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Experimental Assessment and Micromechanical Modeling
of Additively Manufactured Austenitic Steels under Cyclic

Loading

Mahdieh Shahmardani, Ruslan Logvinov, Tomds$ Babinsky, Stefan Guth,
Shubhadip Paul, Abhishek Biswas, Napat Vajragupta, and Alexander Hartmaier*

The present work deals with the cyclic deformation behavior of additively man-
ufactured austenitic stainless steel 316L. Since fatigue experiments are complex
and time-consuming, it is important to develop accurate numerical models to
predict cyclic plastic deformation and extrapolate the limited experimental results
into a wider range of conditions, considering also the microstructures obtained by
additive manufacturing. Herein, specimens of 316L steel are produced by powder
bed fusion of metals with laser beams (PBF-LB/M) with different parameters, and
cyclic strain tests are performed to assess their deformation behavior under cyclic
loads at room temperature. Additionally, a micromechanical model is set up, based
on representative volume elements (RVE) mimicking the microstructure of the
experimentally tested material that is characterized by electron backscatter dif-
fraction (EBSD) analysis. With the help of these RVEs, the deformation-dependent
internal stresses within the microstructure can be simulated in a realistic manner.
The additively manufactured specimens are produced with their loading axis either
parallel or perpendicular to the building direction, and the resulting anisotropic
behavior under cyclic straining is investigated. Results highlight significant effects
of specimen orientation and crystallographic texture and only a minor influence of

components with complex geometry.!"

Specifically for the powder bed fusion
(PBF) process, a metallic powder is first
spread on the build platform using diverse
coater mechanisms, and an energy source
melts it according to the input provided by
the computer-aided design model of the part
to be produced. The process continues with
successive spreading and melting of powder
layers until the desired component is man-
ufactured. PBF processes include melting
with laser beams and electron beams.”)
Repeated reheating and re-cooling processes
of the previous molten and solidified layers
lead to a complex thermal process drastically
affecting the microstructure of AM compo-
nents, typically ranging from large colum-
nar to small equiaxed grains.!

A vast majority of premature failures of
mechanical components occurs due to
fatigue. Even though high cycle fatigue is

grain shape on cyclic behavior.

1. Introduction

Additive manufacturing (AM) of metallic components has
emerged as a promising technique for manufacturing large

mostly the limit state due to relatively small
imposed stresses below the yield limit of
the material, low cycle fatigue and related
mechanisms come into question once the
yield limit is exceeded, which might occur due to start-up and
shut-down operations in thermal engines, for example, in energy
conversion. Since low-cycle-fatigue experiments are complex and
expensive, many studies have focused on modeling the fatigue
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behavior and on attempting to determine the properties to
describe the fatigue behavior.*"® To investigate the influence
of microstructural texture, loading direction, temperature, and
other factors, precise numerical modeling is necessary. This
becomes even more important in the case of AM materials with
their unique microstructure having arisen due to the complex
thermal history. Hence, a powerful computational tool is needed
to predict the mechanical behavior of metals produced by AM
techniques with complex microstructures. Micromechanical
modeling has proven to be a suitable computational approach
for predicting the macroscopic mechanical behavior, taking into
account the material microstructure properties.” ' To accu-
rately describe the mechanical behavior of AM materials by
numerical simulations, synthetic representative volume ele-
ments (RVEs) were generated in a way that they are statistically
equivalent to the experimentally observed microstructure and are
also computationally efficient."!

Furthermore, micromechanical modeling can improve our
understanding of the microstructure—property relationships of
crystalline materials,>**! which is the basis for a systematic
improvement in fatigue properties. In one study, the interactions
between the microstructure and the dissipative deformation
mechanisms of steel were exploited to optimize the microstruc-
ture.l' The authors proposed a micromechanical model to find
the relation between microstructure properties and dissipative
mechanisms related to deformation. Results showed that dissi-
pation is insensitive to grain size but mostly affected by grain size
distribution and grain orientation. In another study, the mechan-
ical behavior of transformation induced plasticity (TRIP) steel
under cyclic loading was investigated and it was found that
the martensite phase affects the cyclic deformation behavior.!"”!
The authors proposed a constitutive model including kinematic
hardening, which could predict the cyclic behavior taking into
account the phase transformation occurring in the microstruc-
ture of the TRIP steel. The influence of dual-phase (DP) steel
under cyclic loading was studied numerically and validated by
experimental data.’® A micromechanical model was developed
considering microstructure features and a dislocation density-
based hardening model for each phase. This model was used
to describe the low-cycle-fatigue behavior of DP steel. Results
were found in good agreement with experimental data in terms
of stress—strain hysteresis loops.

