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A B S T R A C T

A full-field crystal plasticity (CP) framework is presented for the GRCop-42 alloy to study microscopic
mechanical behavior and local stress heterogeneities. The microstructures of additively manufactured (AM)
materials are often unique relative to conventionally processed materials, and the local thermal histories drive
these differences during the build process. These thermal histories depend on the process parameters (laser
power, scan speed, and scan strategy) and the part geometry. Prior research has shown that the mechanical
properties of thin-walled structures can vary significantly with wall thickness due to changes in the thermal
boundary conditions during manufacturing. It is, therefore, desirable to perform CP simulations based on the
phenomenological constitutive model to predict the local mechanical responses induced by microstructural
heterogeneities. This work generates representative microstructures based on experimentally collected grain
information (i.e., texture) for grain scale stress analysis, and the material constitutive parameters are calibrated
using the experimental mechanical testing data. We specifically investigated the effect of crystallographic
texture and grain morphologies on the size-dependent mechanical properties of AM GRCop-42. The selection
of appropriate material properties for implementing an effective free surface boundary condition and the
influence of adjacent buffer layers are also discussed. Analysis of local field results reveals a strong correlation
between stress localization and the initial grain orientation. However, no significant relationship between the
misorientation of the individual adjacent grains and the average misorientation is observed.
1. Introduction

It is well-known that, as compared to conventionally processed
metallic materials, AM materials may exhibit strong anisotropy due to
the presence of sharp crystallographic textures that form during pro-
cessing [1–4]. At the grain scale metallic materials exhibit anisotropic
echanical properties due to the ordered atomic structure and pre-
erred orientations for accommodating deformation via dislocation slip.
urthermore, polycrystalline deformation fields when viewed at the
icrostructural scale is inherently heterogeneous due to varying grain
rientations which promotes differential yielding amongst ‘‘hard’’ and
‘soft’’ grains [5–7]. The variations in loading conditions, crystal ori-
entation, crystal geometry, and adjacent crystal orientations influence
the degree of plastic deformation displayed by individual crystals of a
strained polycrystal, as described by Choi et al. [8] and Zhang et al. [9].
eformation may induce substantial rotation in the crystal lattice and
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within this rotation, individual grains tend to align themselves with
the orientation of the adjacent grain that possesses the least amount
of misorientation [10,11]. Furthermore, substantial intragranular het-
erogeneity develops during plastic deformation, characterized by the
dispersion of localized continuous or discontinuous orientations within
a grain, along with the intergranular deformation heterogeneities [12–
15].

Recent experimental investigations have drawn attention to the size
effect and strength differentials [16–20] in AM thin-wall structures
and AM parts with complex geometries (e.g., lattice structures [21–
23]). To gain a thorough understanding of the physical mechanisms
driving localization phenomena that may contribute to size effects, it
is essential to examine how microstructural features influence localized
deformations and the mesoscale stress state during deformation [24,
25]. To accomplish this, the CP models and simulations have been
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proven to be powerful and effective tools for investigating the de-
velopment of deformation heterogeneities in polycrystalline metals as
demonstrated by Roters et al. [26,27]. These models incorporate the
intrinsic single crystalline anisotropy and crystallographic texture as
inputs while accounting for the natural partitioning of stress and strain
across distinct phases, grains, and subgrains [28–32].

GRCop-42 (an alloy with a nominal combination of Cu, 4 at% Cr, 2
at% Nb) alloy has an application in regeneratively-cooled combustion
chambers and nozzles due to its ductility, high oxidation resistance,
low-cycle fatigue strength, reduced creep rate, low thermal expan-
sion, and substantial thermal conductivity [33,34]. In our previous
research on AM GRCop-42 alloy thin-wall structures manufactured by
laser powder bed fusion (L-PBF) method [18], we found that as the
sample thickness decreases, the size effect becomes apparent in the
yield strength, ultimate tensile strength, and elongation. Initially, we
hypothesized that porosity could be the primary factor driving the size
effect since porosity increased as sample thickness decreased. However,
subsequent research on the size effects in laser powder-directed energy
deposition (LP-DED) GRCop-42 alloy revealed that porosity alone could
not be responsible for the variation of the mechanical properties as
sample thickness changes [19].

The observations outlined above motivate the current investigation
to develop a CP platform for the GRCop-42 alloy thin-wall structure.
One of the objectives of this study is to evaluate CP model param-
eters, which represent the mechanical properties of the GRCop-42
alloy. This investigation also explores how texture, grain size dis-
tribution, and grain boundary misorientation, influenced by varied
thickness geometries (controlled by rapid solidification), contribute to
local stress distribution and heterogeneity. For this reason, for the first
time, micromechanical models based on CP are constructed for the
GRCop-42 material, and the experimental responses of AM thin wall
structures with different thicknesses are used to determine the material
parameters of the CP model. Note that the calibration of material
parameters in thin-walled structures becomes increasingly challenging
when materials across different orientations of the thin wall is neces-
sary. Obtaining mechanical properties along various wall directions is
often more complex in thin-walled materials compared to bulk materi-
als. The difficulty of experimental measurement at certain orientations
of thin wall structures (e.g., out-of-plane) underscores the importance
of experimentally calibrated CP models to extract properties along dif-
ferent directions and understanding materials response under various
loading conditions. Such CP models can be utilized in conjunction with
the open-source full-field Elasto-Viscoplastic Fast Fourier Transform
(EVP-FFT) solver DAMASK [35–39] to perform microstructural level
deformation analyses and explain the stress localization phenomena
and the differences in the yield strength values for different sample
thicknesses. Herein we present texture analysis of the GRCop-42 thin
wall with different thicknesses, which inherently comes with different
grain morphology, size, and orientation distributions [40]. To avoid
the inherent periodicity of the spectral solvers, buffer layers are incor-
porated with the 3D volume and characterized by a highly compliant
material in contrast to the sample material, as discussed by Pokharel
et al. [41]. Increased localized stress concentration regions of the
grains are observed near the free surface when the buffer layers are
incorporated with the representative volume elements (RVEs), whereas
the global strain–strain response remains relatively constant and similar
work is done by Lebensohn et al. [42], Shanthraj et al. [43], Diehl
et al. [44] and Roters et al. [39] integrate buffer layers in the RVEs
for performing stress localization analysis by CP-FFT-based solvers.

