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b Thermomechanical Metallurgy Laboratory (LMTM) – PX Group Chair, École Polytechnique Fédérale de Lausanne (EPFL), CH-2002 Neuchâtel, Switzerland 
c Chair of Computational Modeling of Materials in Manufacturing, Department of Mechanical and Process Engineering, ETH, Zurich, Switzerland 
d Empa, Swiss Federal Laboratories for Materials Science and Technology, 8600 Dübendorf, Switzerland 
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A B S T R A C T   

Laser powder bed fusion (L-PBF) has emerged as an additive manufacturing technique that offers unprecedented 
design freedom. Besides being capable of producing complex and near net shape objects, L-PBF can impact 
tremendously the engineering materials community due to the possibility of locally manipulating metallic mi
crostructures. Here we exploit the latter potentiality of L-PBF, to produce site-specifically tailored stainless steel 
components, in terms of their crystallographic texture. The tailored materials are tested and exhibit superior 
energy dissipation capabilities under bending deformation compared to uniformly textured materials. This is 
enabled by the strong dependence of the secondary hardening mechanisms, namely the deformation twinning 
and/or martensite formation, of these materials on the locally tuned microstructures. With the aid of finite 
element simulations, it is possible to identify the stress state and hence, the crystallographic orientations that 
facilitate twinning or martensite formation. Then, by engineering favorable crystallographic textures, matched to 
the complex stress state during bending, enhanced work hardening behavior is obtained. This site-specific 
microstructure design enabled by L-PBF provides a new pathway for the design of “smart” components that 
exhibit superior mechanical response under complex stress states.   

1. Introduction 

Besides the possibility of designing near net-shape parts with highly 
complex geometries, metal additive manufacturing (AM) is a powerful 
tool for producing tailored microstructures [1–4]. By carefully adjusting 
the process parameters, the solidification conditions can be altered that 
in turn can strongly affect the obtained microstructures [5,6]. As such, 
there have been several studies showing that “monolithic”, i.e. uniform 
microstructures, can exhibit superior mechanical [6–10] or functional 
properties [11,12] than conventional microstructures. A unique possi
bility of AM is that the microstructure can be manipulated within a 
single component, enabling in this way parts with locally altered mi
crostructures and consequently a tailored combination of different me
chanical properties. This potentiality bears the promise of 
revolutionizing the design of engineering components, as site-specific 
tailoring of microstructures is impossible with conventional metal 

processing techniques. 
Until today, some researchers have explored the possibility of 

tailoring microstructures with AM, with the aim of creating functionally 
variable components, in different alloy systems [13–15]. Sofinowski 
et al. [16] produced cubes with controlled crystallographic texture, 
perpendicular to the building direction (BD), from a 316L austenitic 
stainless steel. By keeping a constant crystallographic texture of 〈101〉
along the BD and by rotating the laser scanning angle, the texture in the 
plane perpendicular to the BD can be manipulated. It has been demon
strated that this method can be exploited in order to develop micro
structures with encrypted messages, which can be revealed by 
characterizing the crystallographic texture, such as written messages or 
QR codes [17,18]. Additionally, it has been demonstrated that adoption 
of different scanning strategies can lead to the formation of regions 
within the microstructure with different phase composition [19] or 
grain size and crystallographic texture. Rescanning or remelting specific 
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regions of the sample has also been shown to greatly affect the phase 
composition of the as-built sample as it can lead to the evaporation of 
certain elements, affecting the stability of certain phases at room tem
perature [20,21]. However, until now, site-specific microstructures, in 
terms of their crystallographic texture, were never explored for the 
development of mechanically superior materials under conditions that 
resemble real-world applications. This shall be explored for the first time 
in the present study on two austenitic steel grades under a complex stress 
state, namely V-bending which exhibits a gradient of plane strain ten
sion to plane strain compression within one component. As such, the 
applied methodology lays the foundations for applying the principle 
onto variable complex stress states during deformation of lattice struc
tures or open cells structures. 