Even for more complex loading situations, studies showed that
micromechanical modeling can successfully assess the influence
of multiaxial nonproportional loading paths.'”~**! The effect of
different loading paths on mean stress and fatigue lives was eval-
uated by micromechanical studies on polycrystalline materials
under low-cycle-fatigue loading.*® These authors developed an
RVE model, considering the orientation of each grain, and pro-
posed an inelastic damage model to simulate polycrystalline
material behavior. The model predicted fatigue lives and the
occurrence of microheterogeneities in the RVE due to damage
under different cyclic loading directions. The influence of a non-
proportional loading history on 316L steel under cyclic loading
was studied numerically in ref. [21] where the authors proposed
a viscoplastic constitutive model, including the Ohno-Wang
kinematic relation and a Marquis isotropic hardening rule. The
numerical model could predict the hardening behavior under
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cyclic loading in good agreement with experimental results,
but it was less successful in simulating the softening effect.

It is the aim of the present study to investigate the influence of
material texture, grain morphology, and loading direction on the
low-cycle-fatigue behavior of 316L steel manufactured by powder
bed fusion of metals with laser beams (PBF-LB/M) and to imple-
ment and parameterize a suited crystal plasticity model that
results in a satisfying agreement between the micromechanical
modeling and the experimental data for all given microstructural
states. To accomplish this, 316L specimens were additively man-
ufactured by PBF-LB/M with different orientations of the loading
axis to the building plane. The mechanical properties of these
specimens are assessed in strain-controlled fatigue experiments
and the microstructure and crystallographic texture is character-
ized by means of electron backscatter diffraction (EBSD). In a
further step, a micromechanical model including a representa-
tion of the true microstructure and a crystal plasticity-based
constitutive law are implemented and applied to simulate the
material behavior under cyclic loading with material parameters
determined in an inverse procedure in previous work.*

2. Material Preparation, Testing, and
Microstructure Analysis

The specimens of 316L steel were produced by PBF-LB/M with
standard parameters from SLM-Solutions for layer thicknesses
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Figure 1. a) Additively manufactured specimens on their building plates.
Specimen types A and B were manufactured with the loading axis along the
building direction, whereas for specimen types C and D the loading axis
lies in the building plane. b) Technical drawing of test specimen geometry
manufactured from the cylindrical shapes.
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of 30pm (A- und C-type) and 50 pm (B- und D-type) on an
SLM280HL device. As shown in Figure 1, types A and B were pro-
duced with the loading axis along the building direction, whereas
for types C and D, the loading axis is lying in the building plane.
After the manufacturing process, the specimens were heat treated
for 2h at 600 °C on the building plate to relieve the stresses and,
finally, all specimens were separated from the building plate.

For the cyclic strain tests, solid round specimens with a gauge
length of 10 mm and a gauge length diameter of 5 mm were
machined from the additively manufactured raw bars. The tests
were performed on a computer-controlled servo-electric Zwick
testing machine with a 50 kN load cell. The strain was measured
using a capacitive extensometer with 10 mm gauge length, which
was attached to the specimens by alumina rods. For all tests, the
strain course had a sawtooth shape going 60 s into compression
and 30 s into tension, that is, the initial loading was compressive.
A strain amplitude of 0.5% was applied during testing, and the
tests were stopped after 5000 cycles. For all tested specimens the
loading did not produce a macroscopic crack; hence, the fatigue
lifetime was not determined. The cyclic straining was uniaxial
and fully reversed (R, =-1). All tests were conducted at room
temperature in laboratory air.

A microstructural analysis of the material was performed with
scanning electron microscopy with an electron back scatter detec-
tor yielding the grain morphology and the crystallographic texture.
To accomplish this, the samples for microscopic analysis have
been cut from the shoulders of the tested specimens, that is, from
regions that have neither been exposed to thermal nor to mechani-
cal loads. After cutting, the samples have first been mechanically
polished and subsequently electropolished. The EBSD analysis
was performed with a scanning electron microscope (SEM) of type
FEI Quanta FEG 650 equipped with an EBSD detector of type
EDAX Ametek Hikari. Data were collected with an acceleration
voltage of 20kV and a step size of 0.5 pm. Since the grain shapes
are significantly elongated, for each specimen two directions were
analyzed: 1) the top view of the specimen, that is, the plane normal
to the testing direction, and 2) the side view of the specimen, trans-
versal to the testing direction. Note that for specimen types A and
B, the loading axis matches the build direction, whereas these axes
are normal to each other for types C and D. The statistical infor-
mation about grain size, grain shape, and orientation of the major
axis was obtained for the microstructure of each specimen, form-
ing the basis for the generation of micromechanical models, as
described in the next section.

