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A B S T R A C T   

In metal additive manufacturing (MAM), microstructural properties such as texture, residual stresses, and 
dislocation density have emerged as key factors ruling the resulting mechanical performances. In this study, 
cylindrical AISI 316L specimens, fabricated with laser powder bed fusion (LPBF), were tested under cyclic 
elastoplastic (EP) deformation using a constant strain amplitude to highlight the evolution of residual stresses 
(RS), dislocation density and texture with increasing number of EP cycles, N, across the hardening-softening 
(H–S) transition stage, in the attempt to find correlations between relevant microstructural parameters and 
macroscopic properties. The structural and microstructural analysis is carried out through whole powder pattern 
modeling (WPPM) of neutron diffraction (ND) data and Electron Back-Scattering Diffraction (EBSD) analysis. The 
H–S transition is found to occur within 7–9 cycles, with RS fading out already after 5 cycles. Across the H–S 
transition, the trend of the maximum tensile stress correlates closely with the trend of WPPM-calculated total 
dislocation density, suggesting a major role of dislocations’ characteristics in the evolution of macroscopic 
mechanical properties. EBSD analysis reveals the rearrangement of geometrically necessary dislocations (GND) 
into cellular structures, and moderate grain refinement, which are deemed to be responsible for the quick fading 
of RS in the very early stage of EP loading. ND-based texture analysis reveals a (220) preferential orientation 
retained throughout the EP tests but with orientation density functions (ODFs) changing non-monotonically with 
N, suggesting preliminary partial randomization of grains around the deformation axis followed by the recovery 
of crystallographic anisotropy and more localized ODFs.   

1. Introduction 

Additive manufacturing (AM) technologies consist of the fabrication 
of constructs in a layer-by-layer fashion, in which a feedstock material is 
locally melted and welded according to computer-aided design models 
[1,2]. The unmatched design flexibility of MAM technologies offers the 
potential to create SS components with novel three-dimensional design 
opportunities for lightweight components. Therefore, AM technologies 
have the potential to answer the growing need for resource-efficient, 
customized, high-value, low-volume production of engineering compo-
nents [3]. In the metalworking industry, Selective Laser Melting (SLM), 

also known as Laser Powder Bed Fusion (LPBF) is the most widely 
adopted among the various metal additive manufacturing (MAM) 
technologies being developed [4–6], accounting for over half of all MAM 
solutions [7]. Current research endeavours aiming at optimizing the 
MAM fabrication processes concentrate on correlating process parame-
ters (e.g., the scanning strategy, hatch spacing, energy density) to the 
resulting microstructural properties [8,9] or to relevant engineering 
properties, such as fatigue resistance [10–12], or chemical stability in 
corrosive environments [13], while the main classes of feedstock ma-
terials consist of nickel alloys and steels. Among these, austenitic 
Stainless Steels (SS) play a vital role in various engineering applications 
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due to their outstanding combination of corrosion resistance, oxidation 
resistance, strength, and ductility [13–15]. Compared to conventionally 
fabricated (e.g., wrought or cast) counterparts, MAM SS components 
express improved yield strength [16], ductility-to-strength balance [17, 
18], and physical/chemical stability. This is primarily attributed to the 
peculiar solidification microstructure consisting of columnar grains and 
melt pool structures whose size, morphology, and orientation depend on 
factors such as laser energy density and build direction [19,20]. Due to 
rapid cooling during the LPBF, these columnar grains are further sub-
divided into Cr/Mo-rich segregation dendrites [21,22] and dislocation 
structures [23], which originate from the fast, directional solidification 
imposed by the thermal gradients established within the material during 
the fabrication process. This microstructure yields a unique combination 
of strength and ductility, thanks to the possibility of further refining the 
microstructure by appropriate choice of process conditions [24–26]. It is 
accepted that the absence of such distinctive solidification microstruc-
ture in wrought or cast austenitic SS [27] is responsible for the lower 
yield strength, poorer strength/ductility ratio, and wear resistance of 
conventional SS versus LPBF SS [28,29]. Also, a secondary hardening 
stage due to a strain-induced martensitic transformation, and detri-
mental for the late ductility of the cycled material [30] is typically 
observed in conventional SS [30–32], albeit this has also been occa-
sionally reported to occur for LPBF SS [33]. 

The improvement of fatigue performance of LPBF SS is of paramount 
importance aiming at a widespread adoption of MAM steels in engi-
neering applications. In this context, most of the research efforts have 
focussed on the materials response under high-cycle fatigue (HCF) 
regime [34–37], while a comparable effort has not been adequately seen 
regarding the low-cycle fatigue (LCF) regime. As recently underscored 
by Pelegatti al. [38], along with the limited number of studies, further 
impediment is caused by challenges in comparison due to diverse 
feedstock materials [39], process conditions [40,41], native defects 
density, location, and morphology [42–44], post-treatments [45], test 
temperatures [46–48] and employed equipment [49]. However, 
improving the knowledge of LCF behaviour of SS is of paramount 
importance. In fact, when used as a structural material for engine walls, 
pressurized water reactors, and nuclear power plants [50,51], structural 
SS endure significant thermal stresses and cyclic EP deformations during 
startups, shutdowns, or operating transients, therefore operating under 
an LCF frame [51,52]. It is well known that the cyclic EP response of 
LPBF austenitic steels such as the 316L typically comprises a hardening 
(H) phase and a subsequent softening (S) phase. This bimodal response 
arises from the evolution of the solidification microstructure of LPBF 
steels under EP deformation [20,21]. As discussed by Pham et al. [53], at 
the onset of cyclic EP loading, dislocations density increases at grain 
boundaries to maintain coherence between misaligned neighbouring 
grains, and within the grain due to the mechanically induced dislocation 
generation, both impeding the plastic flow [54]. With increasing EP 
cycles, intergranular strain inconsistencies are mitigated through the 
activation of secondary slip mechanisms, promoting dislocation in-
teractions. These interactions result in the rearrangement of dislocations 
into organized cellular domains with high dislocation density on the 
walls and lower density in the interior [55–57], as well as the partial 
annihilation of dislocations at high and low angle grain boundaries 
(HAGBs and LAGBs) [58,59]. 

