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1. Introduction

In the past decades, additive manufacturing (AM) has gained sig-
nificant attention due to its nearly unrestricted design freedom

compared to conventional processing routes.
Laser powder bed fusion is a widely used
method for fabricating metallic parts (PBF-
LB/M) due to the variety of processable
materials, the high achievable density and
geometrical accuracy. PBF-LB/M is an AM
process where one or multiple lasers selec-
tively melt powder material layer-by-layer
according to a 3D CAD model.[1,2] The
high thermal gradients facilitate cooling
rates up to 107 K s�1,[3] resulting in unique
microstructures and mechanical proper-
ties.[4] Directional solidification due to
anisotropic heat dissipation typically leads
to anisotropic crystallographic textures,
microstructures, and mechanical properties.
The anisotropy can be tailored by adapting
process parameters, scan strategies, and
build orientation.[5–14] In addition, both scan
strategy and build direction strongly influ-
ence the development of residual stresses
during processing, which further impact
the mechanical performance of PBF-LB/M
parts.[15,16] Thus, tailoring part properties

for the application-specific needs requires careful optimization
of the PBF-LB/M process.

Controlling the crystallographic texture during the fabrication
offers an additional possibility to tailor the properties of
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Directional solidification in laser powder bed fusion enables precise control over
the crystallographic texture. The symmetry of the processed materials crystal
system facilitates the fabrication of parts with identical texture but distinct melt
pool morphologies along different build orientations. This study systematically
investigates and compares the {110}<100> Goss texture formation of AISI 316L
along three different build orientations using bi-directional scanning: i) H110

perpendicular to the scan direction; ii) T110 with the tensile direction rotated 60°
relative to the build direction and 35.26° to the scan direction; iii) V110 parallel to
the build direction. The bulk and surface characteristics are examined using
neutron diffraction, microscopy, and tensile testing. T110 reveals a crystallo-
graphic lamellar microstructure with major {110} and minor {111} grains, the
strongest texture along the tensile direction and the finest solidification structure.
This leads to superior strength compared to H110 and V110 while preserving the
ductility. Dislocation densities and induced micro-strains appear to have only a
minor impact on the observed strength differences. The results show that the
properties of AISI 316L with predominant {110}<100> Goss texture can be
optimized by altering the build orientation.
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fabricated parts.[17] The crystallographic texture is primarily
dependent on the melt pool morphology, the thermal gradient G
and the migration velocity R of the solid–liquid interface.[17–20]

For cubicmaterials, the easy growth direction of dendrites is parallel
to the crystallographic <100> direction due to the lowest atomic
packing density.[21,22] Within the melt pool, dendritic growth occurs
typically along the steepest thermal gradient and consequently,
modification of the melt pool shape can alter the crystallographic
texture.[18,21,23] Sun et al.[19] reported that the modification of the
melt pool morphology can lead to crystallographic lamellar micro-
structures (CLM) and single crystalline-like textures along the build
direction (BD). They have shown that the change in crystallographic
texture is based on the transition from conduction mode to keyhole
mode solidification. The formation of CLMs was further investi-
gated by Gokcekaya et al.[20] and Shao et al.[12] for IN718 showing
the dependency of the texture formation on the used PBF-LB/M
parameters. Thus, modification of the melt pool morphology ena-
bles precise control of the crystallographic texture in 3D space. This
was also shown by Tekumalla et al.[24] by fabricating {100} textured
β-Ti along three different build orientations. Another frequently
investigatedmaterial regarding texture control and anisotropic prop-
erties in PBF-LB/M is AISI 316L.[10,14,18,19,23]

AISI 316L is an austenitic stainless steel with high Ni (austenite
stabilizer), high Cr (corrosion resistance), and extremely low C
contents below 0.035% (to avoid the formation of chromium-rich
carbides). Additionally, small fractions of other alloying elements,
such as Mo (2–2.5%), Mn (<2%) and Si (<0.75%) are added.[25]

The low carbon content and the consequently enhanced weldabil-
ity attracted attention in the AM community early on. The first
attempts to fabricate 316L by PBF-LB/M were carried out in
the early 2000 s by Abe et al.[26] The fabricated parts, however,
revealed high porosity due to limited laser power, large spot size,
and hence poor energy input. Many works have dealt with

optimizing the PBF-LB/M parameters since then, resulting in
achievable relative densities > 99.9% compared to conventionally
wrought material.[11,14,27] Former bulk texture analysis of PBF-LB/M
AISI 316L showed that bi-directional scanning results in a
predominant {110}<100> Goss texture with an elongation at
fracture of 42%.[14] In this context, the {110} crystallographic
planes are aligned parallel to BD, while the <100> directions
are aligned parallel to the scan direction (SD); see the stereo-
graphic projection in Figure 1 for reference. An even higher duc-
tility (67.5%) was reported for builds with the tensile direction
parallel to BD due to the formation of a CLM with major {110}
and minor {100} grains.[19] Several studies have investigated the
influence of build orientations on the microstructure evolution
and mechanical properties of PBF-LB/M parts.[10,11,28] This was
mostly done using scan rotation, resulting in fiber textures along
the build direction. In contrast, the present work employs a crystal-
symmetry-driven approach by selecting specific build orientations
that promote {110}<100> Goss texture formation using bi-
directional scanning, which has not been done previously. The
results will give insights into the optimization of the build orienta-
tion to enhance the performance of {110}<100> Goss textures in
AISI 316L due to distinct thermal profiles for each build orientation.