The structure of the paper is as follows: the manufacturing data for
the GRCop-42 experimental samples and various mechanical testing
parameters are stated concisely in Section 2. Section 3 discusses the
asis of the CP formulation and governing equations. The creation of
icrostructure RVEs from the Electron Backscatter Diffraction (EBSD)
ata for the CP simulation is also described. Section 4 is divided into
2

wo major parts. The first subsection presents the simulation results a
egarding the global response and analyzes the overall mechanical
ehavior. In the second sub-section, the stress localization at the grain
evel and its dependency on the grain orientations, intragranular mis-
rientations, and shared surface areas between the grains are also
iscussed based on the corresponding simulation results. The compar-
son of the aforementioned analysis among all sample thicknesses and
heir connection with the size dependency is also described in sub-
ection 4.2. Finally, in Section 5, we summarize the discussion of the
tudy’s results.

. Sample manufacturing and mechanical testing

The GRCop-42 thin wall structures were additively manufactured
sing an EOS M400 series printer equipped with a Yb-fiber laser. Flat
og-bone samples were produced by wire EDM process with different
hicknesses (0.7, 1.0, 1.7, and 2.0 mm) using the standard specifications
pecified in ASTM E8/E8M [45]. These samples were cut in such a
ay that the long axis of the specimen aligns with the build direction
Y-direction), as illustrated in Fig. 1(a). The defined X, Y, and Z coor-
inates in the figure correspond to the nomenclature given in ASTM
2900 [46]. Note that the specimens used in this research remain in
heir ‘‘as-built’’ state, which means they have already undergone the
tress-relief (SR) procedures after the build is completed. This entails
ubjecting the specimens to a vacuum atmosphere at 425 ◦C±25 ◦C for
h and 15 min, followed by air cooling.
Experimental true stress versus strain curves were obtained by

erforming quasi-static uniaxial tensile tests using a servohydraulic
aterials Testing System (MTS) machine equipped with a 100 kN or
kN load cell depending on the thickness of the tested samples. The
isplacement rate was set at 0.5 mm/min, which is equivalent to the
rder of 10−4 s−1 strain rates, and the samples were subjected to tensile
esting until they fractured. At least three tests were run for each
ample thickness to ensure the repeatability of results. Also for 0.7 mm,
.7 mm, and 2 mm samples four to five tests were done to obtain
epeatable experimental true stress vs strain curves.
Although three distinct techniques (digital calipers, light
icroscopy, and micro-computed tomography (𝜇CT) scans) were em-
loyed to determine the actual load-bearing area of AM specimens,
he stress calculations were conducted using the data from the 𝜇CT
cans due to their capability of providing more precise cross-sectional
rea measurements on the test specimens [47]. We used digital image
orrelation (DIC) methods and the Vic 2D software from Correlated
olution to calculate strain. Further details regarding sample manufac-
uring procedures, mechanical testing, and various measurements have
een discussed in our prior publication [18].

. Modeling methodology

.1. EBSD data analysis

The crystallographic texture and morphologies of all experimental
amples (with thicknesses 0.7 mm, 1 mm, 1.7 mm, and 2 mm) are
aptured from the EBSD data of the flat dog-bone specimens of the
RCop-42 thin wall structure as shown in Fig. 1. The unprocessed EBSD
ata includes black patches and voids as experimental noise, which
re eliminated using appropriate filters provided by the Dream.3D
oftware, as described by Groeber et al. [48]. Most of the unreliable and
on-indexed points are removed and replaced with the most reliable
rain orientation of the neighboring pixels in the EBSD maps. The
oordinate system is represented using a flat dog-bone diagram, in
hich the Y-direction represents the build direction (BD), while the X
nd Z directions represent the transverse direction (TD) and normal
irection (ND), respectively, as illustrated in Fig. 1(a). EBSD scans
re performed on specimens from the front face (X–Y plane) for all
he sample thicknesses. The EBSD images, both unfiltered and filtered,

re exclusively presented for the 1 mm samples in Fig. 1(b) and (c).
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Fig. 1. (a) illustrates the flat dog-bone sample with the defined coordinate system at the right and also presents the IPF color triangle. Un-filtered EBSD map for 1 mm sample is
hown in (b), and the final cleaned EBSD maps for 1 mm, 0.7 mm, 1.7 mm, and 2 mm samples are depicted in (c), (d), (e), and (f) respectively.
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he cleaned EBSD maps for 0.7 mm, 1.7 mm, and 2 mm samples are
resented in Fig. 1(d), (e), (f) respectively. The colors of these images
re determined by the color-coding of the inverse pole figure (IPF)
long the 𝑌 -axis (BD), presented in Fig. 1(a). In the EBSD images, the
rains in the sample core showed epitaxial growth due to the re-melting
f previously solidified layers, which is a common occurrence in AM
omponents [49], especially for the GRCop-42 alloy. Due to copper’s
igh thermal conductivity, the elongated grains aligned parallel to the
uild direction resulted from the higher heat conduction rate in the
olidified layers [50,51]. Some black spots are visible in the EBSD
mages, denoting the presence of noise or inadequate EBSD indexing,
hich could be due to a variety of factors, such as porosity, unmelted
articles and defects. However, their statistical impact on the CP anal-
sis is insignificant in comparison to grain orientation data. A few
lack patches remained in the EBSD images despite filtration; therefore,
o maintain a certain degree of accuracy in our research, the grain
ata from those regions is not accounted for. From the cleaned final
BSD images, the initial microstructural texture and grain orientations
re quantified in terms of pole figures (PF), as depicted in Fig. 2.
dditionally, the log-normal histogram in the figure illustrates the
orresponding grain size distribution, where the grain size corresponds
o the equivalent circle diameter. Table 1 contains the values of the
modes and the means of the equivalent circle diameters (in μm) derived
from the particle size distribution graphs. The data indicates that the
particle diameters vary across samples of different thicknesses, and
there is no discernible trend in their distribution with respect to sample
size. To accurately depict the 3D microstructure based on the 2D EBSD
images, stereological techniques by Groeber et al. [52], are acquired
to obtain the 3D grain sizes (i.e., corresponding sphere diameter). This
entails multiplying a stereological factor of 4/𝜋 to the 2D grain sizes to
convert them to the 3D grain size to generate 3D microstructures. The
obtained grain orientations follow the Bunge Euler angle conventions
for cubic crystal symmetry [53].