Despite this knowledge, due to the complexity of MAM processes and 
lack of enough experimental evidence, the widespread adoption of MAM 
technologies in the SS manufacturing industry, especially for large-scale 
structural parts, is currently limited. Key challenges, highlighted in 
recent reviews [60,61], include high initial costs, the absence of stan-
dardized design guidelines, low productivity, and expensive scaling-up. 
Another critical issue is the unpredictable introduction of material in-
homogeneities at the microstructural level, such as porosities [62–66], 
surface roughness [67,68], and residual stresses (RS) [69–72] in printed 
parts. The presence of these inhomogeneities, especially the simulta-
neous presence of tensile RS and porosities [73,74], can deeply impair 

the functional performance of the AM materials by promoting crack 
initiation and its propagation [75,76]. As a result, as shown for instance 
by Mower and Long [77] and by Gonzalez-Nino [78], MAM steels often 
express poorer fatigue strength than wrought counterparts. The 
compensation of such flaws demands thermal or mechanical 
post-treatments [79–81] at the expense of the overall process efficiency 
[61,82], and is not always technologically applicable [36]. A powerful 
and more cost-efficient route to improve the performance and reliability 
of MAM SS lies in gaining a deeper understanding on which materials 
properties need to be accurately optimized during the printing process. 
While the understanding of the specific role of cell and dislocation 
structures [46,47,83–86], defects [42–44,64], crystallographic orienta-
tion [87–89] and residual stress [90–92] in determining the fatigue 
properties of SS is consolidated, some previous works highlighted the 
need of considering the mutual interaction among multiple micro-
structural factors and their impact on the mechanical response [93–95]. 
Nonetheless, despite its potential to gain deeper design capabilities, to 
the best of our knowledge, this comprehensive approach is still poorly 
adopted. 

Therefore, aiming to offer a comprehensive approach to the topic, 
this study seeks to investigate the impact of cyclic EP deformation on the 
microstructure and residual stress of LPBF SS, with a specific focus on 
the changes occurring across the hardening-softening (H–S) transition. 
The analysis involves the utilization of neutron diffraction (ND) and 
Electron Backscattered Diffraction (EBSD) techniques, described in the 
Materials and Methods chapter. As reported in the Results chapter, 
ND patterns were used to determine the RS within the bulk of the me-
chanically loaded section, following a defined number of loading cycles, 
while a line profile analysis enabled the evaluation of the total density of 
dislocations. Additionally, ND was employed for texture analysis within 
the bulk of the loaded samples section. EBSD was employed to establish 
a direct link between the extent of EP deformation and the corre-
sponding microstructural information, including phase indexing, crys-
tallographic orientation, grain size, and shape, and the distribution of 
GNDs. Proceeding through the Discussion. chapter efforts are directed 
towards relating macroscopic observables such as cyclic hardening- 
softening and residual stress evolution with the corresponding evolu-
tion of dislocations density and organization as well as crystallographic 
texture. Finally, in the Conclusions chapter the main results are sum-
marized and their use for future developments is indicated. 

2. Materials and Methods 

2.1. Materials and manufacturing 

The determination of the chemical composition of feedstock powders 
and printed specimens, as well as the specifications of the manufacturing 
processes have been previously reported [38]. The feedstock material 
consisted of spherical particles of AISI 316L SS with an average diameter 
of 28.9 μm. Four cylindrical rods of 180 mm in height and 23 mm in 
diameter were produced using a Concept Laser M2 (General Electric) 
additive machine equipped with an IR laser of wavelength 1070 nm. The 
chemical composition of the rods, reported in Table 1, was measured by 
glow discharge optical emission spectroscopy (GDOES). Details of the 
manufacturing parameters are reported in Table 2. 

The rods were built on the building platform with the long axis 
parallel to the build direction. An “island” scanning strategy was 
employed, dividing each layer into small neighbouring 5 × 5 mm 
squares in a chessboard pattern. The islands were then formed by 
melting consecutive bidirectional tracks. Adjacent islands were scanned 
along mutually perpendicular directions. To promote structural homo-
geneity, successive layers were printed by a 90◦ rotation and 1 mm shift 
along both in-plane orthogonal directions of each island. After removal 
from the base plate, each rod was stress-relieved at 550 ◦C for 6 h and 
eventually machined to a final cylindrical dog-bone geometry according 
to ASTM E606. The surface roughness parameters were obtained using a 

M. Beltrami et al.                                                                                                                                                                                                                               

astm:E606


Materials Science & Engineering A 898 (2024) 146416

3

Dektak-150 stylus profilometer (Veeko), in agreement with BS EN ISO 
21920 2022. The arithmetic average roughness along the gauge length 
Ra, gave a mean value of 0.52 ± 0.03 μm, whereas the root mean-square 
roughness Rq, was 0.61 ± 0.03 μm. 

2.2. Cyclic elastoplastic tests 

The cyclic elastoplastic (EP) tests were performed on a servo- 
hydraulic MTS 810 machine equipped with a 100 kN load cell and an 
axial extensometer (model MTS 634) with a gauge length of 25 mm 
(measure range is +5 mm/− 2.5 mm). We conducted strain-controlled 
tests using a triangular waveform with an amplitude of 0.4% and zero 
mean strain, maintaining a strain rate of 4• 10− 3 s− 1 by appropriately 
adjusting the frequency of the waveform for each test. The moderate 
(0.4%) strain amplitude is deliberately chosen to permit plastic defor-
mation without imposing excessively large variations into the material 
so that the specific effect of cumulative cycling could be better observed. 
As reported in the Supplementary Information file, section S1, the 
number of cycles to failure for this kind of specimen at the given strain 
amplitude and rate was previously determined to be about 15000 cycles 
[38], before which a two-stage mechanical response consisting of a 
hardening and a softening regime was observed. As discussed by Pham 
et al. [54], the initial condition of the steel and its early response to 
cyclic EP deformations are of major importance in the determination of 
the whole material’s behaviour until failure. On this basis, three cyclic 
loading routines were set using the parameters listed in Table 3, with 
force and strain recorded at each cycle, aiming to observe the micro-
structural response during the hardening stage (5 cycles, sample code-
name S-5), and in two moments within the early softening stage (200 
and 3000 cycles, sample codenames S-200 and S-3000 respectively). 
Also, an as-built specimen (S-AB) was characterized to inform the initial 
conditions. 

2.3. Neutron diffraction 

Neutron diffraction (ND) has found widespread adoption in the 
investigation of microstructural properties of MAM materials [19, 
96–102]. Its success is primarily due to its high grain statistics and 
penetration depth, which contrast with the limited sampled volume and 
surface or sub-surface constraints of either laboratory and X-ray 
diffraction [99], enabling accurate quantification of macroscale RS 
[103] and texture [104] also in the increasingly important in-situ [95, 
105] and operando [96,99] analysis modes. 