The crystallographic texture manipulation capabilities of L-PBF re
lies on two basic principles. The first one is the preferential solidification 
of metals and alloys with cubic crystal structure. Thus, it has been 
observed that the 〈001〉 crystallographic direction aligns with the di
rection of the thermal gradient in e.g. a 316L stainless steel processed by 
LPBF [22]. The second phenomenon is the fact that epitaxial growth of 
existing grains is energetically more favorable than the nucleation of 
new grains [23]. Due to the distinct curved geometry of the melt pool 
during the L-PBF process, the thermal gradient within the melt pool is 
inclined at approximate ±45◦ orientation with respect to the BD. As 
such, the solidified grains align along their 〈001〉 direction at approxi
mately ±45◦ with respect to the BD and ultimately, due to the cubic 
structure, their 〈101〉 direction aligns along the BD. Since epitaxial 
growth is favored over nucleation of new grains when a subsequent melt 
pool overlaps with an already solidified one, the new cells will grow 
along the 〈001〉 of the already existing cells, aligning again their 〈101〉
directions with the BD [11,16,24,25]. Moreover, the epitaxial growth 
that is induced by the bi-directional scanning strategy, within the same 
layer, leads to the alignment of the 〈001〉 direction of the cells along the 
scanning direction [16]. As such, by aligning the scanning angle 
accordingly, it is possible to engineer the crystallographic texture along 
a desired direction of the sample; i.e. when the scanning direction is 
parallel to the desired direction, then 〈001〉 texture is achieved and 
when the scanning direction is at 55◦ to the desired direction, then 
〈111〉 texture is achieved. 

In the present investigation, we exploit the possibility of site-specific 
engineering of the crystallographic texture with L-PBF, in order to 
produce tailored metallic microstructures of 316L or 304L that exhibit 
enhanced mechanical response under V-bending deformation. V- 
bending is a well-established mechanical testing technique [26] that is 
critical for crash applications. Upon loading, the convex part of the 
specimen is subjected to plane strain tension (hereafter denoted as the 
tensile side) while the concave part of the specimen is subjected to plane 
strain compression (hereafter denoted as the compressive side). In 
addition, a region across the centerline of the sample remains unde
formed (hereafter denoted as the neutral section). 

The conception of the tailored structures presented in this investi
gation lies in the dependence of the strain hardening phenomena on the 
crystallographic texture along the direction of the applied load. The 
grades of 316L and 304L stainless steels have been a focal point of in
terest in the additive manufacturing community, not only for their 
excellent printability, but also for their excellent combination of 
strength and ductility [6,8,27–29]. Upon plastic deformation, 316L ex
hibits extensive deformation twinning as the dominant deformation 
mechanism due to its low enough stacking fault energy; the so-called 
twinning induced plasticity effect - TWIP. Therefore, the TWIP effect 
results in a well-balanced combination of strength and ductility, due to 
the dynamic Hall-Petch effect, because the twin boundaries act as grain 
boundaries, reducing the dislocation mean-free path [30,31]. On the 
other hand the 304L typically exhibits the Transformation Induced 
Plasticity (TRIP) or a combination of the TRIP and TWIP effects [32,33]. 

It has been theoretically [34,35] and experimentally verified 
[36–39] that, depending on the loading state, certain crystallographic 

textures along the loading direction promote the TWIP effect, while 
others suppress it. More specifically, the TWIP effect is governed by the 
dissociation of a perfect a/2 〈110〉 dislocation into two a/6 〈112〉
Shockley partial dislocations, which are referred to as leading and 
trailing partial dislocations (hereafter denoted as LPD and TPD accord
ingly) [35,39,40]. The Shockley partials glide on the {111} planes of the 
FCC lattice, and they are separated by a stacking fault. Upon the 
application of external load, the partials separate and form extensive 
stacking faults. The accumulation of stacking faults on every parallel 
{111}γ plane leads to the formation of twins. As such, by considering 
the resolved shear stress on both leading and partial dislocation, which 
have the same slip plane but different Burger’s vectors, via the Schmid 
factor, it is seen that the extent of the dissociation of the partial dislo
cations is dependent on the orientation, under the application of 
external load. Hence, the formation of twins within individual grains is 
governed by their crystallographic orientation with respect to the 
loading direction. Under uniaxial tensile deformation, orientations close 
to the 〈111〉 axis are thus considered “favorable” and close to the 〈001〉
axis are considered “unfavorable” for the TWIP effect and vice-versa 
under uniaxial compression [39–41]. Under biaxial stress state, the 
favorable orientations are different [42] and moreover every stress state 
has to be considered thoroughly with respect to the desired crystallo
graphic textures. Such prior knowledge is essential for designing mate
rials that are produced by AM and experience complex stress state. 