3.2. Generation of statistical microstructural volume elements

The grain size distribution data and the grain orientation infor-
mation obtained from the ODFs are utilized as inputs to construct
three-dimensional statistically representative microstructural volume
elements (RVEs) for the CP simulations. The RVEs are generated using
3

Table 1
Values of the modes and means of the equivalent grain size (circle diameter)
distributions.
Sample Mode Mean
thickness (in μm) (in μm)
(in mm)

0.7 4.8294 10.008
1.0 5.2130 11.344
1.7 4.6 10.2
2.0 4.828 9.9134

the Dream.3D software following the procedures discussed by Groeber
et al. [54]. The following assumptions/approximations have been made
during the generation of the 3D RVEs: (1) the grains are assumed to be
equiaxed i.e., the 3D equivalent spherical grain diameters are similar
in all directions (BD, TD, and ND); (2) the average 3D spherical grain
diameters (𝑑3𝐷) are extrapolated from the 2D circle diameters (𝑑2𝐷) by
using the relationship (𝑑3𝐷 = 4∕𝜋 × 𝑑2𝐷) mentioned in the previous
subsection; (3) intragranular orientation gradients are neglected i.e., a
single orientation is assigned to each grain.

The polycrystal RVEs are discretized by 100 × 100 × 𝑡 voxels with a
esolution of 0.5 μm, where 𝑡 is the number of voxels in the thickness
irection (Z-direction). The thicknesses of the RVEs are considered as
, 10, 17, and 20 voxels to replicate the different samples of the exper-
mental thin wall structure specimens with corresponding thicknesses
f 0.7 mm, 1 mm, 1.7 mm, and 2 mm, respectively and the resulting
hree-dimensional microstructures contain 510, 629, 1048, and 1248
rains, respectively. The size of the RVEs are determined based on the
umber of grains to be present in the RVEs. Lim et al. [55] investigated
he estimation of grain counts based on converged simulation results
global stress–strain responses) and on the feasible time required to
erform the simulation. They demonstrated that approximately 1000
rains are necessary to attain coefficients of variation of 0.01 in en-
ineering stress at 10% deformations. The mesh sensitivity analysis
y the same group shows the RVE mesh converged within 1% error
hen 107 total finite elements grains (103 grains with 104 elements per

grain). Separate independent studies have reported that the satisfactory
number of grains in a given RVE in CP simulation should be in the
range between 500 and 1150 grains, based on the related CP simulation

analysis study by [43,56,57]. Thus, each RVE contains an adequate
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Fig. 2. Log-normal distribution of the average grain diameters of (a) 0.7 mm, (b) 1 mm, (c) 1.7 mm and (d) 2 mm sample thicknesses and (e), (f), (g), (h) show the corresponding
ole figures of the EBSD maps.
umber of grains to accurately depict the statistical characteristics
f the experimental microstructures. It is important to mention that
he RVEs are generated based on grain orientation and grain size
equivalent diameter) distribution data as these factors have signifi-
ant impacts on the material’s local and global stress–strain responses.
evertheless, the grain morphology data from the EBSD map are not
aken into account to generate the RVEs for the analysis, as there are
urrently no accessible tools that can be used to generate accurate 3D
icrostructures from 2D EBSD scans for AM materials with exotic and
patially varying grain morphologies. Verifying the grain orientations
f the generated microstructures with the EBSD input data is done by
omparing the pole figures of the RVEs and those generated from the
BSD data. For the 1 mm sample, the comparison is shown in Fig. 3.
4

It is demonstrated that the RVE texture is in good agreement with the
experimentally measured texture.

3.3. Constitutive model

A phenomenological CP constitutive model from the open source
Düsseldorf Advanced Material Simulation Kit (DAMASK) package by
Roters et al. [39] is used to represent the mechanical behavior of the
material. The finite strain CP model is given by defining the deforma-
tion map as 𝝌(𝐱) ∶ 𝐱 ∈ 𝐵0 → 𝐲 ∈ 𝐵, where 𝐱 denotes the material points
in the reference configuration 𝐵0 and 𝐲 denotes the material points in
the deformed configuration 𝐵. The deformation gradient 𝐅(𝐅 = 𝜕𝝌∕𝜕𝐱),
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Fig. 3. (a) and (c) the EBSD map for the 1 mm sample and the corresponding generated microstructure respectively. (b) and (d) shows the corresponding pole figures.
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𝐅

is multiplicatively decomposed into elastic and plastic parts as:

𝐅 = 𝐅𝑒𝐅𝑝 (1)

where 𝐅𝑒 represents the elastic lattice distortion and rotation, and 𝐅𝑝

denotes the plastic deformation map, representing the lattice shear
deformation due to dislocation glide. This term is related to the plastic
velocity gradient and can be expressed as:

𝐋𝑝 = 𝐅̇𝑝𝐅𝑝−1 =
𝑁
∑

𝛼=1
𝛾̇𝛼𝐒𝛼0 (2)

where 𝛾̇𝛼 is the shear rate of the slip system, N denotes the total
number of slip systems, and 𝐒𝛼0 is the Schmid tensor, expressed as 𝐒