As seen in the EBSD micrographs shown in Figure 2-5, the
microstructure of all batches exhibits a strong directionality,
where the grains are significantly elongated with typical aspect
ratios around 2:1 but reaching values of 5:1 and higher for some
grains. The major axis of the grains is roughly oriented into the
building direction; however, the standard deviation of the orien-
tation angle is rather large and amounts to 35° or more in some
cases. When viewed along the building direction, the grains
exhibit a rather equiaxed shape, but some of them appear to
be half-moon shaped or even annular, which is explained by
shadowing effects of smaller grains lying on top of larger ones,
as seen from the view transversal to the building direction.
Furthermore, in both views, the scanning direction of the laser
beam during the additive manufacturing process produces
visible traces in the microstructure.
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Another common feature of all tested batches, except for the
specimen of type D, is a significant <110> texture along the
building direction. For samples A, B, C, the texture index lies
around 2.7, whereas for sample D it is only 2.0. The texture
of the EBSD maps was analyzed with the MTEX toolbox available
for commercial software MATLAB.**! For the automated detec-
tion of grain boundaries, the threshold value for the misorienta-
tion was set to 5°. Furthermore, features with less than 4 pixels
have not been taken into account, to compensate the influence of
noise and individual pixels that are not properly indexed.

In Figure 2, the microstructure of a specimen of type A is
shown in form of EBSD maps. The analysis module of the
MTEX toolbox has been applied to assign an ellipsis to each iden-
tified grain from which the equivalent diameter, aspect ratio, and
orientation of the major axis are obtained; see Appendix A,
Supporting Information, for an example of this analysis.
Furthermore, the grain orientations are quantified via pole fig-
ures of the orientation distribution function (ODF) of the mea-
sured grain orientations. The microstructure is analyzed as
viewed along the building direction, corresponding to the loading
direction for specimens of type A and B, and also along the trans-
verse direction. In the latter view, the elongation of the grains is
well visible. A common feature of both views is that the grains
appear to be staggered on top of each other, which produces very
small features in the EBSD map. Hence, the analysis of the
equivalent diameter of the grains, defined as the diameter of
the circle, which has the same area as the ellipses assigned to
each grain in the EBSD map, produces a rather broad log-normal
distribution with a shape parameter of 7.9 pm, which can be con-
sidered as the average feature size and consequently a character-
istic length scale of the microstructure. This length scale is
important for the generation of a numerical microstructure
model and will be further analyzed in the next section.

In Figure 3, a specimen of type B is characterized, which is
also standing on the building plate, that is, the building direction
corresponds to the loading axis. Compared with specimens
of type A, the layer thickness has been increased from 30 to
50 pm during the additive manufacturing process. A visual
inspection of the micrographs, in particular those of the side
views, reveals that the microstructure is somewhat more regular.
However, there is still a lot of small features present, and the
length scale found in the distribution of equivalent diameters
of all grain amounts to 13.3 pm. Thus, it can be said that the
increase in the layer thickness of a factor 1.67 in the additive
manufacturing of batches of type A and B is mirrored in the
length scales of the resulting microstructures, which differs
by a factor of 1.65.

In Figure 4, the microstructure of a specimen of type C is char-
acterized, which is lying in the building plane of the PBF process,
such that the loading axis in the mechanical tests is normal to the
building direction. Consequently, the microstructure character-
istics between type C specimens are exchanged with those of type
A and B specimens. The layer thickness during the manufactur-
ing of these specimens was 30 um, and the resulting microstruc-
tural length scale is 7.1 pm, matching that of specimen type A,
which has been built with the same layer thickness. Also, the
<110> texture in the crystallographic orientation of grains is
comparable between these specimen types.

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 2. Microstructure details of specimen A, EBSD map from a) top view, that is, along loading axis and building direction (BD), b) side view;
corresponding ODF pole figures from c) top view and d) side view of specimen. In this work, the inverse pole figure key given in subfigure (a) is
the same for all EBSD maps presented, and for all ODF plotted, the individual pole figures represent the [100], [110], and [111] axis from left to right.