Here we show that by engineering bimodal 316L components with L- 
PBF, where both the tensile and compressive sides of V-bending speci
mens exhibit different but both either “favorable” or “unfavorable” 
crystallographic textures, it is possible to strongly enhance or strongly 
suppress the TWIP effect – simultaneously on the whole deformed area 
of the component. The design of the microstructure is done with the aid 
of finite element simulation and the Taylor model to simulate the 
evolving deformation texture. When bending a favorably engineered 
component, it is possible to trigger a massive TWIP effect and to 
markedly increase the energy dissipation capacity, compared to a uni
form microstructure and more significantly to an unfavorably engi
neered microstructure. The applicability of the method is underlined by 
using the exact same process parameters amongst all samples but only 
changing the laser scanning direction with respect to the sample coor
dinate system. Moreover, the investigation is extended to a 304L stain
less steel, which exhibits a combination of TWIP and transformation 
induced plasticity (TRIP). 

2. Materials and methods 

2.1. FE simulation 

Finite element simulations using ABAQUS/Explicit were performed 
to model the stress and strain distribution across the thickness of the 
samples during V-bending. The model used in the present investigation 
was developed and optimized (in terms of element size, element type 
and convergence analysis) in the context of the publication by Roth et al. 
[43]. A schematic of the V-bending test is shown in Fig. 1. For compu
tational efficiency, half of the part (i.e. 30 mm in length, 20 mm in width 
and 2 mm in thickness) was modelled using symmetry boundary con
ditions on appropriate surfaces. The simulation was run on a “favorable” 
arrangement of texture. It should be noted that the stress and strain 
distribution, in a simulated arrangement of an “unfavorable” sample did 
not differ significantly. It is noted that the terms “favorable” and “un
favorable” samples are explained in section 2.3. Eight node reduced 
integration brick elements were used, 200 along the width of the sample 
and 20 along its thickness. It should be noted that isotropic mechanical 
properties were considered in the model for the sake of simplicity. 

2.2. Design of the microstructure 

Fig. 1a and b show the distribution of the 3 principal stress and strain 
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components along the thickness of the sample, at the central region of 
the sample for 6 mm of displacement of the anvil (see section 2.4). 
Fig. 1a shows that on one side, the longitudinal stress component, σxx, 
exhibits the highest value. The transverse stress component, σyy, exhibits 
half the value of σxx, while the out of plane component, σzz, is negligible. 
On the opposite side, the σxx, and σyy stress components exhibit the same 
trend as on the tensile side. However, the out of plane component σzz 
exhibits a relatively high value, reaching a quarter of the value of σxx. 
Fig. 1b shows the distribution of strains at the central region of the 
sample. The longitudinal strain component εxx is tensile in the tensile 
side, which gradually shifts to compression on the opposite side of the 
sample (i.e., the compressive side). On the other hand, the out of plane 
strain component εzz shows the exact opposite trend, compared to εxx. 
Lastly, the transverse strain component, εyy remains zero throughout the 
thickness of the sample. Taking the above into account, during the V- 
bending test the sample is subjected to a stress state that on both the 
tensile and compressive sides resemble the plane strain stress state. 
Fig. S1 of the supplementary shows the results of the FE model at higher 
displacements showing the evolution of the stress state. It can be 
observed that as the deformation level gets larger, the stress state re
mains the same. It should be noted that the FE simulations results 
corroborate well with previous work on V-bending in [44]. 