𝛼
0 =

𝐛𝛼 ⊗𝐧𝛼 , in which, 𝐛𝛼 and 𝐧𝛼 are the unit vectors in shear direction and
shear plane normal direction respectively, defined in crystal coordinate
system. The elastic Green strain tensor 𝐄𝑒 is defined in terms of 𝐅𝑒 and
he 2nd Piola–Kirchhoff stress tensor 𝐒 respectively, as:
𝑒 = (𝐅𝑒𝑇𝐅𝑒)∕2,𝐒 = C ∶ 𝐄𝑒 (3)

here C is the fourth-rank elastic stiffness tensor for a cubic lattice,
his can be represented by three independent elastic constants 𝐶11, 𝐶12
nd 𝐶44.
The resolved shear stress (RSS), 𝜏𝛼 , can be calculated from the

xternally applied stress tensor as:
𝛼 = 𝝈 ∶ (𝐅𝑒𝐒𝛼0𝐅

𝑒−1) (4)

A power-law representation of the glide kinetics is employed:

𝛾̇𝛼 = ̇𝛾0
𝛼 |
|

|

|

𝜏𝛼

𝜉𝛼
|

|

|

|

𝑛
𝑠𝑔𝑛(𝜏𝛼) (5)

here ̇𝛾0𝛼 is the reference strain rate, 𝑛 is the inverse rate sensitivity
xponent, and 𝜉𝛼 denotes the slip resistance whose evolution can be
escribed by the following equation:

̇𝛼 =
𝑁
∑

𝛽=1
ℎ𝛼𝛽 𝛾̇𝛽 (6)

here the instantaneous strain hardening matrix ℎ𝛼𝛽 is prescribed [56]
y,

𝛼𝛽 = ℎ0[𝑞 + (1 − 𝑞)𝛿𝛼𝛽 ]
|

|

|

|

|

1 −
𝜉𝛽

𝜉𝛼∞

|

|

|

|

|

𝑎

𝑠𝑔𝑛(1 −
𝜉𝛽

𝜉𝛼∞
) (7)

where 𝜉𝛼∞ represents the saturation resistance on slip system 𝛼, ℎ0
nd 𝑎 are the material constants denoting the reference self-hardening
oefficient and the hardening exponent, respectively. The value of the
atent hardening parameter, 𝑞, is typically assigned values between 1
5

and 1.4 depending on the strength of coplanar and non-coplanar slip
interactions [58].

To solve the micromechanical boundary value problem, the spectral
integration method [59] using the Fast Fourier Transform (FFT) is im-
plemented in DAMASK [60] for finite strain crystal elastic-viscoplasticity
This method exhibits higher efficiency than the CP finite element
method (CP-FEM) in terms of the time of convergence, fulfilling stress
equilibrium and strain compatibility, as discussed by Eisenlohr et al. [37

3.4. Simulation setup and boundary conditions

The DAMASK pre-processing tool is used to create and configure
the material parameters (both elastic and plastic) of the GRCop-42. The
present study uses face center cubic (FCC) poly-crystal lattice structures
for the material configuration, given that copper is the primary compo-
nent. The phenomenological CP model discussed in the previous section
is used to predict the mechanical behavior of the GRCop-42 considering
different thicknesses.

To simulate the experimental loading condition, a strain rate of
2× 10−3 s−1 is discretized into 1000 equal-time increments and applied
o each RVE. Accordingly the average deformation gradient rate (𝐅̇)
and the 1st Piola–Kirchhoff stress (𝐏) are set as:

̇ =
⎡

⎢

⎢

⎣

∗ 0 0
0 2 0
0 0 ∗

⎤

⎥

⎥

⎦

× 10−3(s−1),𝐏 =
⎡

⎢

⎢

⎣

0 ∗ ∗
∗ ∗ ∗
∗ ∗ 0

⎤

⎥

⎥

⎦

(Pa) (8)

where the ‘‘∗’’ sign indicates an unknown variable. The specific strain
rate is used to ensure adequate material flow after yielding and to be
commensurate with the experiments. Consistency is maintained in the
loading and boundary conditions of all sample RVEs.

The periodicity of the voxels across the boundaries of the RVEs is
enforced by using the CP-FFT-based algorithm to solve the equilib-
rium and compatibility equations. To disrupt this periodicity, buffer
layers are incorporated with the 3D RVEs and characterized by a
highly compliant material in contrast to the sample material. Among
the possible three different boundary conditions for the Fourier-based
spectral solution method [61], the ‘‘semi-periodic’’ or ‘‘quasi-periodic’’
(voxel grid points are periodic only along one direction TD) boundary
condition is chosen to be the most suitable to replicate the uniaxial
tension experiments on the thin-walled structures. This is because, in
the case of experimental flat dog-bone samples featuring a thin-wall
structure, the geometrical parameter that exerts the greatest influence
on the mechanical properties is the wall thickness and both the surfaces

in the thickness direction (Z), i.e., in the X–Y planes (Fig. 1(a)), are
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Fig. 4. (a) RVE with buffer layers (shown in gray color) in the Z-direction denoting ‘‘semi-periodic’’ boundary conditions (b) Comparison of the true stress–strain plots for simulation
results and that with the experimental data. The solid red line shows the global stress–strain response and the two broken curves with gray color reflect the upper and lower
limits of the uniaxial tensile test response, respectively.
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Table 2
Material parameters for the buffer layers.
Material Value
parameters

𝐶11 (GPa) 10
𝐶12 (GPa) 0
𝐶44 (GPa) 5
N 12
̇𝛾0 (s−1) 1 × 10−3

𝜉0 (MPa) 0.3
𝜉∞ (MPa) 0.6
ℎ0 (MPa) 1
𝑛 20
𝑎 2

exposed to the external environment (air). Therefore, to account for
this factor in CP simulations and eliminate the periodic repetition of
the recurring microstructures along the 𝑍-axis, a ‘‘buffer layer’’ in the
XY plane (shown in Fig. 4(a)) is implemented, measuring one voxel
on both sides of the thickness. Concurrently, as the thin wall structure
disregards the significance of periodic boundary conditions along the
X-direction, no buffer layers are imposed in that direction, which
represents the ‘‘semi-periodic" boundary condition. Fig. 4(a) shows the
complete simulation domain with the loading directions, where the
buffer layers are gray-colored.

