (d) 67° rotation.
samples, which were machined according to ASTM E8M standard di-
mension with a 20 mm gauge length and 4 mm diameter. The samples
were pulled along the tensile direction, as indicated by the Z-axis in
Fig. 2. The deformation rate was 0.005 mm/s, corresponding to an ap-
proximate strain rate of 0.00016/s. To allow estimation of fracture elon-
gation, two lines at 5mm apart were carefully inscribed on the samples,
and the distancesweremeasured before and after the tests (see supple-
mentary Fig. S2).

A possibility of fabricating components with desired geometries and
predetermined spatial three-dimensional crystallographic texture by
using specific laser scanning strategies was also attempted. To demon-
strate site-specific switching of crystallographic textures, a rectangular
block with dimensions, 20 × 10 × 10 mm3 was fabricated with the let-
ters AMUU throughout the entire thickness of the block. The Z-scan
and Rot-scan strategies shown in Fig. 2(a, c)was used tomelt the letters
and block, respectively.

3. Results and discussions

3.1. Effect of scan strategies on microstructure and crystallographic texture

X-ray diffraction performed on 316L SS samples with different scan
strategies in the XY plane show preferential crystallographic orienta-
tions, as seen from Fig. 3. A change in relative intensities was observed
for the (200) and (220) peaks when measured in the XY plane (Fig. 3
cular to theXYplane indicated by the yellow areawhen scanned (b) along the Z-axis (c) Y-
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(b, c)), as compared to the gas atomized powder in Fig. 3(a). This indi-
cated the presence of texture effects in the XY plane when the ‘Z’ and
‘Y’ scan strategies were used. However, rotation of scanning vectors by
67° in the sample results in similar intensities as observed in the pow-
der, indicating a random-like distribution of grains in the XY plane
(Fig. 3(d)).

The solidification microstructural features obtained during SLM is
well studied in literature and is similar to the microstructural aspects
observed during the welding process [27]. The microstructural features
in the fusion zone are observed to have different morphologies such as
planar, cellular, and dendritic structures, and these are governed by
temperature gradient, grain growth rate, undercooling, and chemical
composition.With increasing constitutional undercooling, the crystalli-
zation mode changes from planar to cellular and finally to dendritic so-
lidificationmode. A planar growthpattern is observed along lineOA and
a dendritic growth mode along OB, as illustrated in Fig. 4. The different
solidification modes can be attributed to the variation of the tempera-
ture distribution across OA and OB within the melt pool. A higher tem-
perature gradient across OA favours planar growth; meanwhile, along
OB, the temperature gradient is smaller, which results in the formation
of constitutional undercooling zone and induces dendritic growthmode
(along OB). Similar observations on grain growth patterns have been
previously reported by other researchers on selective laser melting of
steels [28–30].

Fig. 5 shows optical images highlighting the melt pool patterns
formed during the SLM process. Three types of melt pool patterns are
clearly observed with respect to each scan strategy, as shown in Fig. 2.
In Fig. 5(a), a nail-head melt pool pattern is observed in the XY plane
with respect to a Z-scan strategy. This mode of melt pool formation
has been reported previously by Fabbro et al. on laser welding, and a
similar observation was made by King et al. for powder bed fusion pro-
cess in 316 L stainless steel [31,32]. A possible reason for the formation
of suchmelt pools is a positive thermocapillaryflow (Marangoni effect).
This positive convective flow is directed from the center of themelt pool
towards the bottom, dissipating most of the heat downwards rather
than towards the sides of the melt pool [33]. Columnar grains were
found to extend vertically in these melt pool patterns.

Fig. 5(b) shows themelt pool pattern in the XY plane resulting from
a Y-scan strategy. Long bands are observed, which are generated due to
melt pool flow along the scan. Columnar grains are observed to grow
perpendicular to these horizontal band like melt pool traces. This
shows that columnar grains mainly grow on a plane perpendicular to
the scanning direction, as seen in Fig. 5(b). When the laser scan is
Fig. 4. SEM image showing planar and dendritic growth patterns along OA and OB,
respectively, which is dependent on the temperature gradient within the melt pool.
rotated by 67° irregular half ellipse melt pool patterns are observed.
The grains are also observed to grow and extended beyond the melt
pool boundaries along the build direction (X-axis), as shown in Fig. 5(c).