As it has been outlined in the introduction, the TWIP effect is 
orientation-dependent and related to the ability of the applied load to 
create stacking faults, i.e., when the Schmid factor of the leading partial 
dislocation is higher than the Schmid factor of the trailing partial 
dislocation. The application of the Schmid law on the leading and 
trailing partial dislocations under uniaxial tension and compression has 
been demonstrated [33]; however in the case of plane strain, the 
favorable or unfavorable orientations need to be revaluated. Therefore, 

in order to identify the crystallographic orientations that enhance the 
TWIP effect we calculated the difference in the Schmid factor of the 
leading and trailing partial dislocations, for the perfect slip system with 
the highest Schmid factor under plain strain conditions. This was done 
by considering 2000 grains with random crystallographic orientation 
and by applying the stress tensor of the outermost element at 6 mm 
displacement as shown in Fig. 1, using the MTEX toolbox [45]. Two 
simulations were undertaken, corresponding to the tensile and 
compressive sides respectively. The MTEX script that performs the 
simulation for any given stress tensor, is provided in the open data re
pository, so that any stress state can be simulated. Fig. 2a and b show the 
orientation dependence in the difference between the Schmid factor of 
the leading and trailing partial dislocations, plotted in Inverse Pole 
Figures (IPFs) with respect to the x-direction (see Fig. 1). For the tensile 
side, it is observed that orientations close to the 〈101〉 pole, close to the 
〈111〉 pole and with orientations between these two, have the highest 
difference in the value of the Schmid factor of the partial dislocations, i. 
e. they favor the TWIP effect. On the other hand, for the compressive 
side, orientations very close to the 〈001〉 pole favor the TWIP effect. As 
such, it is evident that an arrangement of a 〈101〉 or 〈111〉, along the x 
direction, on the tensile side with a 〈001〉, along the x direction, on the 
compressive side, enhances the TWIP effect along the whole sample. 

Besides the initial crystallographic texture, the evolving deformation 
texture affects the TWIP or TRIP effect, as already shown [33,46]. For 
this reason, we used the Taylor model implementation in the MTEX 
toolbox [45] in order to follow the evolution of the crystallographic 
texture during the V-bending test on the tensile and compressive sides. 
For the simulation an initially random crystallographic texture, 
comprised of 2000 grains, was subjected to the same strains that were 
obtained by the finite element analysis. The MTEX script that performs 
the simulation for any given strain tensor, is provided in the open data 

Fig. 1. (a) Finite Element simulation of the stress components in the central region across the thickness of the sample. (b) Finite Element simulation of the strain 
components in the central region across the thickness of the sample for a V-bending test at 6 mm. (c),(d) Schematic representation of the V-bending test depicting a 
moving anvil (displacement controlled) moving along direction U and two fixed supports, for both initial and deformed states. The deformed schematic depicts the 
setup for deforming either a favorable or unfavorable sample, where either the tensile side or the compression side have strong 〈111〉 or 〈001〉 in-plane crystal
lographic textures. The dashed line schematically shows the cross section in which EBSD studies are undertaken, covering the entire thickness of the samples in both 
deformed and undeformed samples. 
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repository. Fig. 3a and b show the evolution of a random crystallo
graphic texture, at different levels of displacements of the anvil, for the 
tensile and the compressive sides, accordingly. The results are repre
sented with inverse pole figures with respect to the x-direction. It is 
observed that on the tensile side, a strong nearly 〈111〉 crystallographic 
texture forms along the x-direction while the deformation progresses. 
On the other hand, on the compressive side a strong 〈101〉 crystallo
graphic texture forms along the x-direction. 

By considering the dependency of the TWIP effect on the stress state 
and on the evolving crystallographic texture under plane strain stress 
state in both tensile and compressive sides, we identify the favorable 
orientations for TWIP effect. As such, strong 〈111〉 on the tensile side 
and 〈001〉 on the compressive side along the x-direction is the most 
suitable arrangement for enhanced TWIP or/and TRIP effects during the 
V-bending test. 

2.3. Sample preparation 

For the L-PBF process gas atomized 316L and 304L powders with 
maximum particle size of 45 μm, purchased from Carpenter Additive UK, 
were used. Samples with dimensions of 60 × 20 × 10 mm3 were man
ufactured using a Sisma MySint 100 with a spot size of 55 μm, under 
argon atmosphere (<300 ppm oxygen in circulation during printing). 
We set the laser power for all samples to 175 W, the scanning speed to 
1000 mm/s, the hatch spacing to 80 μm and the layer thickness to 30 
μm. 

Bimodal samples, i.e. samples exhibiting two distinct crystallo
graphic textures, were manufactured from either powder. The sample 
denoted as “favorable” was manufactured so as to exhibit a 〈111〉
crystallographic texture along the x-direction on the tensile side. In 
addition, the sample exhibits a 〈001〉 crystallographic texture along the 
x-direction on the compressive side. The sample denoted as 

Fig. 2. Simulation results IPF triangles with respect to the x-direction showing the difference in the Schmid factor between the leading and trailing partial dislocation 
for (a) on the tensile side and (b) on the compressive side. 