This work explores the differences in texture, microstructure,
and mechanical properties of {110}<100> Goss textured AISI
316L parts fabricated with varying build orientations using
bi-directional scanning in PBF-LB/M. The build orientation
was varied so that the tensile direction (TD) is parallel to equiva-
lent <110> directions in the {110} stereographic projection and
the following tensile rods were manufactured: i) a horizontal
build (H110) with the tensile direction (TD) perpendicular to
SD, ii) a tilted build (T110) with TD rotated 60° to BD and
35.76° to SD, and iii) a vertical build (V110) with TD parallel to
BD. The fabricated tensile rods were examined using neutron

Figure 1. A schematic illustration of the build process including the {110} stereographic projection. In black, the print coordinate system is shown with
the build direction (BD), scan direction (SD), and re-coating direction (RD). The green sample coordinate system reveals the tensile direction (TD) parallel
to the longitudinal axis, as well as X and Y.
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diffraction, optical/electron microscopy and tensile testing.
Differences regarding their process–structure–property relation-
ships are highlighted.

2. Experimental Section

2.1. Powder Production and PBF-LB/M

AISI 316L powder was gas atomized as well as analyzed by EOS
GmbH and the chemical composition is stated in the supplemen-
tary information. Sieving was carried out using a 63 μm mesh
and the particle size distribution was measured according to
ASTM B822/ISO13320 standards. The D10, D50, and D90 values
were determined from the particle size distribution as 20, 40, and
60 μm, respectively.

Cuboid-shaped 60� 10� 10mm3 samples were fabricated by
PBF-LB/M utilizing an EOS M100 machine equipped with a Yb-
fiber laser (spot diameter 40 μm). Based on the {110} stereo-
graphic projection of fcc materials (space group 225), three sam-
ple batches with different build orientations were fabricated, as
shown in Figure 1. Generally, the tensile direction (TD) in the
sample coordinate system (green arrows in Figure 1) is parallel
to the longitudinal axis of the samples and the angles φ, Ω, and χ
indicate rotation angles in the sample coordinate space. For the
horizontal (H110) and vertical build (V110), the BD was parallel to
Y and TD, respectively. For both H110 and V110, SD was parallel to
X. In case of the tilted (T110) build, TD was rotated in an angle of
60° to BD and 35.26° to SD. To receive an identical 3D texture as
for H110 and V110, an Euler rotation (�45°,0°,�45°) was applied
(see supplementary information). Furthermore, due to the nec-
essary support structure in the case of T110, all samples were fab-
ricated with supports to minimize influences on the texture and
microstructure evolution. PBF-LB/M was carried out using
bi-directional laser scanning with a laser power of 107W,
800mm s�1 scan speed and 70 μm hatch spacing. The layer
thickness was set to 20 μm and the chamber was flushed with
Ar (999 999% purity) to reduce impurification of the samples.

2.2. Phase Composition and Crystallographic Texture

The phase composition and bulk texture analysis were carried out
in a neutron powder diffractometer MEREDIT@NPI[29] using a
neutron wavelength of 1.46 Å. The powder diffraction pattern for
the microstructure analysis (see below) was collected in a 2θ range
of 4° and 144° with a step size of 0.08°. During the data collection,
the sample was rotated along TD to average the texture effect in the
diffraction plane. Subsequently, four full pole figures of the reflec-
tions {111}, {200}, {220}, and {311} were measured perpendicular
to TD. The X direction was aligned with φ= 0°. The samples were
rotated along in the range 0–360° and χ in the range 0°–90°, both
with a step size of 5°. Appropriate orientation distribution functions
(ODF) were calculated from the pole figures and consecutively ana-
lyzed and visualized using ATEX software.[30]

2.3. Part Density and Melt Pool Morphology

The (relative) densities of as-built sample rods were measured
using the Archimedes principle after ASTM B962[31] and the

average density of five measurements was calculated. For
the evaluation of the relative density, a reference density of
7.98 g cm�3 was used.[14]

For the microstructure analysis, the samples were cut in the
XY-plane. Polishing was carried out using different SiC abra-
sive papers and diamond as well as colloidal silica suspension
for fine polishing. As a final step, the sample surfaces were
etched using diluted (1:1) aqua regia to reveal the melt pools.
Micrographs were collected with an Olympus AX70 light optical
microscope (LOM) and a ZEISS Merlin scanning electron
microscope (SEM) using the Everhart Thornley secondary
electron detector (SE-SEM). High-resolution SEM micrographs
of the solidification cells were collected utilizing the in-lens
detector of the ZEISS Merlin SEM. To determine the size of
the cellular substructure, the intragranular cell spacings ICS
of three different regions were calculated and averaged using
the relation.