The influence of subsequent thermal cycling duringmultilayer selec-
tive laser melting plays a significant role in microstructure formation.
An important control parameter that influences the morphology of the
solidification microstructure is the ratio between Thermal gradient
(TG) and solidification velocity (VS). The effect of this parameter (TG/
VS) on multilayer SLM and its role in the formation of a columnar
grain structure is elucidated elsewhere [34].

To highlight the observed changes in crystallographic texture and
melt pool morphologies with different scanning strategies, detailed mi-
crostructural studies were performed using scanning electron micros-
copy (SEM) and electron backscattered diffraction (EBSD). The melt
pool morphologies formed are significantly different with respect to
each other and are dependent on the scan strategies used, as illustrated
in Fig. 5.Whenviewed in theXY plane fromFig. 5(a, d), a continuous ep-
itaxial growth of columnar grains is observed along the centerline of the
melt pool (indicated by black arrows in Fig. 5(a)). The observed epitax-
ial growth is a dominant feature in microstructure evolution, and the
formation of such feature is attributed to the direction of thermal gradi-
ent being vertical along the centreline of themelt pool, as frequently re-
ported in the literature [16,35,36]. However, the growthof these vertical
columnar grains is sometimes found to be broken and discontinuous
along the melt pool centers. This is possibly due to a dominant lateral
migration of the solid-liquid interface, which disrupts their continuous
growth [16].The Marangoni flow, which causes the convective heat
transfer and fluid flow within the melt pool, could be one of the factors
which can influence the heat flux direction due to its heat-mass transfer
effect and thereby affect the growth orientation of the dendrites [37,38].

The backward flow of the melt material is the primary heat transfer
path,which is also themain direction of solidification. It is observed that
a strong ⟨100⟩ crystallographic texture is always obtained along the di-
rection of the laser scan (see Fig. 6(a, d)), in agreement with previous
studies [30,37,39]. The 180° degree rotation of the bi-directional laser
scan strategy was not found to affect the crystallographic growth of
the ⟨100⟩ along the scan direction asmultiple rotations of 90° will result
in the same crystallographic orientations for cubic symmetries [24]. It is
known that in cubic crystal symmetry, ⟨100⟩ has 6 equivalent crystal ori-
entations. If the [001] crystallographic direction is fixed parallel to the
scan direction, the other equivalent crystallographic orientations could
rotate within the track about a fixed axis when subjected to a radial
thermal dissipation [37].

From Fig. 6(d), it is observed that a strong 〈110〉 texture is obtained
along the build direction and a 〈100〉 texture along the scan direction
when the scan is bidirectional without rotation. This is an important re-
sult obtained from this study, which shows that the growth of the co-
lumnar cells preferentially occurred in the 〈100〉 crystallographic
direction within the plane perpendicular to the scan direction. A recent
study by Pham et al. attributed the formation of such a crystallographic
texture to the side-branching of columnar dendritic cells in the micro-
structure [36], as shown in Fig. 4. The underlying mechanism of this
phenomenon is due to the misalignment between the existing colum-
nar cells and the thermal gradient, which promotes side-branching
due to the perturbations on the existing cells on the sides of the melt
pool. The misalignment between the existing thermal gradient and
growth direction of columnar cells is a result of a decrease in nucleation
energy by conserving crystal orientation between two adjacent melt
pools [22]. The side-branching columnar cells grew along a 〈100〉 crys-
tallographic direction, inclined about 45°with respect to the build direc-
tion, as shown in Fig. 7(a). The orientation relationship of the crystals
formed within the melt pool with respect to the scan direction (Z-
scan) is shown schematically in Fig. 7 for better visualization of single
crystalline-like texture formation during SLM.

Fig. 5(b) shows the growth of the columnar grains perpendicular to
the elongated band-likemelt pool traceswhen scanned along the Y-axis