As discussed by Maiti et al. [61], the use of dilatation material
model parameters (listed in Table 2) for the buffer layers properly
captures the experimentally observed crystal lattice reorientations. The
values of elastic stiffness constants 𝐶12 and 𝐶44 are chosen to ensure the
elastic isotropy and vanishing Poisson’s ratio for the buffer layers. Thus,
the other constitutive model material parameters of the buffer layers
are selected so that these layers plastically grow at a flow stress much
lower than the flow stress of the parent RVE material. As demonstrated
by Lebensohn et al. [42], a substantial degree of concurrence can be
chieved between the global stress–strain responses of the simulations
nd experimental results on polycrystalline copper while using similar
aterial model parameters for the buffer layers. This is because the
ubstrate microstructure material model parameters selected for mod-
ling are more compliant than those of the generated RVE (without
uffer layers). The experimental results are utilized to calibrate the
aterial parameters for the parent RVE and the procedures are detailed
6

n Section 4.1. m
Table 3
Pure copper and GRCop-42 material parameters.
Material Pure Cu GRCop-42
parameters (Initial approx.) 1 mm sample

𝐶11 (GPa) 168.4 113.2
𝐶12 (GPa) 121.4 60.0
𝐶44 (GPa) 75.4 33.04
N 12 12
̇𝛾0 (s−1) 1 × 10−3 1 × 10−3

𝜉0 (MPa) 5 97
𝜉∞ (MPa) 5.3 175
ℎ0 (MPa) 90 4000
𝑛 50 12
𝑎 1.5 2

4. Results and discussion

4.1. Global mechanical response and CP constitutive parameters

CP simulations are performed using the DAMASK open-source soft-
ware. The initial approximation for the single crystal constitutive model
parameters is selected based on previously published results for pure
copper [62,63] and given in Table 3. The average true stress–strain
lots are compared with the experimental stress–strain curves of the
RCop-42 alloy for each sample thickness. The experimental details
nd results for the uniaxial tensile tests of the GRCop-42 thin wall
tructures can be found in our prior article [18]. The calibrated con-
titutive material parameters, shown in Table 3, for the 1 mm RVE
ample are obtained by minimizing the difference between simulated
nd experimental stress–strain curves (see Fig. 4(b)). Fig. 4(b) shows
he comparison of the final simulated true stress–strain plot (solid
ed line) after model calibration with the corresponding experimental
ata curves (broken gray lines). This comparison verifies the reliability
f the implemented constitutive material parameters for the GRCop-
2 alloy. It is important to note that for the comparison, only the
pper and lower limits of the experimental data are presented for each
ample. These limits are derived from the various sets of experiments
nd the load-bearing area calculation data by 𝜇CT scans. (including
easurement tolerances).
As hypothesized in our prior publication [18], one of the most

robable reasons for the size (thickness) effect on the yield strength
ariation could be the texture variation and grain morphology differ-
nce of the samples which inherently depends on the different additive

anufacturing parameters and the cooling rates. A comprehensive
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Fig. 5. Comparison of the true stress–strain plots for simulation results and the experimental data; (a) comparison of stress–strain plots of the simulation results denoted with the
olid lines and (b) shows the comparison of the simulation results with the experimental stress–strain curves denoted by broken lines with upper and lower limits for each sample
hickness.
B
s
p

icrostructural analysis was not previously conducted for the GRCop-
2 alloy, to ascertain the cause of the grain-level material stress–strain
ehavior, as only visual observations of the EBSD map were utilized.
o, to investigate the effect of texture and grain morphology of each
ample, the single set of material parameters (both elastic and plastic)
btained for the 1 mm sample are used to simulate the response of
ll other sample RVEs using the same uniaxial loading and boundary
onditions discussed in Section 3.4. The simulation true stress–strain
lots and their comparison with the experimental results are presented
ogether in Fig. 5.
It is observed from the stress–strain comparison plots in Fig. 5(a),

hat there is no significant difference in the variation of yield stress val-
es for the different RVE samples corresponding to the different sample
hicknesses. However, the equivalent grain sizes (spherical diameter)
re different for different samples. This indicates that the morphologic
ifferences are not very influential for the variation of mechanical
roperties with the sample size (thickness), which is consistent with
he finding of Acar et al. [64]. It is vital to clarify that the Hall–Petch
pproach is not employed here to depict the dependence of critical
esolved shear stress (CRSS) on grain size in the case of dislocation
lip across grain. This could potentially display a more pronounced
orphological contribution if employed. It is more prominent from
ig. 5(b), that the yield stress values for simulation results of all the
ample RVEs cluster around a single 1 mm experimental result, even
hough the texture of the samples for different RVEs are also distinct.
urthermore, by employing identical material parameters for all of the
ample RVEs, the CP simulation data does not demonstrate the trend
f increasing yield strength with increasing thickness values observed
n the experimental data (as illustrated in Fig. 5(b)). The stress–strain
urve for the 1 mm sample and that for the 2 mm samples are almost
dentical, whereas, for the 1.7 mm sample, the stress–strain curve
ndicates higher yield strength than all other sample simulation data
as shown in Fig. 5(a)). Also, from Fig. 5(b), it is observed that except
for the 1 mm sample data, other stress–strain plots for the simulation
results are not coherent with the experimental data. These observations
lead to the conclusion that the size effect is not primarily due to
the initial crystallographic texture and morphological variations only.
Now, to replicate with the experimental samples and their mechanical
properties corresponding to each sample thickness the RVEs are cali-
brated with individual material parameters (plastic) of the constitutive
model for simulations. It is crucial to note that the experimental stress–
strain curve for the 1 mm sample material was selected as a reference
7

point for comparing with the other samples, given that its yield stress u
Table 4
Calibrated material parameters of the CP simulation for all thickness samples.
Material Value for Value for Value for Value for
parameters 0.7 mm sample 1 mm sample 1.7 mm sample 2 mm sample