ICS ¼ A
N

� �
1=2

(1)

With the area of the region of interest A (in μm2) and the num-
ber of cellular sub-grains N within the area.[32] Electron backscat-
ter diffraction (EBSD) was carried out using the ZEISS Merlin
SEM equipped with a Nordlys Max EBSD-detector. The EBSD
maps were collected using a 70° pre-tilt sample holder at
20 kV acceleration voltage with a step size of 1 μm. For H110

and V110, the EBSD map sizes were set to (600� 450) μm2

and for T110, the map size was selected as (1400� 1000) μm2.
The resulting EBSD data was then evaluated using the
MATLAB toolbox MTEX.[33] Inverse pole figure (IPF), grain
boundary (GB) and first-order kernel average misorientation
(KAM) maps were generated. For the KAMmaps, a careful noise
reduction with a half-quadratic filter (α= 0.4) was carried out to
improve the data quality.[34] Overall, the filtered data remained
below 10%.

2.4. Micro-Strain Analysis and Dislocation Density

The microstructure analysis of the powder diffraction pattern
was performed using the FULLPROF Suite.[35] The instrument
resolution function was estimated from the full-pattern fitting of
the SiO2 standard sample at the same conditions. Anisotropic
broadening of certain reflections above the instrument resolution
was observed. To analyze this effect, the anisotropic strain broad-
ening using Stephens formalism[36,37] was adopted to determine
the micro-strain contribution. The effect of the size broadening
was neglected. For the evaluation, the elastic constants of austen-
ite c11 (276 GPa), c12 (173 GPa), and c44 (136 GPa) were taken
from the Materials Properties Open Database.[38] The resulting
reciprocal interplanar spacings dhkl* and integral breadths β*
were extracted to generate Williamson–Hall (WH) plots.[39]

The micro-strains were calculated from the slope of the linear
fit. Due to anisotropic strain broadening, further refinement
was carried out by taking the average contrast factors Chkl of indi-
vidual dislocation systems into account (modified WH
approach).[40] The average dislocation contrast factors were calcu-
lated for cubic crystal systems using ANIZC software[41] after.
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Chkl ¼ Ch00ð1� qH2Þ (2)

With the average contrast factor corresponding to h00 reflec-
tions Ch00, an elastic constant dependent parameter q and
H2= (h2k2þ h2l2þ k2l2)(h2þ k2þ l2)�2 with the miller indices
of the diffraction vector h, k and l. Different dislocation systems
were mixed by linear combination and analyzed regarding χ2 (sup-
plementary information) to improve the data scattering. The
mixed dislocation system with the minimum χ2 was used for
the micro-strain calculations. Additionally, the dislocation density
ρd was estimated after Krivoglaz et al.[42] (seen in Ref. [43]).

β� ¼ b
ffiffiffiffiffi
ρd

p ffiffiffiffiffiffiffiffi
Chkl

p ffiffiffiffiffiffiffiffiffiffi
2lnP

p sinðθhklÞ
λ

� �
⋅ 1� lnðlnPÞ

4lnP

� �� ��1
(3)

With the burgers vector b, dislocation correlation factor P, dif-
fraction angle of the individual reflections θhkl and neutron wave-
length λ. The burgers vector b was calculated parallel to the
primary slip direction <110> in fcc materials as a/

p
2, with

the lattice parameter a (determined and averaged from the peak
positions). The dislocation correlation factor P is related to the
arrangement of the dislocations and can be estimated from
the diffraction peak broadening. Due to the moderate resolution
of the diffraction data, it was not possible to directly determine P
using Fourier analysis. Instead, a P-value of 10 was estimated,
which is considered reasonable for the Gaussian peak profiles
used for the strain broadening analysis in this work.[43,44]

2.5. Mechanical Properties

For tensile testing, as-printed sample rods were machined to the
final dimensions according to ASTM E8M[45] (4 mm diameter,
20mm gauge length). Tensile testing was performed parallel
to TD on three samples of each build to determine differences
in the mechanical properties. The tests were carried out using a
deformation rate of 0.005mms�1, corresponding to an initial
strain rate of ≈0.00016 s�1. The fracture elongation was esti-
mated manually by inscribing two lines with 5mm distance
before testing and measuring the distance after failure. The
strain-hardening rate SHR was calculated after converting the
engineering stress/strain σe, εe to true stress strain values σt, εt.