In this study, ND measurements were carried out at the Australian 
Neutron Scattering and Technology Organisation (ANSTO). For residual 

stress and texture analysis, the KOWARI strain diffractometer [106] was 
employed, selecting neutron beams with a constant wavelength of 0.153 
and 0.142 nm respectively from the Si (400) monochromator at take-off 
angles of 90 and 62◦. For RS analysis, as-built (S-AB) and fatigued (S-5, 
S-200, and S-3000) specimens were vertically mounted and fixed on the 
sample stage exposing the central cylindrical portion to the incoming 
neutron beam. The spatial distribution of the hoop (H), radial (R), and 
axial (A) RS components (see Fig. 1) for the four specimens were 
calculated from the shift in the 2θ position of the (311) reflection. This 
choice is optimal for analysing RS in mechanically deformed FCC ma-
terials [107]: as recently reported by Choo et al. [108], more inter-
granular strain is allowed to accumulate along the (311) reflections 
upon deformation, while the RS along [h00] and [hhh] directions is 
easily flattened due to slip mechanisms. For each direction, a linear 
scanning mesh of 13 points across the diameter was analysed by 
recording the (311) reflection, using a step-size of 0.75 mm and a voxel 
size of 1 × 1 × 1 mm3. The sampled volumes were centred on the 
specimen’s central axis to ensure the symmetry of the measurement 
locations. For strain calculations, a constant d0 assumption was made in 
such a way as to ensure the stress boundary condition (for the radial 
component) and force balance conditions (for the hoop and axial com-
ponents). For the calculation of residual stresses, the required isotropic 
Diffraction Elastic Constants (DEC) for a cubic system, S1, and S2, are 
necessary to account for mechanical anisotropy. The values of such 
constants were S1 = -v/E = − 1.4501 and S2 = (1+v)/E = 6.4504, 
computed using stainless steel’s macroscopic Young’s modulus, E = 200 
GPa and Poisson’s ratio, ν = 0.29. Each stress component σhkl

i , where 

Table 1 
Composition in wt% of AISI 316L SS powders and LPBF rods.  

Element C Cr Ni Mo Mn Si P S O Fe 

Powder 0.02 17.70 12.70 2.35 1.14 0.65 <0.045 0.004 – Bal. 
LPBF rods 0.02 17.6 12.80 2.30 1.10 0.65 <0.004 0.004 0.0245 Bal.  

Table 2 
Parameters used for the LPBF process.  

LASER 
POWER (W) 

SCAN SPEED (MM/S) SPOT 
SIZE (МM) 

HATCH 
SPACING (МM) 

LAYER 
THICKNESS (МM) 

ATMOSPHERE GAS RESIDUAL OXYGEN (AT. %) 

180 600 120 105 25 Ar 0.2  

Table 3 
Parameters used for the elastoplastic deformation tests.  

MAX. STRAIN (%) STRAIN RATE (S− 1) CYCLES (N) LOAD RATIO, Rε 

0.4 0.004 0, 5, 200, 3000 − 1  

Fig. 1. Residual stress components analysed via neutron diffraction concerning 
the gauge volume in the dog-bone specimens. The bottom arrow represents the 
specimen rotation along the longitudinal axis during the acquisition of 
diffraction signal. 
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{hkl} are the Miller indexes of the chosen reflection (here {311}), was 
computed for each point of the 1D mesh using the following form of 
Hooke’s law [100,109]: 

σhkl
i =

1
S2

•

[

εhkl
i −

(
S1

S2 + 3S1

)

• (εhkl
i + εhkl

j + εhkl
m

)]

Equation 1  

where i,j, and m are interchangeable subscripts referring to the H, R, and 
A components of the RS. To plot RS components as a radial function, an 
axial symmetry approximation was imposed by averaging RS value pairs 
at a symmetrical distance from the central axis. 

For texture analysis, cylinders 10 mm in diameter and 15 mm in 
height were cut from the center of the fatigued region of the dog-bone 
specimens. The measurements were run with a ca. 3◦ × 3◦ mesh in φ 
-ψ space, where φ and ψ are goniometer angles that are transformed into 
the spherical angles in the sample coordinate system, over the intervals 
[0, 90] in φ and [0, 360] in ψ. Three detector positions 2θ = 43◦, 67◦ and 
82◦ corresponding to the (111), (200), (220), and (311) reflections were 
selected to measure the complete pole figures (PF) of the given re-
flections. A total ∅10xH15 [mm] volume was analysed to ensure 
adequate grain statistics and a short acquisition time of 3 s. The analysis 
of texture data was performed using MTEX [110–112] (version 5.9). 
Orientation distribution functions (ODF) specify the volume fraction of 
crystallites having an orientation in the infinitesimal orientation volume 
dg = sin (Ф)dφ1d φ2/8π2, where g is a compact expression for the 
orientation defined in terms of the three Bunge’s angles (φ1, Ф, φ2) 
[113]. Here, ODFs were calculated on normalized PFs using a half-width 
of 5◦. Ultimately, the texture index JODF, defined by Mainprice et al. 
[114], as a measure of the degree of preferred orientation: 

JODF =

∫

|f (g)|2dg Equation 2  

Where f(g) is the reconstructed ODF from the PF set. For a completely 
random specimen, JODF = 1 for all reflections, where a JODF>1 or 
JODF<1 for a subset of reflections indicate a stronger or weaker preferred 
orientation, respectively. 

Line profile analysis was performed on ND data acquired using the 
ECHIDNA high-resolution powder diffractometer [115]. Full diffracto-
grams in the range of 4◦–163◦ were collected with the same counting 
statistics using a neutron wavelength of 0.1622 nm at a take-off angle of 
140◦, with an angular step size of 0.05◦. During data collection, the 
samples were rotated around the axis. The Whole Powder Pattern 
Modelling (WPPM) technique, implemented in the PM2K software 
developed by Leoni [116–118] was employed for the data analysis. As 
reported in the Supplementary Information file, section S2, to account 
for the instrumental contributions to the line profile, a LaB6 (SRM 660a) 
NIST standard was also analysed in the same experimental condition as 
for the four SS specimens. Contrary to traditional LPA, where some 
arbitrary “microstrain” and “average size” values are usually computed, 
the WPPM is based on physical models for the line-broadening sources. 
Information on the size and distribution of the coherently scattering 
domains as well as the type, spatial arrangement, and density of dislo-
cations can be readily obtained. For the dislocations, the Wilkens model 
[119] implemented in the PM2K software provides the total dislocation 
density ρD, the dislocation cut-off radius Re related to the dislocation 
radius of influence, as well as a mixing parameter M giving the ratio 
between edge and dislocations. All of these are refinable parameters 
related to each active slip system in the material. For FCC crystals, the 
primary slip system is ½ {111} <110>, with a Burgers vector of 
magnitude a/2⋅2− 1/2, where a is the lattice parameter. The anisotropic 
effect of dislocations is embedded in the dislocation contrast factor Chkl 
[120] computed from the single crystal elastic constants relative to the 
primary slip system [121]. For completeness, a brief comment about the 
relations between the computed values of the dislocation densities with 
the resulting yield stress based on the application of Taylor’s hardening 
model is presented in the Supplementary Information file, section S3. 