Fig. 3. Simulation results showing the evolution of the crystallographic texture with respect to the x-direction (see Fig. 1) during V-bending deformation (a) on the 
tensile side and (b) on the compressive side. 
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“unfavorable” was manufactured in the exact same way as the favorable 
sample, however by reversing the bending direction during the V- 
bending test. Therefore, the “unfavorable” sample exhibits a 〈111〉
crystallographic texture along the x-direction on the compressive side 
and a 〈001〉 crystallographic texture along the x-direction on the tensile 
side. To highlight the importance of tailoring the microstructure to the 
mechanical behavior, three “monolithic” 316L samples were produced. 
One “monolithic” sample with nearly random crystallographic texture, 
and two more “monolithic” samples with strong 〈111〉 and 〈001〉 along 
the x-direction, denoted hereafter as “M111” and “M001” respectively. 

All layers of the favorable and unfavorable samples were printed 
using a bi-directional scanning pattern. The first 167 layers were printed 
with a laser scanning angle of 0 with respect to the x-direction, for 
manufacturing 〈001〉 texture along the x-direction. The remaining 
layers were printed with a laser scanning angle of 55◦ with respect to the 
x-direction, for manufacturing 〈111〉 texture along the x-direction. For 
the monolithic samples either a 0 or a 55◦ scanning angle was used with 
respect to the x-direction throughout the building process. The 
randomly-textured 316L sample was manufactured with the exact same 
process parameters, by using a uni-directional scanning strategy with 
67◦ rotation between subsequent layers. The samples were extracted in 
the appropriate thickness for the V-bending test (i.e. 2 mm) by electrical 
discharge machining (EDM). As such, the bimodal samples comprised of 
a 1 mm thick section with 〈111〉 and a 1 mm thick section with 〈001〉
crystallographic texture in the x-direction direction. 

It is noted that since all samples in the present investigation are 
manufactured with the exact same process parameters and with the 
exact same build tasks (i.e. number of samples per task, waiting time 
between subsequent layers, recoater moving speed), the effect of the 
solidification cells, chemical segregation and grain size are not consid
ered to attribute in the observed differences in the mechanical behavior 
of the samples, which is presented in section 3. 

2.4. Mechanical testing 

V-bending tests were carried out using the setup established in the 

investigation by Roth et al. [43]. The tests were performed with the anvil 
moving at a speed of 2 mm/min until a maximum anvil displacement of 
6 mm, 8 mm and 11 mm was reached for all samples. To assess the 
reproducibility of the results, two favorable and two unfavorable sam
ples were deformed until a maximum displacement of 11 mm, while 
either favorable or unfavorable samples were tested until 6 mm and 8 
mm anvil displacements for microscopy characterization in intermedi
ate strains. All test results exhibit excellent reproducibility, as shown in 
Fig. S2 in the supplementary section. The dimensions of the sample used 
for the V-bending tests were 60 × 20 × 2 mm3. Fig. 1c and d show a 
schematic representation of the V-bending test setup used for the 
investigation. For the detailed EBSD investigation, additional favorable 
and unfavorable 316L samples were deformed until a total displacement 
of the anvil of either 6 mm or 8 mm. 

2.5. Microstructural characterization 

The deformed 316L samples were cut in half of their width with 
EDM. The cross-section of the samples was ground until 4000 grit SiC 
paper and then electropolished using a 16:3:1 (by volume) ethanol, 
glycerol and perchloric acid solution at 50 V for 10 s. A field emission 
gun scanning electron microscope (FEG SEM) Zeiss Ultra 55 equipped 
with an EDAX Hikari camera operating at 20 kV accelerating voltage, 
was used for the EBSD measurements. The step size used for the EBSD 
maps was set to 0.5 μm. The raw EBSD maps were collected and then 
post-processed using the commercial software TSL OIM Analysis 8. 