[46]

3. Results and Discussion

3.1. Phase Composition and Crystallographic Texture

Figure 2 shows the neutron diffractograms measured perpendic-
ular to TD (averaged along φ) with normalized intensities for
H110, T110, and V110. All samples are monophasic and reveal
an austenitic fcc crystal structure, which is in agreement with
previous reports of AISI 316L built by PBF-LB/M with varying
build orientations[7,10,11] and scan strategies.[7,9,14,47] For
AISI 316L fabricated by wire arc additive manufacturing
(WAAM)[48] and direct energy deposition (DED),[49] delta ferrite
formation has been reported. However, no such phase has been
identified in the current or any other PBF-LB/M study. This
is most likely based on the lower cooling rates in WAAM
(102–103 K s�1)[50] and DED (103–105 K s�1)[1,51] compared to

PBF-LB/M (107 K s�1).[3] The different peak intensities in the
diffractograms (e.g., {200}) indicate differences in the texture
dependent on the build orientation. For all samples, a {110}
<100> Goss texture along TD is expected due to bidirectional
scanning along SD[14] and the crystal symmetry of cubic systems
(Figure 1). Thus, texture measurements using a goniometer were
carried out for in-detail analysis of the crystallographic texture
along TD.

Figure 3 summarizes the results of the texture measurements
with the sample coordinate system indicated at the bottom left. In
Figure 3a–c, the measured neutron pole figures for the {100},
{110}, and {111} reflections as well as the calculated one for
{112} are shown. It is evident that all three samples reveal a pre-
dominant {110}<100> Goss texture along TD. In PBF-LB/M, the
observed crystallographic texture is mainly governed by the melt
pool geometry, the thermal gradient G and the migration velocity
of the solid–liquid interface R.[17–20] Figure 4 provides a schematic
illustration of the texture formation obtained in a previous work[14]

of AISI 316L. The nail-head shapedmelt pool geometry (Figure 4a)
leads to<100> oriented dendrites growing along BD at the center-
lines while an ��45° inclined <100> dendritic growth occurs in
the surrounding regions.[18,21,22] This results in the formation of a
CLM[19] with predominant {110}<100> Goss texture along BD
and minority {100} grains at the melt pool centerlines (Figure 4b).
The CLM formation also explains the observed grain orientation
spread in the IPFs (Figure 3d,f ) for H110 and V110 as well as the
increased intensity of the {200} peak in the diffraction pattern in
Figure 2. Comparing the IPF of V110 (Figure 3f ) with other
CLMs,[19,52] the texture appears less distinct in this work. In
PBF-LB/M, the used process parameters are decisive for the
obtained texture in the CLM.[12,52] However, in this work the
parameters were optimized to achieve the highest possible density
along all three build orientations (see Table 1). For T110, the grain
orientation distribution is spread toward {111} rather than {100}.
A similar result was reported by Dixit et al.[10] for tensile rods
where TD was rotated 45° relative to SD. They suggested that
the texture variations might be caused by the change in number
of hatch stripes, an altered direction of the steepest thermal

Figure 2. Neutron diffractogramwith normalized intensity of H110 (bottom),
T110 (center), and V110 (top) with indicated γ-austenite reflections. The
measurements were conducted using neutrons with a wavelength of 1.46 Å.
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gradient G and the varying heat input per layer. The ODFs in
Figure 3g–i illustrate the orientation of individual crystallites in
H110, T110, and V110. Furthermore, the texture strength of the
individual samples can be evaluated by the multiple of uniform
density (MUD). It is evident that the T110 sample exhibits the
least orientation spread and thus the strongest {110}<100>
Goss texture with a maximum MUD of 28.2 in Figure 3h. In
contrast, the V110 sample displays the largest orientation spread
and thus the weakest texture with a maximum MUD of 16.7 in
Figure 3i. To enable a more standardized comparison of texture
strength, the texture indices J were calculated as 2.9 for H110,
4.1 for T110, and 2.5 for V110 (see supplementary information
for calculation details). Nadammal et al.[5] reported that a larger
hatch length results in weaker textures for IN718. In this work,
the hatch lengths of H110 and V110 are identical and alternate for

T110 (Figure 3b), not explaining the observed trend. One possi-
ble reason for texture variations might be the direction of the
gas flow, as reported by Amano et al.[53] for AISI 316L.
Additionally, it has been suggested that the G/R ratio is crucial
for the texture formation in Al samples, resulting in {111} for
higher, {110} for intermediate and {100} texture for lower
G/R.[17] Furthermore, the ratio G/R as well as the product
G� R also play an important role in the morphology and size
of the microstructure. Therefore, this is further investigated in
the next section.