Fig. 5. Optical (a–c) and SEM (d–e) images in the XY plane showing morphologies of melt pool patterns and grains formed during selective laser melting of 316L SS austenitic steel with
specific scan strategies. (a, d) scan vectors along Z-axis (b, e) scan vectors along Y-axis, and (c, f) scan vectors rotated by 67°. The inset indicates the respective scanning strategies in the YZ
plane for each sample. The black arrows in panel (a) indicate the growth direction of columnar lamellar microstructure.
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with a bidirectional scan strategy. From Fig. 6 (b, e) it can be observed
that the 〈110〉 crystallographic direction perpendicular is to the XY
plane (along Z-axis, tensile direction). Fig. 5(f) shows the melt pool
traces when the scanning vectors are rotated. In the 67° Rot-scan strat-
egy, themelt pool centers of the neighboring layers do not coincidewith
each other, and the melt pools appear as half ellipses when viewed in
the XY plane. They exhibit different morphology in each layer, as
Fig. 6. EBSDmaps (XY plane) and pole figures in (XY and YZ plane), showing crystallographic gr
d) along Z-axis, (b, e) Y-axis and (c, f) at 67° rotation. The inset indicates the respective scanni
observed in Fig. 5(f) and 6(c). The formation of such disoriented melt
pool traces in each layer disrupts the development of a single
crystalline-like texture with the rotation scan strategy. Pole figures
from Fig. 6(f) indicate a strong 〈110〉 texture perpendicular to the YZ
plane, which is along the direction of the build (X). The diffused rings
seen from the {110} pole figure demonstrate a fiber texture along Z
(tensile direction), as illustrated in Fig. 6(f).
ain orientations during selective lasermelting of 316L SS austenitic steel when scanned (a,
ng strategies in the YZ plane for each sample.



Fig. 7. (a) Enlarged view of an EBSD image from the black square in Fig. 6(a) with a chevron-like pattern showing the growth of grains along the 〈100〉 crystallographic direction.
(b) Schematic illustration showing the melt pool pattern formed during SLM with respect to the bi-directional scanning strategy along the Z-axis in the sample. (c) Crystallographic ori-
entations of columnar cells formedwithin themelt pool during a bidirectional scanwithout rotation. The builddirection (BD) is along theX-axis, and scanning direction (SD) is along the Z-
axis, as illustrated above. Region 1 illustrates the continuous epitaxial growth of columnar grains, and region 2 illustrates the side-branching of dendrites growing along 〈100〉 crystallo-
graphic direction. For further details, please see the text.
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Neutron diffraction was used to determine the bulk texture in the
samples fabricated using the different scanning strategies. It is observed
that the {110} planes are oriented perpendicular to the build direction
(X-axis), while the {100} crystallographic planes are perpendicular to
the laser scan direction, as shown in Fig. 8 (a, b), which is also in agree-
ment with the EBSD data. Typically, the alignment of the 〈100〉 crystal-
lographic direction along the scan direction is explained by the thermal
gradient induced during SLM [22,23,40]. The rotation of the scan vectors
in every layer by 67° results in a more complex and varied melt pool
traces. This scanning strategy results in the fragmentation of the colum-
nar grain structure (see Fig. 6(c)). The specimen built with the rotation
scan strategy exhibits a fiber texture with a strong alignment of 〈110〉
along the build direction (X-axis) and a random distribution of 〈100〉,
〈110〉 and 〈111〉 crystallographic directions along the tensile direction
(Z-axis) as illustrated in Fig. 6f and Fig. 8c. The ideal texture components
for the as-processed samples are illustrated in supplementary Fig. S3.
Fig. 8. Calculated neutron pole figures showing preferential crystallographic grain orientations
tively. A strong 〈100〉 texture is obtained along the laser scan direction, and 〈110〉 texture is ob
The effect of gasflowonmicrostructure and the crystallographic tex-
ture was also investigated in the present study. It was concluded from
the neutron diffraction and EBSD studies that a strong 〈100〉 single
crystalline-like texture always evolves along with the motion of bi-
directional laser irrespective of the direction of the scanning (Z scan or
Y scan). The melt pool size and shape along the direction of the laser
scan was also qualitatively observed to understand the effect of gas
flow on as-processed 316L SS, processed with Z and Y scanning strate-
gies (see supplementary Fig. S4). It was concluded from the present
study that there was no detectable effect of vapor plume on the crystal-
lographic texture with respect to the direction of the gas flow, in stark
contrast to the conclusions made by Andreau et al. [24].

To quantify the size of cellular subgrains, the intragranular cell spac-
ing [41] was evaluated, as illustrated in Fig. 9. The intragranular cell
spacing value can be calculated by using the areamethod by the follow-
ing equation [29,42]:
, when the scanning vectors are along (a) Z-axis, (b) Y-axis, and (c) rotated by 67° respec-
served along the build direction (X-axis).