3. Results and discussion 

Fig. 4a shows an EBSD orientation map with inverse pole figure (IPF) 
coloring of the bimodal sample, with respect to the x-direction, in the as- 
built state, along with the corresponding pole figures (PFs). The sample 
has two distinct, differently textured sections across its thickness 
depending on the scanning direction with respect to the x-direction, as 
explained in the experimental section. For both sections, the sample 
exhibits a strong 〈101〉 crystallographic texture along the BD. In terms 

Fig. 4. EBSD orientation map with IPF coloring along the x-direction of the as-built state and the corresponding pole figures of the (a) bimodal samples showing the 
two distinct sides of the sample, (b) the uniform “monolithic” sample with random crystallographic texture. 
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of grain morphology, the sample exhibits the typical elongated grains 
along the BD that are characteristic of L-PBF microstructures [11,16,28]. 
The width of the transition zone is approximately 250 μm, determined 
by the average grains misorientation along the thickness of the sample 
(Fig. S3 of the supplementary materials section). Fig. 4b shows an EBSD 
orientation map with IPF coloring of the randomly textured sample, 
with respect to the x-direction, in the as-built state, along with the 
corresponding PFs. The sample exhibits a much less pronounced crys
tallographic texture along the x-direction compared to the bimodal 
samples. Additionally, it is characterized by relatively more equiaxed 
grains, compared to the elongated grains of the bimodal samples. 

Fig. 5a shows the normalized force–displacement curves of five 316L 
L-PBF samples, after the V-bending test. The force is normalized by the 
thickness of each sample, in order to account for slight thickness vari
ations due to manufacturing tolerances. For all samples, the force until 
yielding and early during the plastic regime, is nearly identical, except 
for the M111 sample that exhibits a slightly higher yield point resem
bling the mechanical behavior of the corresponding lattice families [33]. 
Later in the plastic regime, the mechanical response of the samples 
differs significantly. The favorable sample exhibits the steepest work 
hardening among the samples, while the unfavorable sample the most 
moderate, despite the fact that both samples have been manufactured 
identically. The random and the monolithic samples, exhibit nearly 
similar behavior due to a similar on average TWIP activity throughout 
the tensile and compression sides of the sample, i.e. due to the existence 
of a balanced population of favorable and unfavorable grains. Fig. 5b 
shows the maximum specific energy absorption of the five samples after 
bending them at 11 mm displacement, which is calculated by integrating 
the force–displacement curve and dividing by the mass of the sample 
[47]. The favorable sample exhibits up to 30 % higher ultimate 
normalized force and up to 20 % higher total energy absorption during 
the course of bending, compared to the unfavorable sample. 

To verify the significant difference of the mechanical behavior of two 
otherwise identical samples with the extreme behaviors, the micro
structure of the entire cross-section was investigated in a series of 
favorable and unfavorable samples at different anvil displacements. The 
EBSD maps cover the entire cross-section of the samples, as schemati
cally shown in Fig. 1. Fig. 6 shows EBSD orientation maps with IPF 
coloring, with respect to the x-direction, and image quality maps with 
the deformation twin boundaries highlighted with red, for the favorable 
and unfavorable samples at 6 mm, 8 mm and 11 mm displacement. The 
elongated grain structure along the building direction, typical of the L- 

PBF process [11,16,28], is observed at all stages of deformation. During 
the deformation process, twins develop, as highlighted with red lines in 
Fig. 6. Additionally, the deformation textures that are predicted by the 
Taylor model (Fig. 3), i.e. 〈111〉 along the x-direction on the tensile side 
and 〈101〉 along the x-direction on the compressive side, are also 
observed. 

Most importantly, it is found that the favorable 316L sample exhibits 
a significantly more pronounced TWIP effect than the unfavorable 
sample. Fig. 7 shows the line fraction of the deformation twin bound
aries relative to all grain boundaries across the thickness of the samples, 
binned in 0.25 mm thick areas, across the sample’s thickness. At 6 mm 
displacement, where the difference of the force–displacement curves of 
the favorable and unfavorable samples is still relatively small, the 
favorable sample exhibits already an apparently higher density of 
deformation twins, than the unfavorable sample, both in tensile and on 
the compressive side. At 8 mm displacement, the density of deformation 
twins in the favorable sample increases significantly more than in the 
unfavorable sample, and hence the difference in the mechanical 
response of the two samples becomes more pronounced. Finally, at 11 
mm displacement the TWIP effect is significantly more pronounced in 
the favorable sample, as the line fraction becomes 5 times larger, than in 
the unfavorable sample, in both the tensile and compressive sides. 