3.2. Part Density and Melt Pool Morphology

The quality of a print is frequently assessed by the achieved
density of the final part.[54] Table 1 shows the absolute as well

Figure 3. a–c) [{100}, {110}, {111}, {112}] pole figures. d–f ) IPFs and g–i) corresponding ODFs of H110 (a,d,g), T110 (b,e,h), and V110 (c,f,i). The green
sample coordinate system is valid for all pole figures and ODFs.
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as relative density of H110, T110, and V110. In this work, all sam-
ples are fully dense (ρ≥ 99.9%) which is in agreement with a
previous report using the identical experimental setup.[14]

Previous studies have shown that the build orientation might
influence the part density[28,55–57] and further, the ductility of
AISI 316L.[57] In this work, the ductility of all samples is com-
parable (see mechanical properties section) and thus this effect
could not be observed.

Figure 5 depicts LOM (a–c) and SE-SEM (d–f ) micrographs of
exemplary H110 (a,d), T110 (b,e) and V110 (c,f ) samples in the XY-
plane. The microstructure of PBF-LB/M AISI 316L is highly
hierarchical, exhibiting features ranging from a few hundred
micrometers (melt pools) to submicron cellular and columnar
solidification structures.[4,10,13,14,47] The varying build orienta-
tions result in distinct melt pool morphologies for H110, T110,
and V110. In H110 (Figure 5a), the melt pool boundaries form long
bands parallel to X (SD) due to the laser scanning. The wavy
shape of these bands can be explained by melt pool flows during
laser scanning, such as the Marangoni convection flow.[1,14,17,22]

Additionally, columnar grains spanning over several melt pools
with a size of a few hundred μm are apparent, indicating epitaxial
grain growth which is frequently observed in PBF-LB/M
(Figure 5a,d).[10,13,14,18,22,23,58] In Figure 5b,c,e,f, the micro-
graphs of T110 and V110 show the formation of a CLM[19] with
minor grains at the melt pool centerlines (white dashed line).
A more detailed micrograph of the CLM and the melt pool mor-
phology of T110 is shown in Figure 6. For V110 (Figure 5c), the

melt pool morphology with minor grains at the centerlines is
similar to the ‘standard’ CLM.[19] The results demonstrate the
potential to print CLMs with various build orientations which
is a key outcome of this work.

Figure 7a–c reveals SEM micrographs of the solidification
structure of H110, T110, and V110. The cellular and columnar
solidification structure is a unique feature of PBF-LB/M and
has been frequently discussed in literature for AISI
316L.[4,9–11,13,14,18,59,60] In various publications, the size of the
cellular solidification structure has been pointed out as possible
determining factor of the mechanical properties of PBF-LB/M
parts.[4,10,59,60] Thus, the average ICS of three different regions
(one example is marked in Figure 7b) is shown in Figure 7d. The
average ICS show a clear trend with the smallest size of the cel-
lular solidification structure in T110 and the largest one in V110.
Compared to G/R which defines the morphology, the product
GxR correlates inversely with the size of the solidification struc-
ture.[17] In this work, the varying ICS (Figure 7d) and the match-
ing trend with the texture strength (finer solidification structure
and stronger texture) reinforces the discussion about G and R
variations depending on the build orientation. Thus, by control-
ling the build orientation (H110, T110, V110) and consequently G
and R, the size of the solidification structure can be finetuned
which can be used to improve the performance of PBF-LB/M
parts.

The EBSD analysis in Figure 8 provides deeper insights into
the crystallographic orientation of individual grains and locally
induced micro-strains by dislocations. Figure 8a,d,g show IPF
maps of H110, T110 and V110, respectively. The IPF color legend
represents the crystallographic orientation along TD. The large
columnar grains shown in Figure 5 reveal predominantly
{110} orientation. The minority {100} grains in H110/V110 and
{111} grains in T110 match with the results of the neutron dif-
fraction experiments (Figure 3d–f ) and the EBSD pole figures
(supplementary information). Figure 8b,e,h depict GBmaps with
low-angle grain boundaries (2°–15°, LAGBs) as well as high-angle

Figure 4. a) Schematic illustration of the texture formation for bidirectional scanning from a previous work[14] with identical printing parameters and
b) the connection to the build orientation for H110, T110, and V110.

Table 1. Densities measured by Archimedes principle and the relative
densities of H110, T110, and V110. For the relative densities, a reference
density of 7.98 g cm�3 was used.[14]

H110 T110 V110

ρ [g cm�3] 7.974� 0.005 7.972� 0.004 7.972� 0.005

rel. ρ [%] 99.92� 0.06 99.90� 0.05 99.90� 0.06
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grain boundaries (>15°, HAGBs) with the total fractions stated
below. High fractions of LAGBs are obtained for all samples
(≥60%) which can be explained by the directional solidification
during PBF-LB/M and consequently small orientation differen-
ces of adjacent grains.[11,13,60] This is also the reason that LAGBs
accumulate between minor grains at the melt pool centerlines in
T110 and V110.