Fig. 9. SEMmicrographs in the X-Y plane (a) Microstructure at different length scales, which includes melt pool fusion boundaries, grain boundaries, columnar substructure, and cellular
structure. High magnification SEM images of the cellular sub-grain structure formed during (b) Z-scan (c) Y-scan, and (d) Rot-scan strategies. The inset indicates the respective scanning
strategies in the YZ plane for each sample. The white rectangle in Fig. 9(b), indicates the target zone for calculating the intragranular cell spacing.
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Intragranular cell spacing ¼ 1
M

AjNð Þ1=2 ð2Þ

Where ‘M,’ is the magnification factor of the SEMmicrograph, ‘N’ is
the number of cellular subgrains in the target zone, as shown in Fig. 9
(b), indicated by the rectangle and ‘A’ is the area of the rectangle. The
average value of intragranular cell spacing with standard deviation
was determined for each scanning strategy by considering different
areas in the SEM images with similar magnification having a cellular
structure. The intragranular cell spacing showed a decreasing trend
when the scanning strategies changed from Z-scan (〈100〉 single
crystalline-like texture) to Y-scan (〈110〉 single crystalline-like texture)
as shown in Table 1. The change in intragranular cell spacingmaybedue
to a variation of thermal history and degree of undercooling in themelt
pool with different scan strategies.

3.2. Effect of scan strategies on mechanical properties

Microhardness measurements showed marginal changes in hard-
ness in the tensile direction (Z-axis), as shown in Fig. 10. However, no
significant differences in hardness were observed between the build
and the tensile directions in the as-processed samples despite the differ-
ence inmicrostructure and crystallographic grain orientations. Themar-
ginal change in observed hardness could be due to the small variations
in intragranular cell spacing, illustrated in Table 1, from 0.40 μm to
0.76 μm. A Hall-Petch type relation can be fitted between hardness
and intragranular cell spacing, as illustrated in Fig. 10. Cellular subgrain
structures formed during laser powder bed fusion (LPBF) act as barriers
for dislocations and induce high densities of entangled dislocations
[43–46]. These cellular networks formed in 316L SS during LPBF are
found to be stabilized by segregated alloying atoms and minor mis-
orientations developed during rapid solidification of the melt pool
[47,48]. The typical size of these cellular structures is b1 μm, with a
cell wall thickness of the order of a few hundred nanometres [44].
Owing to their small size, they can providemore barriers for dislocation
motion in selectively lasermelted austenitic stainless steels than in con-
ventional stainless steels that lack microstructural features at this scale.

Experimentally observed values of Young's modulus in as-processed
samples, along with scanning strategies and resulting crystallographic
textures, are shown in Table 1. The results show a significant effect of
the applied scan strategies on Young's modulus in the samples, mea-
sured along the Z-axis. The Young's modulus was observed to change
with scanning strategy from 129 ± 3 GPa (Z-scan) to 193 ± 16 GPa
(67°Rot-scan), as illustrated in Table 1. Since Young's modulus depends
on the strength and density of interatomic forces, its value is sensitive to
the atomic arrangement along a specific crystallographic direction [58].
In general, the elastic modulus varies with interatomic distances in a
single crystal, and for an FCC system, it is ordered accordingly as E
[111] N E [110] N E [100] [59,60]. Since the texture along the tensile direction
(Z-axis) differs with respect to scanning strategies, the observed varia-
tion in Young's modulus is expected, as shown in Table 1.

Fig. 11 shows the combined stress-strain curve for samples printed
with different laser scanning strategies. The yield strength was found
to increase from 554 ± 5 MPa in samples with [100] texture to 603 ±
2 MPa in samples with fiber texture, as shown in Table 1. The change
in tensile yield strength could be due to several factors such as micro-
structure (intragranular cell spacing), crystallographic texture (Taylor
factor), and porosity in as-printed samples. The influence of the
above-mentioned factors on the mechanical properties is discussed in
the following section.

The mechanical properties of the samples appear to be strongly in-
fluenced by the presence of intragranular cellular structures. The ob-
served cellular structures formed, see Fig. 9(b, c, d) result from high
cooling rates and non-equilibrium conditions in the SLM process [49].
The morphology of the cellular structure and size of the cells are



Table 1
Tensile properties and intergranular cell spacing of AM 316L SS with specific in-plane textures formed with different laser scanning strategies, along the Z-axis.

Scan strategy Resulting texture Young's modulus
(GPa)

Yield strength
(MPa)

Ultimate tensile strength
(MPa)

Elongation at fracture
(%)

Intragranular cell spacing (μm)

Z-scan (100) 129 ± 3 554 ± 5 649 ± 3 26 ± 1 0.76 ± 0.07
Y-scan (110) 167 ± 3 555 ± 11 613 ± 5 42 ± 6 0.53 ± 0.03
Rot-scan Fiber 193 ± 16 603 ± 2 690 ± 2 32 ± 2 0.40 ± 0.03
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influenced by laser scanning strategies, and more specifically, by the
resulting temperature gradients during the laser melting process.