𝐶11 (GPa) 113.2 113.2 113.2 113.2
𝐶12 (GPa) 60.0 60.0 60.0 60.0
𝐶44 (GPa) 33.04 33.04 33.04 33.04
N 12 12 12 12
̇𝛾0 (s−1) 1 × 10−3 1 × 10−3 1 × 10−3 1 × 10−3

𝜉0 (MPa) 88 97 117 150
𝜉∞ (MPa) 139 175 185 220
ℎ0 (MPa) 4550 4000 5600 27000
𝑛 8 12 11 10
𝑎 2 2 2 2

occurs within the range of 0.7 mm to 2 mm samples. Therefore, yield
strength variation with sample size (thickness) could be attributed to
variations in dislocation density and their interactions for different
sample microstructures. However, this aspect is not captured in the
current study due to the utilization of the phenomenological local CP
model which neglects strain gradient contributions to flow stress. So,
the additional probable explanations for the size effect could be due
to the neighboring grains interaction effect and their orientation mis-
match, which motivated further investigation of the grain-level stress
and deformation analysis. The following sections will provide more
insight into the CP simulation results analysis of the stress localization
at the microstructure level.

4.2. Local response and stress heterogeneity analysis

As demonstrated in the preceding sub-section, the variations in ma-
terial properties across thicknesses are not significantly influenced by
sample texture and grains morphology alone. Consequently, obtaining
and calibrating distinct material plastic parameters based on the sample
thickness is necessary. However, the values of the elastic constants are
maintained consistently across various sample simulations due to the
uniformity of the material across all the samples.

The initial estimation for all subsequent sample simulations is based
on the constitutive parameters for 1 mm samples, as shown in Table 3.
y calibrating the simulation results against the experimental stress–
train curve for each sample thickness, the values of the material model
arameters are acquired for each sample thickness and listed in Table 4.
The experimental and simulated true stress–strain curves are plotted

sing the final calibrated material model parameters, as illustrated
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in Fig. 6. Further analysis of the simulation results and the stress
localization study are provided in subsequent sections.

4.2.1. Simulation results and stress localization study for 1 mm sample
Fig. 7(a) shows the average von Mises (vM) stress contour plot

of the 1 mm thick RVE at strain level of 10%. It is observed that
the grains with the most substantially high average vM stresses are
near the free surface. This suggests that the presence of a free surface
contributes to an increase in the heterogeneity of deformation through-
out the entire deformation process. The application of FFT-based CP
simulations necessitates the periodicity of the solution across the RVE’s
boundaries in the absence of buffer layers [65]. The reduction in stress
localization in regions containing periodic boundaries can be attributed
to the repetition of the microstructures. However, to account for the
true geometry of the experimental samples, considerably compliant
buffer layers are employed to simulate the free surfaces in the X–Y
plane. This results in significant variations in the mechanical properties
of the grains at these boundaries, in contrast to the periodic boundaries
observed on the remaining two planes of the RVE. Thus, due to the
orientation disparity between adjacent grains at the free surfaces, the
stress at grain boundaries (GBs) is typically greater than that in grain
interiors, as anticipated. Similar behavior has been observed by Zhang
et al. [66] that the presence of elevated stress bands tends to condense
in the vicinity of GBs, indicating that intra-granular stress heterogeneity
is more pronounced for large grains at the free surface. Five grains
within the RVE have been identified in this study as having the highest
average vM stress magnitude values, causing a region of high stress
concentration. These grains are visually represented in Fig. 7(b). For
ease of reference, a unique grain identifier (Grain ID) is assigned to
each grain of an RVE. The grains are denoted by their respective grain
IDs in Fig. 7(b).

Out of the five grains considered, Grain 21 (G21) exhibits the
ighest average vM stress value. Additionally, the grains adjacent to
8

a

rain G21 are identified and subjected to analysis. The objective of
his analysis endeavor is to determine whether a correlation exists
etween the orientations of grains exhibiting the highest stresses and
he orientations of their neighboring in terms of the formation of
ocal stress concentration regions. Grain G21 has 8 neighboring grains
esignated with grain IDs G329, G376, G429, G457, G473, G494,
531 and G619. Grain G21, along with some of its adjacent grains
nd their relative positions, is illustrated in Fig. 8(a). This figure
llustrates each neighbor’s shared grain boundary area with respect to
rain G21. Fig. 8(b) presents a comparison of the average vM stress–
train curves for the grain G21 and its neighboring grains. The plots
llustrate a notable degree of variability in the stress–strain response
enerated across different grains. Prior research on FCC (aluminum)
icrystals exhibiting diverse misorientations by Zaefferer et al. [67]
emonstrated that channel die deformation of the crystals results in
ignificant strain heterogeneity. This heterogeneity is generated due to
he convergence of J2-type frictional continuum and crystal plasticity
henomena, which is influenced by the misorientation of GBs and
he kinematics of deformation in the vicinity of GBs. Therefore, it is
mportant to examine the impact of grain misorientation near the stress
oncentration region on microstructural heterogeneities. Consequently,
he analysis of adjacent grains is conducted to determine how the
isorientation of neighboring grains influences the accumulation of
tress localization. The bar diagram plots in Fig. 9(a) show the values
f the misorientation angles in degrees for each of corresponding the
djacent grains. Comparing this diagram to the stress–strain graphs for
ach grain in Fig. 8(b) will facilitate the identification of any correlation
etween the two. This analysis is elaborated upon in the subsequent
aragraph.
The extent to which any given grain’s surface area is shared with its