[13,52] The KAM maps in Figure 8c,f,i reveal the
spatial strain distribution in the XY-plane, indicating a correla-
tion with the spatial distribution of LAGBs. This is frequently
observed in PBF-LB/M[4,11] and based on the accumulation of
dislocations at LAGBs.[11] However, there is no correlation with
the texture strength apparent which might be based on the
bimodal grain size distribution in case of T110 and V110.
Furthermore, due to their small size, grains at the centerlines
will contribute stronger to the GB fractions than the surrounding
larger columnar grains.

3.3. Micro-Strain Analysis and Dislocation Density

The anisotropic peak broadening in the diffractograms (Figure 2)
indicates locally induced micro-strains by dislocations[44] which
are also apparent in the KAM maps (Figure 8). In Figure 9, the
maximum micro-strains are quantified by a modified WH
approach,[40] considering the dependence of β* on d*� Chkl

1/2

with the average dislocation contrast factors Chkl. WH plots
are a standard method for analyzing peak broadening effects
in diffractograms caused by the size of coherent scattering
domains and micro-strains.[7,10,39,43,44,61,62] The composition of
the predominant dislocation system of 70% screw<110> and
30% edge<110>{111} dislocations was determined by minimiz-
ing the linear fit parameter χ2 (supplementary information). The
resulting predominant dislocation system matches with the
<110> primary slip direction of fcc materials.[63] The calculated
maximum micro-strains in all modified WH plots reveal the
order T110<H110<V110 with only a minor difference between
H110 and V110. Considering the determined Young’s moduli (E)
of each sample in Table 3, the maximum micro-strains in
Figure 9 correspond to micro-stresses in the range of
400MPa calculated by Hooke’s law (supplementary informa-
tion). The high micro-stresses are related to the high dislocation
densities (Table 2) and can be explained by the nature of the PBF-
LB/M process. The calculated dislocation densities for the pre-
dominant dislocation system are shown in Table 2 along with
other key microstructural parameters, including part density
ρ, texture index J, ICS, GB fractions and average Taylor factors
Mavg. A detailed explanation of the Taylor model can be found in
the supplementary information. Two main contributions for the
high dislocation densities were pointed out in literature:[10]

I) Segregation at the solidification cell walls lead to coherency
strains facilitating local dislocation formation and II) residual
stresses due steep thermal gradients and following accumulation

Figure 6. Detailed micrograph of the CLM and solidification structure
in T110.

Figure 5. a–c) LOM and d–f ) SE-SEM images of etched (a,d) H110, (b,e) T110 and (c,f ) V110 samples. The white dashed line indicates an exemplary melt
pool centerline and the yellow arrows indicate pores.
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by dislocations. The segregation and the residual stresses are
closely related to G and R. This implies that the differences in
micro-strains as well as dislocation densities are governed by
the earlier discussed G and R variations. Regarding the calcula-
tion of the dislocation density, a high error margin between 20%-
50% was estimated.[44] This is mainly caused by the difficulty in
determining the P-factor in Equation (3) and the experimental
limitations of the neutron diffraction setup. However, the trend
is independent of constant values and the order of magnitude of
the dislocation densities is identical to former results of AISI
316L.[7,48,60]

3.4. Mechanical Properties

The observed microstructural differences between the samples
are expected to influence the mechanical behavior. Therefore,
tensile test results of sample batches (three each) are shown
in Figure 10, with the averaged quantities listed in Table 3.
Figure 10a shows the engineering stress–strain curves. For com-
parison, results from previously studied fiber and {100}-textured
samples are also included and briefly discussed here; further
details can be found in the referenced study.[14]

The average Young’s modulus E of T110 is larger than that of
H110, while the high standard deviation for V110 does not indicate
a clear trend. Furthermore, all three values are significantly
higher than those of the {100}-textured samples. Generally, E
is closely related to the stiffness of interatomic bonds along spe-
cific crystallographic directions and is thus highly anisotropic. In
cubic materials, E is higher along directions with higher atomic
packing density (E100< E110< E111).

[10,14] This trend aligns with
the IPFs in Figure 3d-f indicating that T110 exhibits the highest

fraction of {111} grains and H110 reveals the highest fraction of
{100} grains.