Figure 3. Microstructure details of specimen B, EBSD map from a) top view and b) side view, corresponding ODF pole figures from c) top view and
d) side view of specimen. Figure annotations are the same as in Figure 2.
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Figure 4. Microstructure details of specimen C, EBSD map from a) top view and b) side view, corresponding ODF pole figures from c) top view and
d) side view of specimen. Figure annotations are the same as in Figure 2.
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Figure 5. Microstructure detail of specimen D, EBSD map from a) top view and b) side view, corresponding ODF pole figures from c) top view and d) side
view of specimen. Figure annotations are the same as in Figure 2.
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The microstructure of the specimen of type D, as visualized in

Figure 5, reveals qualitatively the same trends as the other speci-
Figure 6. RVE generated for a) sample A with 96 grains, b) sample B (88 grains), c) sample C (100 grains), and d) sample D (95 grains) based on the

mens; however, its texture is somewhat less pronounced. The
EBSD analysis of additively manufactured specimens.

microstructural length scale amounts to 9.3 pm, being somewhat
smaller than that of specimen B, produced with the same layer
thickness, but still significantly larger than in specimens A and
C, produced with a smaller layer thickness. It is noted that the
identification of the building direction from the tested specimen
characterized here bears some uncertainty. As the tested speci-
men (D1) has been extracted from the edge of the building plate,
another untested sample from the center of the building plate
(D15) has been analyzed microscopically. As shown in the
To obtain the numerical response of the austenitic steel under
cyclic loading, micromechanical models were developed, taking
into account microstructure properties obtained from EBSD

results, shown in Appendix B, Supporting Information

www.advancedsciencenews.com

B, and C presented above. Hence
3. Numerical Modeling
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Figure 7. Microstructure properties of batch A used for the generation of its RVE based on the EBSD analysis, histograms of a) equivalent diameters of
grains, b) aspect ratios of grains, and c) ODF of the 96 grain orientations represented in the RVE.

grains still represents the crystallographic texture and the result-
ing macroscopic properties in a good way, by virtue of an opti-
mized generation of grain orientations, as discussed in ref. [26].
Later on, it will be seen that there is a significant difference in the
mechanical response between RVEs with a random texture and
the realistic texture found in experiment. All RVEs were gener-
ated such that the grain structures are periodic with respect to the
simulation box. This is necessary, because the loads during the
mechanical simulations were applied in form of periodic bound-
ary conditions. Please note that the building direction for all
RVEs corresponds to the x-axis such that the experimental load-
ing axis for specimens of type A and B also is the x-axis, whereas
for types C and D it is the z-axis.

In Figure 7a, the statistical distribution of equivalent diame-
ters of the 3D grains in the RVE is compared with that of the
grains identified on the EBSD map of sample A. It is seen that
the distribution of equivalent diameters obtained from experi-
ment follows a log-normal distribution, which had been used
to quantify a length scale parameter for the different microstruc-
tures before. It is noted here that it is prohibitive to reconstruct
the full range of equivalent diameters found in experiment
within the RVE because the resolution or voxel size is deter-
mined by the smallest features that need to be represented,
whereas the size of the RVE, or the total number of voxels, is
determined by the largest features that are to be included. In this
work, we decided to reproduce the most frequent microstructural

Adv. Eng. Mater. 2023, 2300103 2300103 (7 of 15)

features in a representative way, but to cut off large features in
order to keep the total size of the models in a range where it still
can be handled efficiently within a finite element model, which
corresponds to a cube of side length 30 pm for all RVEs covered
here. This choice of the model dimensions is based on previous
work, where the different factors influencing the macroscopic
mechanical response of the model have been analyzed in
detail.*”! Since we applied a local crystal plasticity model in
the finite-element simulations, the length scale itself has no
influence, but the arrangement and the neighborhoods of grains
influence the macroscopic behavior of the model.

In Figure 7b, the statistical analysis of the grain aspect ratios is
presented, again in comparison to the experimental values deter-
mined from the EBSD map of sample A and the values of the
grains represented in the 3D RVE. It can be seen that the distri-
bution of the aspect ratios follows a log-normal distribution,
which is approximated by the grains in the RVE.

Finally, Figure 7c provides the ODF pole figure of the crystal-
lographic orientations of the 96 grains in the RVE. It matches the
experimental ODF obtained for a much larger number of grains
with a very good accuracy, see Figure 2d. This accurate descrip-
tion of the texture by a reduced set of grain orientations is
achieved by applying the method described in ref. [26]. This
method not only reproduces the ODF with a high accuracy
but also considers the misorientation distribution of neighboring
grains in a realistic way. Hence, it can be said that the RVE of
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batch A matches the experimental microstructure in a statistical
sense. The detailed statistical analyses for batches B, C, and D are
rather similar and given in Appendix C, Supporting Information,
for completeness.

A finite-element model was implemented with 8-node brick
elements (C3D8) matching the voxels of the RVE and consisted
of 27 000 elements. Periodic boundary conditions were applied to
four reference nodes as visualized in Figure 8 to assess the mac-
roscopic mechanical response of the generated RVEs. The impor-
tant feature of periodic boundary conditions is that the degrees of
freedom of nodes from one side of the model are coupled to their
counterparts on the opposite side. Hence, the deformation states
in the numerical model were applied to the reference nodes, and
the other boundary nodes followed their kinetics.