eighboring grains also influences the contribution of their orientation
ismatch which may cause stress localization. So, the aforementioned
omparison would not have been reasonable if the shared area with the

djacent grains had not been accounted for. As shown in Fig. 9(b), an
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Fig. 7. (a) the vM stress map of the 1 mm RVE sample at 10% average strain (b) three grains with the three highest values of the average vM stress.
Fig. 8. (a) shows gran ID 21(gray solid color) and some of its neighbor grains and how they have shared surface area with grain 21. (b) shows the average vM stress–strain plot
for grain 21 and its comparison with the neighboring grains.
c
o
m
i
f

additional bar diagram is therefore generated to represent the shared
surface area of the adjacent grains with the grain G21. For better
visualization, the data on shared surface area and misorientation angles
are combined in a single Inverse Pole Figure (IPF) diagram (Fig. 9(c)),
where the shared surface area is represented by the size of the circle and
individual grains are denoted by the color-coded circles corresponding
to the vM stress values from the color bar.

Upon comparing the three diagrams presented in Fig. 8(b), 9(a),
and (b), it becomes evident that grain G619 exhibits the highest mis-
orientation angle (62◦ with G21) and a moderate shared surface area
among other adjacent grains, despite its average vM stress being con-
siderably diminished in comparison to grain G21. Similarly, grain
G457 demonstrates the lowest average vM stress among its neighboring
grains and is significantly lower than G21, notwithstanding the fact
that the two grains share the largest surface area and have a moderate
misorientation angle (47◦) between them. In addition to the five grains
(G21, G225, G64, G415, G218) exhibiting the highest average vM
stress, an analogous neighboring grain analysis was also performed on
the five grains (G169, G94, G85, G415, G218) exhibiting the lowest
stress distribution. The rationale behind selecting ten grains is to reduce
the sample size in order to achieve a visually coherent and accurate
depiction of the IPF map and strain–strain curves in a single frame.
9

The IPF (with respect to the loading direction) diagrams for the afore-
mentioned ten grains are illustrated in Fig. 10. The largest circles in
the diagrams represent the grains of interest, while the neighboring
grains are symbolized by smaller circles whose sizes correspond to the
percentage of surface area that the grain of interest shares. The circles
in this diagram are color-coded to correspond with the average vM
stresses of each grain; the color coding is derived from the color bar
on the figure’s right-hand side. It can be observed from Fig. 10(a) that
the grains with the highest stress in each IPF are located near [111]
direction. Similarly, in Fig. 10(b), the grain with the lowest vM stress in
each IPF diagram is oriented near [001]. Therefore, no correlation was
statistically significant on stress localization, considering the misorien-
tation angle between adjacent grains. These observations correspond
well with earlier studies on plastic heterogeneity in grain interaction
models using CP-FEM by Kanjarla et al. [68].

A considerable dependence on the overall neighborhood is to be
anticipated as the experimental [69] and numerical [70] reports indi-
ate that intragranular fields are also dependent on the deformation
f neighboring crystals. According to Frydrych et al. [71], the average
isorientation evolution among subgrains is influenced by both the
nitial nominal orientation and the imposed deformation. This allows
or the formation of distinct slip activity patterns within the subgrains
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Fig. 9. (a) and (b) illustration of the bar diagrams of the misorientation angles (in degrees) of the neighboring grains of grain G21 and their shared surface area (μm2) with grain
G21, respectively. The inverse pole figure (IPF) for the grain G21 and its adjacent grains are represented in (c). Circles represent individual grains, with size proportional to the
shared surface area with grain G21, color-coded according to vM stress values (at 10% global strain), with grain G21 represented by the largest circle. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 10. (a) and (b) the inverse pole figures (along 𝑦-direction) of the five grains (G21, G225, G64, G415, G218) and five grains (G169, G94, G85, G415, G218) with the highest
nd lowest vM stress distributions, respectively. The color bar displays vM stress values, with the grain in focus represented by the greatest circle in the IPF map, and surrounding
rains by smaller circles, with size proportional to the shared surface area with the focused grain. (For interpretation of the references to color in this figure legend, the reader is
eferred to the web version of this article.)
o account for the intragranular strain heterogeneity. To investigate the
ffect of the overall influence of neighborhood on stress heterogeneity,
he current inquiry pertains to determining the average misorientation
alues (calculated as the mean of the misorientations of all adjacent
rains and measured across the grain boundaries according to Kawasaki
t al. [72] and Xu et al. [73]) of the grains exhibiting notable high and
ow vM stresses. Fig. 11 illustrates this using a sectional view of the RVE
ligned parallel to the x–y plane at the middle of the RVE. Three distinct
ypes of color-mapped views are presented. One such type is depicted
n Fig. 11(a), which features grains colored according to the average
isorientation angle values. The vM stress contour map is shown in
ig. 11(b). Although it is feasible to identify and compare each grain in
he sectional view, the five grains exhibiting the highest vM stresses and
he five grains with the lowest vM stresses are denoted in red circles and
lack circles for the purpose of comparison, respectively. The values of
he vM stress and the average misorientation angles are also provided
t the bottom of Fig. 11(b) and (a), respectively for comparison.
The range of average misorientation angles for the grains with

igher intensity local stress states in comparison to the mean RVE
tress state is specified as: 35.9◦ to 44.0◦. Also, the grains that are
xperiencing very low local stress state relative to the mean RVE stress
tate fall within the range of 32.9◦ to 38.3◦, despite a considerable
isparity in the vM stress value ranges (the range for high vM stress
tates: 567.9 MPa to 583.1 MPa and for low vM stress states: 352.3 MPa
o 362.2 MPa). Moreover, a closer analysis of the grain map diagram
10
depicted in Fig. 11(a) and (b) reveals that, along with the ten grains
specifically mentioned, the ranges of average misorientation angles for
grains having very high local stress states (relative to the mean RVE
stress state) are comparable to those of grains experiencing very low
local stress states. This suggests that no substantial correlations exist
between the localization of stresses within those grains and the average
misorientation angles of the individual grains.