The cellular structure exists in the columnar grains and is present as
an intragranular feature. Hence, a cellular structure cannot be
interpreted as a grain structure because the adjacent cells have similar
crystallographic orientation, as previously reported elsewhere [49]. Al-
though cellular structures cannot be considered as grains, they play a
significant role in acting as barriers to dislocation motion during defor-
mation. A Hall-Petch type correlation between tensile strength and
intragranular cell spacing have been previously reported in [50,51].
Both the yield strength and ultimate tensile strength showed a linear
correlation with the reciprocal of the square root of intragranular cellu-
lar spacing, indicating the importance of cellular structures in the
strengthening of selectively laser melted 316L SS components.

The size of these cellular structures formed during SLM with differ-
ent scanning strategies is determined using the ‘area method’ as de-
scribed above. The mean cellular size is found to vary from 0.76 μm to
0.40 μm, illustrated in Table 1. However, a Hall-Petch type correlation
between the yield and ultimate tensile strength with intragranular cell
spacing was not observed in the present study. This could be due to
the influence of the two other factors (Taylor factor and porosity) as
discussed below;

The variation in yield strength can be related to variations in the Tay-
lor factor, ‘M’ [52], which is related to the flow stress σ by:

σ ¼ MαbG ρð Þ1=2 ð3Þ

where ‘b’ is the absolute value of Burgers vector, ‘G’ is the shearmod-
ulus, ρ is the total dislocation density, andα is a constant of the order of
0.2–0.35 [53,54]. Since the Taylor factor is an orientation factor which
depends on the texture of the materials and on the crystallographic na-
ture of the assumed slip systems, materials with higher Taylor factors
require greater axial stress to be plastically deformed [55]. The Taylor
factor distribution for as-processed samples with different scanning
Fig. 10. Hardness as a function of the intragranular cell spacing, measured in the tensile
direction (Z-axis).
strategies along the loading direction (Z-axis) is evaluated from EBSD
(see supplementary Fig. S5). The Taylor factor distribution is mainly be-
tween 2.3 and 2.6 for 〈100〉 textured sample (Z-scan strategy) along the
loading direction (Z-axis). For the fiber textured sample (Rot-scan), the
distribution of the Taylor factor became broader and has an average
value of 3, along the loading direction (Z-axis). Meanwhile, an increase
in the fraction of grains with the Taylor factor over 3.4 is observed for
〈110〉 textured sample (Y-scan strategy) along the loading direction
(Z-axis). The Taylor factor is minimum for the 〈100〉 crystallographic
texture in a cubic material (see supplementary Fig. S5(a)), this can
partly explain the lower yield strength observed in the as-printed sam-
ple with 〈100〉 crystallographic texture [56,57]. Meanwhile, a marginal
increase in ultimate tensile strength for the sample with 〈100〉 texture,
when pulled along the Z-axis, could be due to the formation of the co-
lumnar lamellar microstructure (CLM) as observed and is indicated by
black arrows in Fig. 5(a) and Fig. 7(a). The formation of suchmicrostruc-
tural features was found for the first time by Sun et al. during the selec-
tive laser melting of austenitic stainless steel [16]. A similar
microstructural feature with CLM layers is observed in the sample
with the Z-scan strategy, as presented in our study. The CLM layers ob-
served showed a discontinuous and broken pattern along the direction
of the build. These microstructural features can act as boundaries be-
tween the textured regions and possibly hinder dislocations move-
ments, leading to an increased, ultimate tensile strength.

A third factor influencing the yield and ultimate tensile strength is
the difference in porosity [58–60]. The change in porosity and tensile
strength for sample made with different scan strategies (top sectional
view) during the process are shown in Fig. 12. The relative density
and average porosity in as-processed bulk samples determined using
the Archimedes principle, as shown in Table S2. A high densification
level greater (≥99.5%) was observed in samples. The pores were not
evenly distributed throughout the sample andwere found to be concen-
trated more in certain areas as compared to the rest of the sample [61].
Fig. 11. Stress vs. strain in as-printed 316L SS with different scanning strategies. The
direction of the applied load is along the Z-axis, which is illustrated by the green arrows
in the insets.