Symmetric cyclic tensile—compressive displacement boundary
conditions with R= -1 were applied to load the finite element
model under strain-controlled conditions with an amplitude of
0.5%. The loading kinetics of the finite-element model matched
those of the experimental tests.

3.2. Crystal Plasticity Model

In the finite-element model, the material behavior was imple-
mented as a user-defined material (UMAT) subroutine in
ABAQUS 2016.%¥ The elastic behavior was described by aniso-
tropic elastic constants and a phenomenological local crystal plas-
ticity model was used to determine the plastic cyclic response of
the austenitic steel. It is worth noting that the grain size in speci-
mens B and D was larger than in specimens A and C but their
mechanical responses under cyclic loading from the performed
experimental tests were very similar. As seen in Figure 9, there
was no significant difference in the cyclic response of the pairs A
and B (with different grains sizes but their loading axis parallel to
the building direction) and C and D (loading axis normal to build-
ing direction). Since, in contrast, the influence of the orientation
of loading axis with respect to the building direction is seen to
have a significant influence on the mechanical response, the
effect of the grain size was neglected in the present analysis
and a local crystal plasticity model was used such that the focus
of this investigation lies on the analysis of the relation between
texture and mechanical behavior.

www.aem-journal.com
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Figure 9. Experimental cyclic hardening/softening curves of PBF-LB/M
316L steel, cycled at room temperature at a total strain amplitude
e,=0.5% in the representation of maximum and minimum stress versus
number of cycles.

The used crystal plasticity model has been described in more
detail in ref. [8] and is only briefly summarized here. With the
assumption of finite strain deformation and based on the multi-
plicative decomposition of the deformation gradient F into elastic
F¢ and plastic FP components, as

F = F°FP (1)

in the intermediate configuration, it was assumed that for aus-
tenitic steel with face-centered-cubic (FCC) crystal structure,
plastic deformation occurs only due to dislocation slip on the
12 < 110>{111} crystallographic slip systems. Hence, the plastic
velocity gradient LP was obtained by the superposition of crystal-
lographic slips on the different slip systems a via

Naip

= PRi= pde g @)

a=1

Jbridging approach

Figure 8. Finite-element model together with applied periodic boundary conditions.

Adv. Eng. Mater. 2023, 2300103 2300103 (8 of 15)

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

85U8017 SUOWWIOD A1) 9]qei[dde sy A peusenob aJe Sapie YO oSN Jo SNl Joj AeIq1T 8UIUO AB]IM UO (SUONIPUOI-PUE-SLLIBY/LICD" A3 1M AleIq 1 pul|Uo//SNY) SUONIPUOD pue SIS 1 ay) 88 *[£202/L0/TT] Uo Ariqiauliuo Ae|im ‘aiBojouys 1“4 1suj Jeynisiiedt Ag E0T00EZ0Z Wepe/zZ00T OT/I0p/Wod A Im Aelqijpuljuo//Sdiy Woj pepeoiumoqd ‘0 ‘8v9z.2ST


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

ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

where d* and n” represent the unit vectors in slip direction and
normal to the slip plane in intermediate configuration, respec-
tively. The dyadic product (®) defines the Schmid tensor for slip
system a. The elastic finite strain measure E® was derived using
the definition of the Green—Lagrange strain tensor

E¢ = (FTFe —1I) G)

N =

Then, in the intermediate configuration, the second Piola—
Kirchhoff stress S was calculated based on the elastic finite strain
and stiffness tensor as

S=C:F “)

where C represents the fourth-order elasticity tensor. With the
assumption of only small elastic strain for the metallic materials,
the resolved shear stress on each slip system was approximately
obtained by

7~ §:(d° ® n%). 5)

Hence, the flow rule during plastic deformation was governed
by

i =inesp( - )

where the Arrhenius term with the activation energy Q, gas con-
stant R, and temperature T considers thermal effects in the flow
rule. It is worth noting that all numerical analyses in this study
were done at room temperature although the model was param-
eterized for a rather wide temperature range. The prefactor y,
represents a reference shear rate; y and ¥, are resolved back

P

" (e _
b sign (e — y4) (6)

Qa
Tc0

stress and the critical resolved shear stress of each slip system
a. The evolution of the back stress, which describes the kinematic
hardening behavior of the material under cyclic loading, was cal-
culated based on the proposed Ohno-Wang relation®” as

. e\
1 =Ar" =Bl = | 13l (7)

B

where A and B are fitting parameters, and the exponent M con-
trols the dynamic recovery term under cyclic loading. The func-
tionality of M is activated once the ratio A/ B reaches a saturation
level.