2.4. SEM imaging 

Scanning electron microscopy (SEM) images were acquired using an 
SEM EVO 40 (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) 
scanning electron microscope, equipped with an HKL Nordlys EBSD 
detector system (Oxford Instruments/HKL) for EBSD analyses. First, 4 
mm thick cylinders were extracted with a diamond micro cutter from the 
15 mm cylinders used for neutron texture mapping. The cylinders were 
then embedded in epoxy resin, single-side ground to 1200 grit with SiC 
abrasive paper and polished with diamond pastes down to 1 μm. A 
mirror surface was obtained by final polishing using a 0.5 μm colloidal 
oxide suspension (Struers GmbH). Ultimately, the epoxy resin was me-
chanically removed before mounting the specimen on the SEM stub. 
SEM micrographs were acquired after etching with Glyceregia (60 s), at 
a magnification of 2.5 k to 50 k using an accelerating voltage of 20 kV at 
a working distance of 10 mm. The ImageJ freeware was used to analyse 
the SEM images. As shown in the Supplementary Information file, sec-
tion S4, grey-scale intensity profiles have been analysed in several 
portions of each SEM image, exploiting the different contrast between 
cells’ interior and boundary regions. From the intensity profiles, the 
width of the cell’s interior and the thickness of the walls have been 
collected by measuring the distance between the half-height points of 
adjacent peaks and the FWHM (full width at half maximum), respec-
tively. About 200 cells and 150 cell walls were measured for each 
specimen. 

2.5. EBSD analysis 

Electron backscattered diffraction is a popular technique capable of 
providing on a local scale both visual and quantitative information on 
microstructural properties such as crystallographic texture [122–124], 
grain size and morphology [125–127], distribution of geometrically 
necessary dislocations (GND) [55,128], strains [125,129] and recrys-
tallization phenomena [130,131]. In this work, for the EBSD analysis, 
the samples were tilted by 70◦ and the microscope was operated at 25 
kV, using a working distance of 12 mm. Low-resolution maps were ac-
quired by sampling a 400 × 200 points grid at a magnification of 500×, 
using a step-size resolution of 1 μm, thus probing a 400 × 200 μm2 area 
in 7 h of continuous acquisition. Also, high-resolution maps were ac-
quired by sampling a 400×180 points grid at a magnification of 500×, 
using a step-size resolution of 0.5 μm, thus probing a 200 × 90 μm2 area 
in 16 h of continuous acquisition. For data acquisition and indexing the 
HKL Flamenco software was used. For data post-processing, including 
grains reconstruction, computation of ODF, and GNDs visualization and 
quantification, the open-source MTEX toolbox installed in MATLAB (The 
MathWorks Inc., Natick, USA) was employed. Regarding grain recon-
struction, a threshold angle of 9◦ was used to define high-angle grain 
boundaries (HAGBs), while a lower threshold angle of 1◦ was used to 
define low-angle grain boundaries (LAGBs). During grains reconstruc-
tion, those grains containing fewer than 5 pixels were excluded and 
incorporated, along with non-indexed pixels, into the nearest neigh-
bouring grains, while a final denoising procedure was performed using a 
variational spline filter method. Importantly, all accepted EBSD data 
used for the analysis had a native indexing rate between 79% and 85%, 
to avoid excessive data manipulation. 

3. Results 

3.1. Cyclic elastoplastic tests 

In Fig. 2, the cyclic EP response of the AISI 316L specimens versus the 
number of cycles, N, is represented by a subset of the hysteresis loops for 
the S-3000 specimen. The presence of hysteresis loops indicates the 
establishment of unrecoverable plastic damage, whose extent is pro-
portional to the hysteresis area [46]. By inspection of Fig. 2, the loops 
area (i.e. the plastic damage) was not significantly affected by the 
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number of cycles, but a non-monotonic trend of compressive and tensile 
maximum stresses was observed, indicating changes in the materials 
microstructure, in agreement with the literature [53,54,132]. In fact, on 
increasing N, the stress-strain loops show a trend consisting of a primary 
modest hardening phase occurring within the first 7–9 cycles, followed 
by a softening regime at higher N. As reported in Fig. 3 A, during the 
hardening stage the positive peak stress σMax,Tensile, relative to the tension 
stage (ε > 0), is increasing slightly from 525 ± 8 to 543 ± 7 MPa (about 
3% increase), while it is decreasing to about 481 ± 9 MPa after 200 
cycles and 440 ± 9 MPa after 3000 cycles as the specimen enters in its 
softening stage. A Similar behaviour is noticed in Fig. 3 B for the 
negative peak stress σMax,Compressive, relative to the compression stage (ε <
0), but as σMax,Compressive has a consistently higher absolute value than 
σMax,Tensile, the mean stress σMean, defined as the mathematical average 
between the tensile and compressive peak stresses [133], results to be 

moderately compressive. As shown in Fig. 3C, the σMean gradually moves 
from the initial − 39 ± 10 MPa towards less negative up to − 15 ± 7 MPa 
by increasing N. Interestingly, a quasi-linear increase of σMean with 
log10(N) has been observed. Similarly, as reported in Fig. 3 D, the mean 
elastic modulus ΔECycle decreased linearly with log10(N), with compa-
rable values of the rate d(ΔEcycle)/d(log10(N)). Importantly, as visible in 
all the panels of Fig. 3, the hardening-softening transition occurred at 
similar values of N for each tested specimen, with the slight differences 
due to intrinsic small variations among the individual specimens. 

3.2. Neutron diffraction 

3.2.1. RS analysis 
As depicted in Fig. 4, only the uncycled specimen (S-AB) shows a 

parabolic RS distribution around the cylindrical axis, principally for the 

Fig. 2. Selected stress-strain curves for the 3000-cycled specimen (S-3000) showing the hardening and softening regimes. The inset displays a magnified view of the 
peak tensile stress for each cycle. 

Fig. 3. (A) Maximum tensile stress, (B) maximum compressive stress, C): mean stress, and D) percentage variation of cyclic elastic modulus as a function of the 
number of LCF cycles. 
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axial component. By increasing the number of elastoplastic cycles, the 
RS distribution is changed and progressively smoothened out below the 
detection limit, estimated at around 15 MPa from the strain accuracy of 
50 μstrain (5 10− 5) based on the neutron counting statistics. It is evident 
that even after 5 LCF cycles, sample S-5, the stress distribution practi-
cally vanishes and remains practically null for higher cycling, S-200, and 
S-3000 samples. These findings suggest that the rapid flattening of RS 
can be due to the uniform overall plastic deformation (beyond the yield 

strength) together with the microstructural rearrangements occurring 
within the material following the elastoplastic deformation. The latter is 
also reflected in some texture changes, as discussed below. For the sake 
of completeness, the RS distribution in the S-AB shows remarkably lower 
values than those typically reported in the literature [97,102,134]. The 
discrepancy could be due to a combination of factors including different 
process conditions, internal porosity, or heat treatments, but a thorough 
investigation in this direction goes beyond the aims of the present work. 