Fig. 12. Variation in porosity, ultimate tensile strength, and percentage elongation with
different laser scanning strategies during the SLM process, measured along the Z-axis.
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From optical microscopy, the highest area fraction of porosity was ob-
served in the Y-scan sample (see supplementary Fig. S6). This increase
in the amount of porosity during SLM can be due to the phenomenon
of spatter during SLM [62–64]. The amount of spatter generatedwith re-
spect to laser scanning strategies has been previously reported else-
where [65–67]. Spatter results in detrimental effects on the
components and often results in higher porosity and, consequently, a
reduced yield strength. The observed variation in density due to the dif-
ference in scanning strategy could partly explain the lower yield and
tensile strength in the 〈110〉 single crystalline-like textured sample
compared to the 〈100〉 textured sample as shown in Fig. 12.

The porosity observed in the laser melted samples could also be due
to the phenomenon of balling (resulting from the spatter), which was
observed at the laser melted surface in the present study. The presence
of thesemicrometer scaled balls on the surface of the laser melted sam-
ples can lead to improper powder bed spreading and affect thefinal part
density. The formation of such features could be ascribed to laser-
induced melt splashes caused by capillary instability of the melt and is
correlated to laser scanning speeds, as previously investigated by Gu
et al. [68]. Porosity in the as-processed parts can also arise due to the
presence of entrapped gases, resulting from oxide decomposition at
high temperatures during the SLM process [69].

An increase in fracture elongation from 26% to 42% was also ob-
served with a change in scanning strategy. A study by Sinha et al. in
316L austenitic stainless steel demonstrated that tensile deformation
Fig. 13. (a) Computer-aideddesign filewith alphabets AMUUand laser scanning strategies Z-sca
image of SLM component from 13(a) showing a single crystalline-like texture in the rectangul
occurs initially by slip, but at higher strain, deformation occurs by twin-
ning [70]. Grains with 〈110〉 and 〈111〉 initially oriented along the ten-
sile direction (Z-axis) are especially prone to mechanical twinning
[71]. This effect will promote strain hardening of the material with the
〈110〉 texture and delay the onset of necking, resulting in the excellent
elongation during deformation (see supplementary Fig. S7). The me-
chanical properties with respect to microstructural and texture evolu-
tion in deformation twinned austenitic stainless steel has been
discussed in detail elsewhere [72,73].

3.3. Site-specific crystallographic grain orientation by use of laser scanning
strategies

Finally, as a part of this study, the site-specific crystallographic orien-
tation of grainswithin a given componentwas demonstrated by design-
ing a 3D CAD model with box and letters, as shown in Fig. 13(a). From
the above discussions, it is observed that strong single crystalline-like
and fiber textures could be generated along the tensile direction (Z-
axis) by switching the scanning strategies. This knowledge was used
to create different textures within the component by assigning a Z-
scan and Rot-scan strategy to the box and letters, respectively. The
box shows a preferred 〈100〉 orientation in the tensile direction, while
a fiber texture is observed inside the letters. This is in agreement with
the observations shown in Fig. 6(a, c) and further implicates that the
texture is changeable within a single component. Additionally, the mi-
crostructure and melt pool morphologies formed in the component
can be traced back to the initial observations shown in Fig. 5(a, c) and
Fig. 6(a, c). Microstructure and texture control in different parts of the
component opens up possibilities to achieve tunable properties de-
pending on specific needs for the application [19].

4. 5. Conclusions

The present study shows that a suitable combination of laser power,
scan speed, and scanning strategy can be used to determine the
resulting texture in the SLMprocessed 316L SS. The growth of columnar
grains within the plane perpendicular to the scanning direction was
found to be essential for the development of a strong single
crystalline-like texture. A strong 〈100〉 and 〈110〉 single crystalline-like
texture was observed in the direction of laser scan and build direction,
respectively, in samples printed with a bidirectional scanning strategy
without rotation. The rotation of scans by 67° resulted in a mismatch
of thepositions ofmelt pool in each layer, which broke the epitaxy of co-
lumnar growth and resulted in fiber texture. Furthermore, it was shown
that the applied laser scan strategies greatly influenced the mechanical
properties. The hardness, Young's modulus, yield strength, and elonga-
tion at fracture were influenced by the final microstructure, porosity,
and texture formed in these samples. This shows the possibility to
n and67° Rot-scan used to create site-specific crystallographic grain orientations. (b) EBSD
ar box and fiber texture within the letters AM.
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manufacture components with both isotropic and anisotropic proper-
ties during a single SLM build. The site-specific control of crystallo-
graphic grain orientations within a given metal component was
demonstrated by selectively switching laser scanning strategies.
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