The experimental cyclic tests of 316L reveal a rather small
amount of cyclic softening in their stress amplitude with respect
to the number of cycles, as visualized in Figure 9. The difference
of stress amplitude at 100 cycles and 2000 cycles is about —10%.
Therefore, in the current study, the cyclic behavior is solely
described by the kinematic hardening during cyclic plasticity
deformation and the isotropic softening is neglected in the flow
rule. As a consequence, the stress—strain hysteresis obtained
from the finite-element simulations does not show any depen-
dence on the cycle number. Note that C and D batches (90° incli-
nation of specimen/loading axis to building direction) exhibit
higher stresses than A and B batches (0° inclination). This dif-
ference in the stress amplitude caused by the sample orientation
with respect to the building direction is considerably larger than

Adv. Eng. Mater. 2023, 2300103 2300103 (9 of 15)
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Table 1. Elastic and constitutive material parameters for 316L steel at
room temperature.

Parameter Value
¢ [GPa) 256.5
c1, [GPa) 111.1
ca4 [GPa 72.7
o Is 0.001
Q [k} mol ") 200
R mol 'K 8.314
T [K] 294.15
25 [MPa]? 170
pr [P 1250
A [MPa]?Z 5000
B []*% 100
M [ 10

the difference caused by the larger layer thickness/grain size
between the batches A and B and also for batches C and D.

The anisotropic elastic constants for the single-crystalline
material within each grain were obtained based on the
Young’s modulus estimated from the experimental tests and
the proposed relation between anisotropic elastic constants
and the Young’s modulus in ref. [30]. The plastic and kinematic
hardening parameters defined in Equation (6) and (7) are cali-
brated in previous work!?? by an inverse analysis using experi-
mental data of sample A for two different strain amplitudes
and in a wide temperature range between room temperature
and 750 °C. Even if in the present work the constitutive model
was applied only for room-temperature simulations for one
strain amplitude, the parameters were not changed. All param-
eters in the flow rule are listed in Table 1.

4. Comparison between Numerical and
Experimental Results

Figure 10 visualizes the cyclic deformation behavior of the pre-
pared samples based on the experimental tests and the developed
numerical model. As already seen in Figure 9, the differences in
the mechanical behavior of the different batches are rather
small, but the stress amplitudes reached for samples A and B,
loaded in building direction, are somewhat lower than for samples
Cand D, loaded normal to the building direction. Figure 10a com-
pares the cyclic response of samples A and B more closely and
reveals that sample A with the smaller grain size reaches slightly
higher stress levels during the strain-controlled cyclic loading. As
shown in Figure 2 and 3, the crystallographic texture of samples A
and B is comparable, with a slightly more pronounced <110>
texture for sample A such that the higher stress amplitude for
sample A is mostly attributed to the grain size effect.

The results of the micromechanical model show a generally
good agreement with the experimental hysteresis curves with
the largest discrepancies occurring in the transition regions
between elastic and plastic material response. Here, the
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Figure 10. Comparison of stress—strain hysteresis loops between numerical results and experimental data for a) samples A and B and b) samples C
and D.
experimental results indicate a significantly stronger Figure 10b compares the cyclic response of samples C and D

Bauschinger effect and a reversal of the plastic deformation even
slightly before the stress changes its sign during cycling, whereas
the numerical results follow the elastic slope up to higher
stresses before the transition to plastic yielding occurs. It is noted
here again that the constitutive parameters for the crystal plastic-
ity model were fit to match the cyclic plasticity of sample A in a
wide temperature range and that the main focus of the fitting was
to match the stress amplitudes for different applied strain
cycles.”? Furthermore, in the present work, a local crystal plas-
ticity model was applied in which length scales are not consid-
ered explicitly such that grain size effects are not captured
by the model. Consequently, the numerical results reflect mostly
the influence of crystallographic texture, grain morphology, and
grain arrangement in the RVE. Since both factors are similar for
samples A and B, the mechanical response in the model results is
very similar as well. However, the stress amplitude of sample B is
insignificantly higher, possibly due to the less pronounced tex-
ture in that sample, as will be discussed later.