Fig. 4. Residual stress profiles calculated from ND data for A) S-AB, B) S-5, C) S-200, and D) S-3000. Error bars are determined by the averaging procedure assuming 
axial symmetry within the material. 

Fig. 5. (Left) Neutron diffraction profiles for the four specimens analysed and, (Right), a magnified view of selected reflections shows the change in peaks intensity 
and centre position with increasing elastoplastic cycles. 
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3.2.2. ND patterns and WPPM 
Fig. 5 displays the diffraction patterns of the four tested specimens in 

the 2θ range 30–160◦. Only the reflections associated with the austenitic 
phase are present, indicating the absence of pristine or mechanically 
induced martensite or ferrite phases. While the (200) and (311) re-
flections were unaffected by increasing N, some differences in relative 
peak height and no significant peak shift were observed among the 
different specimens for the (111), (220), and (331) reflections, as shown 
in the overlay of baseline-subtracted plots in Fig. 5 B. The difference in 
relative peak height suggests that the EP deformation affects the crys-
tallographic orientation of grains and sub-granular structures, while the 
absence of significant peak shifts suggests that no macroscopic residual 
stresses are introduced. Interestingly, as shown by the overlaid plots in 
Fig. 5, the peak intensity of the (111), (110), and (331) reflections is 
increased for S-5 and S-200 and then is reversed for S-3000 to reach 
almost the same intensities as for S-AB, suggesting a non-monotonous 
impact of EP deformation on the crystallographic orientation spread. 

The refined microstructural parameters obtained from the WPPM 
procedure are reported in Table 4, while the modelled patterns are 
represented in Fig. 6, overlaid with the corresponding experimental ND 
data and difference plot (residual). The best goodness of fit (GOF) 
reached for all the specimens was in the range of 1.75–2.23. 

The resulting total dislocation density ρD ranged between 5.8 and 8.1 
10− 14 m− 2, in good agreement with the values typically reported in the 
literature for comparable strain amplitudes [135,136]. Correspondingly, 
the dislocations outer cut-off radius, Re, ranged between 88 and 49 nm. 
The ρD value first increases from S-AB to S-5, for which the largest ρD 
value was obtained, and then decreases continuously for S-200 and 
S-3000. Interestingly, the refined values for the fraction of edge dislo-
cations, ρD, Edge, decreases monotonically from about 65 % to about 41%, 
suggesting a faster depletion of edge dislocations over screw dislocations 
throughout the cyclic EP deformation, contrary to what is typically 
observed for static strain [137]. 

The particle size broadening contribution was modelled by a 
lognormal distribution of cylinders, with refinable parameters being the 
diameter D and the average aspect ratio D/L, with L being the cylinder 
length. In metals and alloys, as discussed by Muránsky et al. [55], small 
misorientations between areas separated by dislocation cells and LAGBs 
create domains that have a continuous spectrum of misorientations 
which are represented by size broadening in diffraction peaks. To pro-
vide reasonable initial values for the crystallite size broadening, the size 
of characteristic solidification cells was measured from SEM micro-
graphs, such as the one shown in Fig. 7. In Fig. 7 B–C fibre-like solidi-
fication cells with the axis aligned parallel to the build direction or 
transversal to it can be noticed, respectively. The average and standard 
deviation of cell width (CW) and cell wall thickness (WT) are reported in 
Table 5. No significant variations in the characteristic cells 
cross-sections are induced by the applied EP deformation. As shown in 
the Supplementary Information file, section S4, the distribution of the 
cells’ diameter was approximately lognormal. Therefore, to represent 
the fibre-like morphology of the solidification structures in the fitting 
process, a lognormal distribution of cylinders was employed, using an 
initialised value of D corresponding to the average <CW>. It is worth-
while mentioning here that for all samples, the contribution of size ef-
fects to the observed peak broadening was negligible compared to the 
dislocation-related one. Errors in the size estimation become easily 
large for crystallites exceeding ca. 100 nm [138]. Consequently, the 

refined size values reported in Table 4 should be interpreted just as a 
reference estimate. 

Fig. 8 shows as a function of N the values of the average peak tensile 
stresses, σMax, the total dislocation density, ρD, and the microstrain εP 
computed through the Ashby equation [139,140]: 

εp = 4 ∗ b ∗ λ ∗ ρD Equation 3  

where the Burgers vector b = 0.254 nm is the Burgers vector relative to 
the ½ {111} <110> slip system, calculated from the refined lattice 
parameter value of 0.3595 nm, and λ is the mean spacing between ob-
stacles to dislocation motion, here equal to the cell width, <CW>. While 
proceeding with the cyclic EP deformation, ρD first increases during the 
first few EP cycles and then gradually diminishes. Notably, the trend of 
ρD reproduces very closely with the one of σMax recorded during the LCF 
tests. Also, given the similar <CW> values among the different speci-
mens, the trend of εP follows that of ρD. 

In Fig. 8, the σMax and δσMax values for the S-AB (0 cycles series) are 
respectively the mean value and error calculated by averaging the σMax 
values of the loaded specimens after the first cycle. Second, the values of 
σMax and δσMax at a certain N are taken by averaging over the measured 
values at equivalent N for the three loaded specimens, while for ρD the 
error values δρD are taken by averaging over repeated fits with different 
initialising values. For microstrain, the errors are calculated by standard 
error propagation procedure. 

3.2.3. Texture analysis 
The evolution of texture with the number of EP cycles can provide 

additional information on the microstructural contribution to stress 
relaxation and mechanical behaviour. Fig. 9-A reports the pole figures 
(PF) for the (111), (200), (220), and (311) reflections for the four 
specimens, while Fig. 9-B shows the texture coefficients JODF defined 
according to Equation 2. 