The reason of the different mechanical behavior of the identical 
samples when bending them in the opposite directions lies in the 
dependence of the TWIP effect on the crystallographic texture and the 
corresponding stress state, as shown in Fig. 2. Therefore, L-PBF offers the 
opportunity to produce parts with favorable textures for twinning in 
both their tensile and compressive sides during bending and achieve 
superior mechanical properties than monolithic samples. When the 
bending direction is reversed, i.e. the unfavorable sample, then both 
tensile and compressive sides suppress twinning and the mechanical 
properties are inferior compared to monolithic samples. 

Fig. 8 shows details of the twin structure, in high magnification EBSD 
orientation maps, along the x-direction, with IPF coloring and image 
quality maps with the deformation twin boundaries highlighted red for 
the favorable and unfavorable samples at 8 mm displacement. It can be 
seen that a massive TWIP effect is triggered in grains with blue IPF color 
and in grains with red IPF color on the tensile side and on the 
compressive side, respectively, in the favorable sample. The twins 
become more dense and thicker with increasing deformation as shown 
in Fig. 9a–c. In the unfavorable grains, strain is accommodated by 
dislocation slip, which can be observed by the color variation in the 

Fig. 5. Mechanical behavior (experimental data) of the L-PBF 316L stainless steel samples upon V-bending deformation. (a) Normalized force–displacement curves 
for the favorable, unfavorable, random-textured, 〈111〉 and 〈001〉 textured samples. (b) Total dissipated energy shown as specific energy absorption at the end of 
deformation (until 11 mm displacement) for the favorable, unfavorable, random-textured, 〈111〉 and 〈001〉 textured samples. The error bars represent the standard 
deviation among measurements for each sample. 
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Fig. 6. EBSD orientation maps, along the x-direction, of the deformed microstructures of the favorable and unfavorable 316L L-PBF samples. (a,c,e) EBSD orientation 
maps with IPF coloring of the favorable sample after 6 mm, 8 mm and 11 mm of displacement. (g,i,k) EBSD orientation maps with IPF coloring for the unfavorable 
samples after 6 mm, 8 mm and 11 mm of displacement. (b,d,f) Image quality maps with the deformation twin boundaries highlighted red for the favorable sample 
after 6 mm, 8 mm and 11 mm displacement. (h,j,l) Image quality maps with the deformation twin boundaries highlighted red for the unfavorable sample after 6 mm, 
8 mm and 11 mm displacement, respectively. The tensile side is on the top of the maps and the compressive side is at the bottom of the maps, for both samples. 
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EBSD orientation maps, with IPF coloring along the x-direction, indi
cating local misorientation by dislocation-based plasticity. For instance, 
a detail of an unfavorable grain on the tensile side is shown in Fig. 9e, 
where the two slip systems with the highest Schmid factor for the given 
stress state are activated. Along the extensive dislocation slip in the 
unfavorable sample, limited twin activity can also be observed. In 
contrast to the favorable grains, the deformation twins in the unfavor
able oriented ones are much thinner (Fig. 9d) and significantly sup
pressed (Fig. 8g–l). 

4. Application to metastable austenitic steels 

Besides the TWIP effect, the TRIP effect is also dependent on the 
crystallographic orientation, with respect to the loading direction. The 
mechanism of formation of strain-induced martensite in metastable 
austenitic steels is identical to the mechanism of twinning, where the 
dissociation of partial dislocations leads to the formation of 
ε-martensite, which is a precursor of α’-martensite. More details about 
the mechanisms of α’-martensite are provided in [33,42]. Therefore, on 
the tensile side, orientations close to the 〈111〉 axis favor the formation 
of martensite while orientations close to the 〈001〉 axis suppress the 
formation of martensite and vise-versa on the compressive side. 

Fig. 7. Line fraction of deformation twins across the entire cross section of the samples, binned in sections of 0.25 mm thickness, for the favorable sample (a,b,c) and 
the unfavorable sample (d,e,f), after 6 mm, 8 mm and 11 mm displacement respectively. 