Adv. Eng. Mater. 2023, 2300103 2300103 (10 of 15)

based on the experimental tests. Again, it is seen that sample C
with the smaller grain size reveals a slightly larger stress amplitude
than sample D, although this effect is even less pronounced than
that for the pair A/B. Similar to that pair, it is found again that the
largest errors in the simulated stress—strain response occur in
the transition between elastic and plastic material response.
The stress amplitudes are predicted rather accurately by the model.
Furthermore, when quantitatively comparing the behavior of the
samples with the different orientations between building direction
and loading axis, it is seen that the model correctly predicts that
samples C and D are slightly stronger than samples A and B,
reflected in somewhat lower stress amplitudes for the latter pair.
The experimental results, furthermore, exhibit a slight difference
in the work hardening behavior between pairs A/B and C/D,
respectively, where the hardening behavior of the former pair is
parabolic, whereas the latter pair shows initially a rather linear
hardening behavior followed by an abrupt transition into an almost
ideal plastic regime, where the stress remains rather constant.
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5. The Origin of Plastic Anisotropy

As seen in the previous section, the material behavior between
the differently oriented sample pairs A/B and C/D was slightly
but significantly different. In this section, the origin of this
plastic anisotropy in the additively manufactured samples is
investigated. In general, anisotropy in the mechanical behavior
of a material can be attributed to different factors, as crystallo-
graphic texture, grain aspect ratio, pore aspect ratio, etc. In
Prasad et al.’s study,’" it has been shown that the anisotropy
caused Dby elongated pores is rather insignificant for realistic
porosities of an additively manufactured material. Only for pore
volume fractions larger than 2% this would create a noticeable
anisotropic material response. Hence, this influence is excluded
here, and this work focusses solely on the influence of grain
shape and texture on anisotropic mechanical behavior.

To accomplish this, the cyclic response of the RVE, mimicking
the microstructure and crystallographic texture of sample A, was
simulated along three loading directions (x-, y-, and z-axis).
Referring to Figure 6 and 7, it is pointed out that the x-axis of
the RVE reflects the building direction of the experimental

www.aem-journal.com

sample with respect to both the orientation of the elongated
grains and the axis of crystallographic texture. The numerical
results visualized in Figure 11a indicate that the building direc-
tion is the softest direction, where the difference in stress ampli-
tude compared to the two other directions amounts to a value of
about 3%. Hence, the plastic anisotropy is visible but not very
pronounced.

To cross-validate this result, the cyclic stress—strain response
of the same microstructure morphology of RVE-type A, that is,
with the same grain geometries in the finite-element model, as in
Figure 6a, was also investigated after assigning different crystal-
lographic orientations to the grains, this time reflecting a random
texture generated by the software toolbox MTEX.**! Figure 11b
represents the results obtained for this RVE with a random tex-
ture loaded along different directions. It is evident that the
mechanical response is rather isotropic, as all stress—strain
curves are overlapping.

This result implies that the crystallographic texture has a
much more significant influence on the macroscopic mechanical
response of a material than the grain shape, at least for moderate
aspect ratios of the elongated grains; similar to the results

(a)e00
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400 - —reduced-loading along z
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o

-200+ 1
-400 1
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Figure 11. Stress—strain hysteresis loops for three orthogonal loading directions considering elongated grain shapes based on EBSD analysis of sample
A, see Figure 6a, a) with a reduced texture, mimicking the real texture with 96 grain orientations, and b) a random texture.
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reported in ref. [27]. In experimental studies of cold-rolled sheet
metal of 316L at room temperature, it was also reported that
grains oriented in the crystallographic <110> direction behave
in a softer way than grains in <111> or <100> orientation.?*?

To further verify these findings, an RVE with 96 equiaxed,
instead of elongated, grains was created, see Figure 12a, and sim-
ulated with same sets of crystallographic orientations for the
grains as before, that is, mimicking the experimental texture
and a random texture. Itis seen in Figure 12b that for the realistic
texture, described by the reduced set of 96 grain orientations, the
same anisotropic behavior as for elongated grains is visible and
still loading along the x-axis leads to the softest response

(a)
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although the grain geometries do not single out any orientation
in this case. The simulation results obtained for the random tex-
ture shown in Figure 12c, in contrast, reveal that all loading axes
lead to a similar mechanical behavior, resulting in an isotropic
response of the equiaxed microstructure, as observed before for
the RVE with elongated grains in Figure 11b.

6. Analysis Stress and Strain within the
Microstructure

The previous sections of this work only considered the macro-
scopic response of the different RVE to an applied cyclic load,

(b)
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Figure 13. Distribution of local stresses (left) and plastic strains (right) for sample A after a full load cycle in a,b) x-direction along, c,d) y-direction, and e,
f) z-direction. The stress and plastic strain components in the loading direction are plotted. The orientation of the models is the same as in Figure 6.
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which can be directly compared to experimental results of uni-
axial fatigue tests. However, one advantage of micromechanical
modeling is that it can provide further insight into the local dis-
tribution of stress and strain within the microstructure. Figure 13
shows the distribution of different components of the tensors of
stress and plastic strain in the RVE generated according to the
microstructure and crystallographic texture of experimental
sample A, as shown in Figure 6a and 7. The results presented
here correspond to the situation obtained under different loading
directions when the maximum compressive strain after the first
full load cycle is reached. In each case, the components of stress
and plastic strain in the loading direction are plotted.