JODF =

∫

|f(g)|2dg 

As shown in Fig. 9 A, all specimens show a preferential (220)-fibre 
orientation parallel to the build direction, as evidenced by the maximum 
intensity at the centre of the (220) pole figure, while the (200) orien-
tations are parallel to the scanning directions on the x-y plane perpen-
dicular to the build direction, a condition typical for LPBF stainless steels 
[134,141]. Interestingly, a counterintuitive evolution of texture with 
increasing N can be observed in Fig. 9 A. Already after the first 5 cycles 
(S-5), the PFs change notably from the as-built condition (S-AB). In 
particular, due to the axial symmetry of the applied load during the LCF 
tests, some degree of cylindrical symmetry is attained, as demonstrated 
by the appearance of circular patterns in the PFs (see Fig. 9 A, S-5 col-
umn) indicating that the crystallites have a preferred tilt to the corre-
sponding direction, but lack of in-plane orientation [142]. Additionally, 
a JODF reduction of about 14% was observed for sample S-5 as far as the 
as-built condition, S-AB, is concerned (Fig. 9 B), apparently due to the 
development of the (110)-fibre texture component at the expense of the 
pronounced central peak observed in the as-built condition. This 
fibre-type texture is mostly retained for S-200, but it is significantly lost 
for S-3000, for which the PFs pattern and JODF value approach those of 
the as-built condition, sample S-AB. 

Table 4 
Refined microstructural parameters from the WPPM data analysis, with δ being the estimated standard deviation (esd).  

Specimen ρD x1014 [m− 2] δρD x1014 [m− 2] Re [nm] δRe [nm] ρD, Edge (%) δρD, Edge (%) L [nm] δL [nm] L/D D [nm] 

S-AB 7.31 0.14 52.1 4.32 65.7 0.80 122.1 39.1 0.62 198.6 
S-5 8.08 0.18 49.0 4.05 58.9 0.42 222.1 72.2 0.74 300.1 
S-200 6.71 0.08 66.4 0.72 43.9 1.97 185.9 54.1 0.44 422.5 
S-3000 5.84 0.09 88.3 2.47 41.2 2.04 217.1 28.4 0.55 394.6  
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3.3. EBSD analysis 

3.3.1. Grains reconstruction 
Grains-reconstructed, low-resolution EBSD inverse pole figure (IPF) 

maps (step-size of 2 μm) taken on polished cross-sectional cuts are re-
ported in Fig. 10. According to the reported IPF-Z colour key map, most 
of the grains in all the IPF maps show a preferential alignment of grains 
along [110], in good agreement with the PF maps acquired via neutron 
diffraction and reported in Fig. 9 A. The grains orientation follows the 
typical behaviour of FCC metals grown by MAM processes, with 

Fig. 6. WPPM fit results for A) S-AB, B) S-5, C) S-200, and D) S-3000 specimens. Black dots are experimental data while the superimposed coloured curves are the 
fitted profiles. Above all patterns, it is reported the fit residual. The intensity axes are in logarithmic scale. 

Fig. 7. SEM micrograph of a portion of the etched surface of S-3000, showing 
the typical columnar microstructure of LPBF AISI 316L. Inserts B and C show 
higher magnification of cells aligned parallel and perpendicular to the surface 
normal direction, respectively. 

Table 5 
Average dimension of cell widths (CW) and wall thickness (WT) for the four 
specimens, with standard deviations δ.  

Specimen <WT> (nm) δ WT (nm) <CW> (nm) δ CW (nm) 

S-AB 62.8 11.2 339.3 67.8 
S-5 77.4 12.7 385.61 80.39 
S-200 78.9 20.1 373.36 46.8 
S-3000 81.2 15.3 391.7 70.6  

Fig. 8. Comparison between the trends of dislocation density ρD, computed 
with PM2K from neutron diffraction data using the Wilkens model, the peak 
tensile stress σMax measured from the LCF tests, and Ashby’s plastic microstrain 
against εP against the number of elastoplastic (EP) cycles. 
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crystallographic directions parallel to the build direction being between 
the [110] and the [100] directions, with only a fraction of the grains 
orienting towards [111]. 

In Fig. 11 there are reported the distribution of grain boundary (GB) 
misorientation angles (left column) and the distribution of grains 
equivalent diameters Deq (right column), defined as the diameter of a 
circle with the same area of the grain. Also, the kernel average distri-
bution (KAD) curves are superimposed on each distribution to highlight 
the relevant underlying contributions. For both series, a common trend 
is visible, consisting of a gradual increase of the KAD intensity at low 
values of both GB misorientation angle and Deq, suggesting a partial and 
gradual grains fragmentation with increasing N. This grain fragmenta-
tion has been characterized more quantitatively by fitting the KAD 
curves of each specimen with a suitable number of Gaussian curves 
representing the main grain populations. The number of Gaussian con-
tributions used was deduced by the profile shape of the KAD curves in 
Fig. 11, right column. The complete fit results are reported in the Sup-
plementary Information, section S5, while the main information is re-
ported in Table 6. 

Based on the peak position of the best-fitting Gaussian contributions, 
grains populations were arbitrarily classified into small grains (SG), 
medium grains (MG), large grains (LG), and ultra-large grains (ULG), 
with a Deq of about 2 μm, 10 μm, 25 μm, and 70 μm respectively. While 
SG, MG, and LG populations were observed for all the specimens, ULG 
contribution was not detected on the S-AB maps. 

As shown in Table 6, the mean Deq. and relative abundance of each 
population are affected by the number of loading cycles. Concerning the 
grain size, the mean Deq of SG is increasing by almost 13%, after 5 cycles, 
then by a further 8% after 200 cycles. Such an increase in SG comes at 
the expense of larger grains. For MG, whose Deq. is reduced by about 

17% after 5 cycles, and then substantially stabilizes. The Deq. of LGs is 
decreasing by 12% after 5 cycles and then by a further 3% after 200 
cycles and another 3% after 3000 cycles. Eventually, the Deq. of ULG is 
decreasing by 7% between 5 and 200 cycles and by another 7% after 
3000 cycles. As for the relative abundancies, the fraction of the fitted SG 
contribution to the total KAD changes from 17 to 18% for the as-built 
and 5-times cycled specimens to about 27–28% for the specimens 
tested for 200-to-3000 cycles, with an average increase of about 40%. 
Correspondingly, the fraction of MG decreases from around 73% for the 
as-built specimen to 62-61% for S-5 and S-200, corresponding to a 16% 
reduction, and then to about 57% for S-3000, corresponding to a further 
decrease of about 7%. Also, while the fraction of ULG decreases from 
about 3% to 1% from S-5 and S-3000, the absence of a trend for LG 
abundancies with N could be due to the intrinsic differences amongst the 
specimens. 