Fig. 8. High magnification EBSD orientation maps, with respect to the x-direction, with IPF coloring and grain boundary maps with the deformation twin boundaries 
highlighted red for the favorable (a–f) and unfavorable samples at 8 mm displacement, on the tensile side (g–l). The tensile side is on the top of the maps and the 
compressive side is at the bottom of the maps, for both samples. 
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Moreover, it has been seen that minor changes in the crystallographic 
texture, inherited by the L-PBF process, can strongly impact the extend 
of the TWIP/TRIP effects in a medium stacking fault energy 304L ma
terial processed by L-PBF [33]. In the same context, two samples made of 
the same 304L powder as in the work by Sofras et al. [33], with favor
able and unfavorable crystallographic textures, were V-bending tested 
and the results are shown in Fig. 10. It is observed again that the 
favorable sample exhibits higher energy dissipation capability 
compared to its unfavorable counterpart. The difference between the 
two samples, in terms of hardening and energy dissipation, is not as 
pronounced as in 316L though, due to the high nitrogen content that the 
304L possess. As such, the TRIP effect is delayed [33], which has been 
observed under either uniaxial tension or compression. The application 
though to 304L showcases that besides TWIP effect, the TRIP effect can 

also be tuned locally within single components and achieve improved 
mechanical behavior. Figs. S4 and S5 of the supplementary material 
show EBSD maps of the deformed 304L stainless steel sample where the 
co-existence of twins/α’-martensite can be observed in the tensile side 
and ε-martensite/α’-martensite in the compressive side which corrobo
rates well with previous observation [33] under uniaxial tension and 
uniaxial compression. 

5. Conclusions 

Tailored bimodal parts of TWIP or TWIP/TRIP stainless steel were 
produced by laser powder bed fusion (L-PBF) and tested under V- 
bending. The study leverages on the site-specific microstructure 
manipulation that L-PBF enables and on the dependency of the 

Fig. 9. (a)–(d) Evolution of the deformation twins, across the different amounts of displacement. At 6 mm and 8 mm the twins are enclosed within favorably oriented 
grains, while at 11 mm also unfavorably oriented grains exhibit twins. (e) Activated slip systems on an unfavorably oriented grain on the tension side of the specimen. 

Fig. 10. Mechanical behavior of the L-PBF 304L stainless steel upon V-bending deformation. (a) Normalized force–displacement curves for the favorable and un
favorable samples. (b) Total dissipated energy shown as specific energy absorption at the end of deformation (until 11 mm displacement) for the favorable and 
unfavorable samples. The error bars represent the standard deviation among measurements for each sample. 
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deformation twinning and martensitic phase transformation on the 
crystallographic texture. The potentiality of L-PBF is demonstrated in a 
V-bending example, where plane strain tension and compression co- 
exist within a single part. The provided scripts allow for predicting the 
favorable and the unfavorable crystallographic textures along with the 
texture evolution for complex stress-states. The investigation highlights 
that with a synergy of simulations of the favorable orientations and the 
evolving crystallographic texture, one is able to tailor the crystallo
graphic texture by appropriately choosing the L-PBF process parameters 
to match the stress state at hand. The tailored favorable microstructures 
exhibit up to 30 % more enhanced mechanical properties and energy 
absorption during V-bending, compared to other samples produced with 
the same process parameters (except for scanning direction). Massive 
twinning activity, leading to a superior mechanical response, is observed 
when a 316L sample is engineered with favorable microstructure for 
both tensile and compressive sides. In an identical sample, when the 
bending direction is flipped the work-hardening of the material is 
comparatively low, as the microstructure is unfavorable for extended 
twinning activity for both tensile and compressive sides. The study 
highlights the enormous potential of L-PBF as a tool for site-specific 
manipulation of the microstructure and realization of smart materials 
with enhanced mechanical properties and energy dissipation capabil
ities under complex stress states, using TWIP and/or TRIP austenitic 
stainless steels. This potentiality of L-PBF can be valuable in various 
applications, such as lattice and open cell structures, when one addresses 
the processing challenges of such intricate structures. However, it is 
demonstrated here that a priori knowledge via FEM can help identify 
local stress concentration and stress states within the components. As 
such, L-PBF can help locally enhance these areas in terms of mechanical 
properties and counteract local stress concentrations. 
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