Compared to H110 and V110, T110 shows superior yield
strength YS and ultimate tensile strength UTS while preserving
the ductility (≈45% uniform elongation at fracture UE). This
trend is also reflected in the strain-hardening rate SHR, shown
in Figure 10b, which was calculated from true stress–strain
curves. Estimates of the onsets and offsets of the different stages
(Stage I, II and III) are indicated by dashed lines. In PBF-LB/M
AISI 316L, the main strengthening mechanisms have been
extensively studied and are commonly identified as texture
effects,[10,14,23,64] GB strengthening,[4,11,60,65] dislocation
strengthening,[4,10,11,64,65] and particle strengthening.[4]

In the present study, differences in crystallographic texture
were observed between the three build orientations, which
may contribute to the strength variation. T110 exhibits a stronger
overall texture and {111} grains along the tensile direction, which
are not observed in the other samples. Previous studies have
shown that the <111> orientation is generally associated with
increased resistance to slip initiation due to lower Schmid fac-
tors.[23] According to their calculation, <111> orientations
exhibit a maximum Schmid factor of 0.272 compared to
<100> and <110> orientations (both 0.408). The higher slip
resistance in {111} grains might contribute to the higher
strength of T110. However, no clear variation in ductility was
observed among the samples, contrary to expectations (e.g.,
{100}-textured sample in Figure 10a).

GB strengthening is primarily attributed to HAGBs, which act
as effective barriers to dislocation motion due to the large mis-
orientation between adjacent grains. In contrast, LAGBs provide
only limited resistance to dislocation slip, owing to their relatively

Figure 7. High-resolution SEM images of the solidification structure for a) H110, b) T110 as well as c) V110 and d) the calculated intragranular cell spacings
(ICS) along TD. An exemplary area for the ICS calculation is illustrated by the white dashed rectangle in (b).

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2025, 27, 2500423 2500423 (8 of 13) © 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2025, 20, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adem

.202500423 by U
ppsala U

niversity L
ibrary, W

iley O
nline L

ibrary on [25/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


low misorientation.[11] In this work, T110 shows the lowest frac-
tion of HAGBs (Figure 8), which does not align with the highest
strength observed for T110. Furthermore, the length of the mean
free dislocation path[11] on this length scale does not directly cor-
relate with the observed strength difference of H110 and T110
(Figure 11). Wang et al.[4] stated that strengthening of PBF-
LB/M AISI 316L has to be evaluated on multiple length scales,
including the solidification structure. In several works, the cellu-
lar solidification structure was reported as one of the predomi-
nant strengthening factors in PBF-LB/M of AISI 316L.[4,14,65–67]

In this study, the trend of the decreasing cellular solidification
cell size correlates with an increasing strength similar to a
Hall-Petch relation[4,14] (see supplementary file). It has been
shown that the solidification structure of AISI 316L mainly con-
sists of LAGBs (<2° misorientation angle) and block boundaries

exhibiting larger misorientation angles up to 4°.[65] These
relatively low misorientation angles most likely offer limited
resistance to dislocation motion, suggesting only a modest
contribution to overall strengthening. However, the dislocation
network along the solidification cell boundaries and the associ-
ated dislocation entanglement hinders dislocation motion, con-
tributing to strengthening.[66,67] At the same time, the LAGBs
still allow a continuous flow of dislocations, enabling strength
enhancement without sacrificing ductility. This characteristic
was stated as one of the key advantages of PBF-LB/M over con-
ventionally manufactured AISI 316L, which typically exhibit a
strength–ductility tradeoff.[66]

Dislocation strengthening is based on interactions between
dislocations acting as mutual obstacles.[63] The rapid cooling
rates during PBF-LB/M processing yield high dislocation

Figure 8. a,d,g) IPF, b,e,h) GB, and c,f,i) KAM maps of H110 (a–c), T110 (d–f ) and V110 (g–i). The IPF color legends represents the crystallographic
orientations along TD. The black arrows in (d) and (g) indicate the melt pool centerline.
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densities resulting in higher strengths than those of convention-
ally fabricated parts.[4,10,11,64,65] In this study, no direct correla-
tion can be found between the dislocation densities calculated
from neutron diffraction data (Table 2) and the measured
strength values. In textured polycrystalline materials, dislocation
strengthening is also linked with a texture dependent Taylor fac-
tor M, as described by the Taylor strengthening model (see sup-
plementary information).[10,14] The average Taylor factors for
H110, T110, and V110 are 2.4, 2.52, and 2.3, corresponding to esti-
mated strengthening contributions of 199MPa, 171MPa, and
191MPa, respectively. Notably, these values do not align with
the observed strength trend, particularly the highest strength
in T110, suggesting that other mechanisms may play a more sig-
nificant role.

Particle strengthening in AISI 316L is based on precipitation
of transition-metal-rich silicate nanoparticles which act as dislo-
cation pinning sites and promote twinning. The latter was iden-
tified as only a minor contribution to the mechanical strength of
AISI 316L (5–10MPa).[4] Due to the different thermal histories of
different build orientations, it is expected that there is a differ-
ence in particle strengthening of H110, T110, and V110. However,
the contribution is most likely small and thus high-resolution
analysis was considered to be out of the scope of this study.