3.3.2. GND analysis 
Local misorientations are quantified by the kernel average misori-

entation (KAM) [143] and are strictly correlated to the presence of GND. 
Fig. 12 shows the high-resolution IPF maps (panels A1-D1), the GND 
distribution maps (panels A2-D2), and the KAM maps of the same areas. 
The IPFs are referenced to the same IPF-Z as the low-resolution IPF maps 
reported in Fig. 10. By comparing panels A2 (specimen S-AB) with 
B2-D2 (specimens S-5, S-200, and S-3000), it emerges that the GND 
distribution is affected by the loading. While the majority of GND is 
accumulated at LAGBs and HAGBs in S-AB (Fig. 12 A1), for cycled 
specimens the density of intragranular GND is enhanced, and their 
spatial arrangement is also changed Fig. 12 A2-A4. 

The mechanically induced intragranular migration and rearrange-
ment of GND due to the activations of slip mechanisms lead to the for-
mation of organized dislocation structures [53] consisting of a network 
of low GND density regions 300–500 nm wide delimited by inter-
connected boundary walls of high GND density [23,143]. The KAM 
values of these high GND density walls are typically in the range of 1–2◦

[18,83]. These values of GNDs and KAM observed in Fig. 12 A2-D2 are in 
good agreement with the literature. Relatively large GND densities on 
the order of 1–5 1015 m− 2 are accumulated at the boundaries of these 
structures, surrounding low GND densities regions of about 1–3 1014 

m− 2. Interestingly, such structures are absent in the IPF map of S-AB, 
with high GND density regions occurring only at LAGBs. As discussed by 
Liu et al. [135], during plastic deformation dislocations located at grain 
boundaries are pumped from the boundaries towards the grains’ inte-
rior. In the present work, this effect is suggested by inspection of Fig. 12 
A2-D2, where intricate arrays of GND are developed within multiple 
grains, especially within grains with a crystallographic orientation 
tending or approximately parallel to the <100> direction (cf. the IPF-Z 
colour map in Figs. 10 and 12). Some further analysis of the GND dis-
tributions is reported in the Supplementary Information file, section S6. 

4. Discussion 

This study demonstrates how the microstructure of LPBF 316L steels 
undergoes significant changes during cyclic EP deformation when 
crossing the hardening-softening transition. In the following, an effort is 
made to establish correlations between certain microstructural analysis 
findings and the observed mechanical responses. 

4.1. Residual stress and cyclic mean stress 

Residual stresses in the as-built specimens are introduced by the 
thermal history of the LPBF process. The rapid elimination of RS within 
the first EP cycles (Fig. 4) can be explained by considering the effects of 
plastic deformation, as proved by the microstructural modifications 
detected by the textural changes and rearrangement of dislocation 
structures. At the grain-scale level, the periodic inversion of the defor-
mation direction and the reorganisation of dislocations into low-energy 

Fig. 9. Neutron diffraction pole figures for the four {hkl} reflections, the centre 
of the PF corresponding to the building direction; B): Texture coefficients 
calculated using Equation (2). 
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cellular configurations prevent the build-up of back stresses which is 
typically encountered during uniaxial tensile deformation owning to the 
pinning of dislocations at Mo and Cr segregated atoms within the 
cellular walls [132,144,145]. The poor back-stress accumulation is 
therefore not sufficient to compensate for the stress dissipation perpe-
trated through the plastic-strain effects, leading to the observed RS 
relaxation [71,146]. 

Contrarily to RS, the cyclic mean stress σMean changes slowly, with its 
absolute value decreasing linearly with log10N (Fig. 3 D). This slow 
change of σMean can be correlated with the change in back stress mag-
nitudes occurring during the cyclic EP deformation [53]. For the spec-
imen cycled until failure, the linear increase extended throughout the 
whole deformation, passing from compressive to tensile values (data not 
shown). This suggests that albeit the solidification-induced RS are 
removed in the early stages of the cyclic EP deformation, the compres-
sive internal stresses originated by other sources during the fabrication 
process are only gradually reduced, probably because of the concurrent 
accumulation of tensile stresses upon cycling. 

4.2. Evolution of dislocations arrangements and grain size 

Bahl et al. [87] clarified the dominant role of dislocations over grain 
size in determining the mechanical strength of LPBF 316L stainless steels 
under tensile tests, attributing this to the poor capabilities of LAGBs to 
provide sufficient hindrance to dislocation motion across grains. In the 

present study, any size hardening contribution delivered by grain 
refinement (Fig. 11 and Table 6) as predicted by the Hall-Petch rule is 
largely outperformed by the effects of dislocations rearrangement. The 
size-hardening effect is grounded on the piling-up of dislocations at 
misoriented grains or cell boundaries. Given that, a large fraction of 
grains are several microns in size (Fig. 11), and that the misorientation 
at the cells boundaries is about 2◦ (see EBSD maps of Fig. 12 A3-D3), 
size-hardening cannot compensate for the softening mediated by the 
partial depletion and reorganisation of dislocations. This is further 
supported by the WPPM analysis performed on the neutron diffraction 
data (Fig. 8), showing a clear correlation between dislocation density 
and peak stresses despite the very small variation in grain size distri-
bution. The organization of dislocations into cellular structures is visible 
in the GND maps in Fig. 12 A2-D2 and is probably the main mechanism 
of dislocation depletion which leads to the softening deformation stage. 

4.3. Effect of dislocation arrangements and texture 

The trends of total dislocation density and peak stresses (Fig. 8) can 
also be correlated with the PFs distributions (Fig. 9-A) and texture 
strength coefficients (Fig. 9 B). As discussed by Pham et al. [142], 
texture can result in specific crystallographic orientations (single or 
multiple peak-type texture) or multiple orientations within the specimen 
having an axial symmetry (fibre-type texture), the latter indicating a 
preferential growth angle to the normal, but lack of in-plane orientation. 

Fig. 10. EBSD inverse pole figure (IPF-Z) maps for A) as built, B) S-5, C) S-200, and D) S-3000 specimens. The colour key IPF map is reported on the top along with 
the reference specimen direction. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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According to Fig. 9 A, S-AB shows a peak-type texture with two domi-
nant peak components which are rotated by 90◦ to each other around 
the BD, and prone to form a (220)-fibre component. The corresponding 
PF distributions of S-5 show a much more pronounced angular sym-
metry around the BD, forming rings around the central axis. At the same 
time, the (220) crystallographic direction remains well aligned to the BD 
throughout the EP tests, confirming the establishment of a (220)-fibre 
texture. At this point in the EP deformation, the dislocations reach the 
highest density and start to form cellular structures. As the number of 
cycles increases, S-200 and S-3000, along with the progressive reduction 
of dislocation density and stabilization of the cellular arrangements, the 
fibre texture gradually returns to a peak-like pattern resembling that of 
the initial condition, S-AB. 