It is seen that the local stresses during loading along the x-axis
(building direction), shown in Figure 13a, reach the highest values
compared to the results of other loading directions, Figure 13c,e.
This is remarkable since the average or macroscopic stress level is
the lowest for this loading direction. The stress distribution for the
other loading directions reveals a comparatively homogenous pat-
tern. Concerning the distribution of plastic strains shown in
Figure 13b,d.f, it is seen in all cases that in some regions of
the microstructure tensile plastic strains prevail although the max-
imum of the compressive load cycle is reached. A comparison
with the grain geometry shown in Figure 6a indicates that the plas-
tic strains are rather homogeneous within the grains and that large
jumps occur at the grain boundaries. It is noted here that the use
of a strain-gradient crystal plasticity model would leverage such
steep gradients of the plastic strain at grain boundaries.

To further analyze these findings, Figure 14 depicts the
distribution of local stress and plastic strain components at
the centroid of all elements in the numerical model for loading
along the x-axis, that is, corresponding to Figure 13a for stresses

(a) 1500 : :

1000
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500

0
-800 -600 -400 -200
Stress, T4 (MPa)
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and 13D for plastic strains, respectively. Consequently, this data
corresponds to the situation obtained at the maximum compres-
sive strain at the end of the simulation. The stress histogram pre-
sented in Figure 14a reveals a mean value of stress equal to —
488 MPa, corresponding to the macroscopic stress level at this
loading stage. It is seen that the local stress values can be
described very well by a normal distribution with a standard devi-
ation of 63MPa. The histogram of local plastic strains in
Figure 14b reveals a threefold characteristic: The highest fre-
quency occurs for finite elements with very small plastic strains
around zero. A rather broad and high peak is seen for plastic
strains in the compressive region around —0.2%. Furthermore,
as indicated already, a very significant number of finite elements
shows a tensile plastic strain even at the global maximum of the
compressive strain. This analysis of the local stresses and strains,
thus, reveals that the influence of the microstructure on these
distributions is much stronger than expected from only evaluat-
ing macroscopic properties. Furthermore, it is seen that the local
values of stress and plastic strain can differ very significantly
from the global values. Since fatigue crack initiation and the
resulting lifetime depend strongly on local plastic deformation,
classic fatigue models considering only global values may not be
suitable to describe the lifetime of such additively manufactured
material. Low-cycle-fatigue tests considering the respective life-
time behavior are necessary to clarify this.

7. Conclusion
The cyclic behavior of samples of the austenitic stainless steel

316L produced by PBF-L/M with different parameters was
investigated at room temperature using a combination of
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Figure 14. Distribution of a) stress and b) plastic strain values for each finite element in the simulation box at the maximum compressive strain at the end
of the simulation. The red line in subfigure (a) represents a normal distribution with mean value of —488 MPa and a standard deviation of 63 MPa, which

was fit to the histogram.
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micromechanical modeling and experimental investigations.
Two different specimen orientations of 0° and 90°, relating
the specimen/loading axis to the building direction, were pre-
pared and tested under symmetrical cyclic load. RVEs were gen-
erated for samples based on microstructural features as grain
size, grain aspect ratio, tilt angle of the major axis, and the crys-
tallographic orientations of the grains. The material behavior was
described by anisotropic elastic constants for the elastic regime
and crystal plasticity, taking into account kinematic hardening
using the Ohno-Wang relation. The macroscopic material
response obtained by finite-element simulations of the RVEs
under cyclic loads can be directly compared to the experimental
results, revealing a good agreement and a predictive capability of
the micromechanical modeling approach.

The findings of this work clearly indicate that the crystallo-
graphic texture of the material is the key factor affecting its ani-
sotropic mechanical behavior because samples tested along the
building direction generally exhibit slightly lower stresses at the
maxima of the displacement-controlled load cycles in compari-
son to specimens tested normal to their building direction.
Microstructure analysis revealed a strong crystallographic texture
with the crystallographic <110> axis along the building direction
and a texture index of 2.7. The micromechanical modeling based
on RVEs is in good agreement with the experimental results and
clearly indicates that loading the material parallel to the <110>
axis of the crystallographic texture results in a slightly softer
response. Simulations with the same geometry of the elongated
grains but considering a random texture, in contrast, resulted in
quasiisotropic material behavior. Furthermore, the microme-
chanical simulations reveal that the influence of microstructure
on local values of stress and plastic strain is significantly more
pronounced than for the macroscopic values.
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