The SHR in Figure 10b provides insights into the strain-
hardening behavior of H110, T110 and V110. In Stage (I), all three

Figure 9. Modified WH plot for 70% screw<110> and 30%
edge<110>{111} dislocations in H110, T110, and V110. The maximum
microstrains were determined from the slope of the linear fit. Due to mix-
ing of the dislocation systems and optimization of χ2, 3-σ coincides with
the linear fit.

Table 3. Average Young’s modulus E, yield strength YS, ultimate tensile
strength UTS, and elongation at fracture UE of the different sample
batches. The data of the {100} and fiber textured batches was taken
from Ref. [14].

Sample batch E [GPa] YS [MPa] UTS [MPa] UE [%]

H110 164� 10 540� 3 596� 2 45� 4

T110 198� 9 566� 9 650� 5 45� 2

V110 183� 22 500� 10 573� 6 46� 3

{100} texture[14] 129� 3 554� 5 649� 3 26� 1

Fiber texture[14] 193� 16 603� 2 690� 2 32� 2

Table 2. Comparison table of the quantitative microstructure analysis
including the texture index J, part densities ρ, intragranular cell
spacings ICS, high-angle and low-angle grain boundary fractions
HAGBs/LAGBs, dislocation densities of the predominant dislocation
system (70% screw<110> and 30% edge<110>{111}) ρd and the
average Taylor factors Mavg.

Metrics H110 T110 V110

J [–] 2.9 4.1 2.5

ρ [g cm�3] 7.974� 0.005 7.972� 0.004 7.972� 0.005

ICS [nm] 440� 60 370� 20 680� 100

HAGB fraction [–] 0.40 0.30 0.37

LAGBs fraction [–] 0.60 0.70 0.63

ρd [m�2] 3� 1014 2� 1014 3� 1014

Mavg [–] 2.4 2.5 2.3

Figure 10. a) Stress–strain curves of the H110, T110, V110 sample batches and the {100} as well as fiber texture of a preliminary study[14]. Furthermore,
b) strain-hardening rates of H110, T110, and V110. The red arrow in (a) indicates the direction of tensile testing.
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batches exhibit a sharply decreasing SHR, typically attributed
to dislocation rearrangement at the onset of plastic
deformation.[23,68–72] During stage (II), the SHR increases for
H110 and T110, while V110 shows a nearly monotonic decrease.
This stage is primarily governed by deformation twinning, where
the formation of twin boundaries impedes dislocation motion
and thus enhances strain hardening.[23,68,70,72] Twinning is
highly dependent on the crystallographic orientation of individ-
ual grains with {110} and {111} orientations more favorable for
twinning than {100}, due to the lower critical resolved shear
stress required.[23] Thus, the varying texture strengths
(V110<H110< T110) and the additional {111} grains in T110
(Figure 3g–i) are most likely the primary contribution to the
strain-hardening differences in this stage. The subsequent
decline in SHR in both H110 and T110 during the latter part of
stage II suggests saturation of twinning activity, with dislocation
slip becoming the dominant deformation mechanism.[23,68,70,72]

Notably, although twinning is generally associated with
enhanced ductility through the twinning-induced plasticity
(TWIP) effect,[23] no such improvement in ductility was observed
for either H110 or T110. This may be attributed to limited twin
volume fractions or insufficient twin activity to significantly con-
tribute to strain accommodation. Stage (III) is characterized by a
steep decrease in SHR for all samples, which is associated with
the onset of necking after surpassing the UTS.[23]

4. Conclusions

This study introduces a crystal-symmetry-based approach to
select build orientations that result in distinct thermal histories
while maintaining an identical predominant {110}<100> Goss
texture in AISI 316L. This strategy enables a more targeted opti-
mization of mechanical performance in textured PBF-LB/M
components and can be extended to other alloy systems.
Three different sample batches were fabricated: i) H110 built
perpendicular to SD; ii) T110 with TD rotated 60° relative to
BD and 35.26° relative to SD; iii) V110 built along BD. Bulk neu-
tron diffraction experiments were combined with microscopy
and tensile testing to gather a complete picture of the process–
structure–property relationships. Compared to H110 and V110,
T110 reveals the formation of a CLM with predominant

{110}<100> Goss texture and {111} minority grains at the melt
pool centerlines. Additionally, T110 reveals the finest solidifica-
tion structure of all three samples. The texture variations and
solidification structure size yields increased YS, UTS and
SHR of T110 while maintaining the high ductility (UE at fracture
of 45%). The results indicate that the size of the solidification
structure is the primary factor contributing to the increased
mechanical strength of T110.
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Figure 11. Schematic illustration of the mean free path of dislocations
solely considering the grain boundaries, which are governed by the melt
pool morphology.
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