The interpretation of the observed texture evolution is not trivial. 
While the formation of axial texture within the first stages of the EP 
deformation is expected according to the axial symmetry of the plastic 
deformation, the reversion to the initial texture after 3000 EP cycles 
seems counterintuitive. One plausible explanation is based on some 

“texture memory” effect. During the first cycles, the mechanically 
induced enhancement of dislocations results in the enhancement of 
maximum stresses (i.e., the hardening) and the establishment of a fibre- 
type texture. This higher texture uniformity facilitates the motion and 
reorganisation of dislocations into cellular structures with a high num-
ber of LAGBs, which facilitate the reabsorption of dislocations and the 
following mechanical softening. Later in the deformation process, the 
exposure to multiple EP cycles is probably responsible for the suppres-
sion of certain angular orientations around the specimen axis, while 
other components are retained or even strengthened, resulting in the 
restoration of the peak-like texture at the expense of the fibre texture. 

Alternatively, the unexpected texture shown by S-3000 could be 
attributed to inconsistencies in individual sample printing processes. In 
this regard, preliminary Neutron Tomography investigations performed 
on cycled specimens revealed the presence of small porosities (≈1% 
volume, data not reported) in all specimens. It is then possible that with 
increasing N, inherent defects introduced during the printing process 
might have served as local stress concentrators, facilitating the 

Fig. 11. (Left) distribution of misorientation angle at grain boundaries (GB) with the evidenced threshold between LAGBs and HAGBs and (Right): distribution of 
grain equivalent diameter versus the number of EP cycles. 

Table 6 
Fitted values of equivalent diameter (Deq) and fraction for the populations of small grains (SG), medium grains (MG), large 
grains (LG), and ultra-large grains (ULG). 

M. Beltrami et al.                                                                                                                                                                                                                               



Materials Science & Engineering A 898 (2024) 146416

12

development of defect structures such as cracks and voids [46,147]. In 
this framework, a higher initial porosity in S-3000 might have promoted 
the development of more defect structures, enabling it to accommodate 
non-plastic straining without altering its texture, while still exhibiting 
RS relaxation. This might also explain the low GND density observed via 
EBSD, and the low total dislocation density computed via ND analysis. 
However, although the development of such defect structures could 

account for the continuous decline of Ecycle observed in Fig. 3 D, one 
might expect a faster decline of the Ecycle for S-3000 if it hosted a larger 
number of these defects, due to the smaller resistant section. Contrary to 
this expectation, the reduction rate of Ecycle with N for the S-3000 is 
comparable to that of the other specimens (Fig. 3 D). Therefore, this 
observation challenges the assumption of a significantly larger volume 
of defects in that specific specimen. 

Fig. 12. IPF maps (panels A1-D1) and the corresponding GND density (panels A2-D2) and KAM (panels A3-D3) maps computed with MTEX. The colour-key of the 
IPF maps is referred to the same configuration used in Fig. 10. The scale bar in panels A2-D2 is the same for all other panels. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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As a final remark, accounting for the presence and development of 
defect structures can help explain the lack of correlation between texture 
and stiffness evolutions. As shown in Fig. 9 B, the change in the type of 
texture (from peak to fibre) causes a decrease in the texture coefficient 
JODF, indicating a higher degree of crystallographic coherence. While 
such a change in JODF may influence the macroscopic stiffness Ecycle due 
to mechanical anisotropy in polycrystals, this study did not identify 
significant correlations between the two. By increasing N, Ecycle is 
decreasing monotonically while JODF is first decreasing during the 
hardening and then increasing during the softening. This lack of corre-
lation can be explained by the small variation in texture coefficient. As 
discussed by Kamaya [148], macroscopic stiffness can be regarded as the 
volume average of the single-crystal elastic constants of polycrystalline 
materials along the direction of applied stress. While the large change of 
texture, i.e., of the relative amounts of crystallographic orientations, is 
expected to yield large variations in macroscopic stiffness, in this work 
such texture difference is small. Therefore, for the specimens tested in 
this work, it is possible that the formation of microporosities and cracks 
was more determinant for the continuous decay of Ecycle. 

5. Conclusions 

In this study, the effects of cyclic EP deformation on the micro-
structural characteristics and macroscale residual stress evolution of 
LPBF AISI 316L stainless steel were studied as a function of the number 
of deformation cycles, using neutron diffraction methods and EBSD. The 
cyclic EP response showed the bimodal hardening-softening behaviour 
typical for LPBF austenitic SS, with the hardening-softening transition 
being the focus of the present investigation. Our results suggest that the 
density and arrangement of dislocations are the primary microstructural 
parameters influencing the plastic resistance of LPBF SS under cyclic EP 
loading. Notably, we observed a seamless agreement between the trend 
of dislocation density and peak stresses, suggesting a close correlation 
between the two phenomena. Concerning the RS, these vanished within 
a few cycles in the hardening region, implying a minor contribution to 
the overall fatigue life. However, RS might still play a role in deter-
mining the onset of the H–S transition. Therefore, excessive emphasis on 
RS control when designing LPBF processes for applications involving EP 
deformations (e.g., LCF regime), might be unnecessary. Instead, strict 
control over dislocation populations and texture attributes appears to be 
more significant, especially considering the present condition of low 
initial RS (<100 MPa) built up because of specific LPBF process pa-
rameters, while it cannot be excluded that higher initial RS values 
introduced by different process conditions might, in principle, evolve 
differently. 

The specimens’ texture reflected the microstructural changes 
occurring throughout the investigated deformation regime. Dislocations 
rearrangement and grain refinement mechanisms, along with promoting 
RS dissipation, were also responsible for establishing the fibre-like 
texture during the initial EP cycles. With cumulating cycles, although 
no remarkable further developments in dislocation rearrangement or 
grain refinement were detected, the increasing number of low-value 
HAGBs suggested a persistent modification of the microstructure. This 
was reflected in the loss of the fibre-like texture and recovery of a peak- 
like texture. It has been highlighted how the mechanically induced 
microstructural modifications had a feedback effect on the mechanical 
response. The hardening region occurred due to grain refinement, the 
formation of dislocation sub-structures, and an increase in the total 
dislocation density. Then, across the H–S transition, the initial rotation 
of grains yielded the fibre-like texture, facilitating the movement of 
dislocations along the specimen axis and their depletion at grain 
boundaries, resulting in lower resistance to plastic deformation during 
the softening phase. 

In conclusion, starting from the results of the present study, further 
research could focus on improving the understanding of local damaging 
mechanisms of LPBF 316L stainless steel, considering representative 

micro-structures such as dislocation structures. For instance, these re-
sults provide a basis for a follow-up study in which 3D microstructural 
changes during cyclic EP deformation can be used to model the fatigue 
behaviour within a Crystal Plasticity framework, aiming at refining and 
customizing LPBF processes to meet specific application requirements. 
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