To further examine whether stress localization and grain orientation
are correlated, the grains within the IPF triangle and their corre-
sponding local stress states are compared. Fig. 12(b) shows the IPF
for the aforementioned top five high-stress and low-stress grains. The
diagram demonstrates that grains exhibiting high stresses are oriented
towards the [111] direction, while grains with low stresses are oriented
towards the [001] direction. The average vM stress–strain plots for the
aforementioned ten grains and that for the entire RVE are presented
in Fig. 12(a). To correlate this with the grain orientation distribution,
a comparison is made between the sectional views of the RVE with
the grain orientation map and the vM stress map (at 10% strain), as
shown in Fig. 11(c) and (b). Upon careful examination of the grain-
orientation map depicted in Fig. 11(c), one can recognize that grains
exhibiting extremely high stresses are associated with colors oriented
in the [111] direction within the IPF color triangle. Conversely, grains
displaying extremely low stresses are correlated with colors oriented in
the [001] direction. Subsequent to determining the possibility of this
correlation, each grain in the RVE is correspondingly colored within the
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Fig. 11. The sectional views of the RVE of 1 mm sample aligned parallel to the x–y plane at the middle of the RVE. (a), (b), and (c) represent the average misorientations map
of each grain, the average vM stress map (at 10% average strain); and the grain orientation map; respectively. The five grains exhibiting the highest and the lowest vM stress
are identified with red and black circles, respectively, along with their grain IDs. The values of the corresponding average misorientation angles (in degrees) and the average vM
stress are also provided at the bottom of (a) and (b), respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
Fig. 12. (a) the stress–strain curves of five grains exhibiting the highest and the lowest vM stress and the RVE of 1 mm. The IPF for the aforementioned ten grains (along the
BD) and that for all the grains in the RVE are shown in (b) and (c), respectively. The circles representing the grains in the IPF are mapped with the color bar with the stress
values (at 10% global strain) depicted on the right-hand side.
IPF triangle, as depicted in Fig. 12(c), according to the grain average
vM stress values. This diagram also illustrates the exact correlation
that was mentioned earlier. A corresponding relationship between the
initial crystal orientation and local stress state is also observed in
both experimental and simulation of Cu single crystal specimens, as
demonstrated by Rabbe et al. [12,74,75].

.2.2. Comparison of the simulation results and stress localization study for

.7 mm, 1.7 mm and 2 mm samples
Fig. 13 illustrates a comparison of the stress versus strain profiles

or the sample RVEs, with the five grains displaying the greatest and
east vM stresses depicted in the same frame for each sample.
All post-simulation stress localization analyses are conducted on

amples of other three thicknesses similar to the analyses done for the
mm sample RVE. Based on the RVE simulation results for 0.7 mm,
.7 mm, and 2 mm samples, consistent conclusions are derived and the
esults demonstrate that the correlation between local stress intensity
nd intergranular misorientation is negligible. On the contrary, there
11

xists a strong correlation between the localization of stress or strain
and the distribution of individual grain orientations. Hence, this cor-
relation is examined across all thickness samples in conjunction with
the IPF maps of each grain, which are visually represented by the
color bar with the vM stress values (at 10% global strain) as depicted
in Fig. 14. It is evident from a comparison of all IPFs across the
different sample thicknesses that grains oriented in the [001] direction
endure exceptionally large stress states, whereas grains oriented in
the [001] direction endure exceptionally low stress states. The stress
concentrations of grains oriented in the [101] direction fall within an
intermediate stress states.

Visual inspection of the grain orientation distribution in the IPF
triangle in three distinct, distinguishable directions, the IPF triangular
area is partitioned into three regions. Those are designated as Sections
1, 2, and 3, according to the three distinct grain orientation directions:
[001], [101], and [111], respectively, with a threshold misorientation
angle of 20◦ in regard to these three orientations (as illustrated in
Fig. 15(a)). The purpose of the investigation is to determine how the
number of grains within each section varies with the sample thickness.

To accomplish this, a bar diagram is constructed, as illustrated in
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Fig. 13. (a), (b), (c) and (d) vM stress–strain curves for the grains with highest and lowest stress values for sample thicknesses of 0.7 mm, 1 mm, 1.7 mm, and 2 mm, respectively.
n each diagram, the stress–strain curve after simulation for the whole RVE is also presented.
ig. 15(d), in which three hues represent the proportion of grains
resent in a specific section. Upon comparing the bar diagrams for
ach sample size, it is observed that as sample thickness increases, the
roportion of grains in Section 2 (represented by the orange color)
lso increases. One plausible hypothesis regarding this phenomenon
s that as the thickness increases, the solidification cooling rates and
hermal gradient history of the additive manufacturing process undergo
transformation that likely promotes the formation of grains aligned
owards the [101] direction. Nevertheless, no such trend is notice-
ble in Sections 1 and 3. Additionally, the box diagrams depicted in
ig. 15(b), (c), (e), (f) for 0.7 mm, 1 mm, 1.7 mm, and 2 mm sample
VEs, respectively, are presented for further illustration. There are
hree boxes in each diagram, one for each section, and the height of
ach box indicates the interquartile range of the total number of grains
ound in the corresponding section and the red dotted line shows the
verage stress for the RVE. By comparing these aforementioned box
lots, it is observed that the interquartile stress range of grains exhibits
25% of the mean stress of the grains present in Section 2. This analysis
lso clearly shows that the number of grains in Section 2 grows with
ample thickness; however, no comparable conclusions can be made for
12

he other two sections. f
4.3. Significance of grain level stress analysis on establishing a linkage
between process, structure, and property

Mechanical properties of AM parts can be more readily controlled
during the manufacturing process compared to traditional methods.
This capability offers an additional level of design freedom by spatially
influencing microstructural formation during the build process. Once
we adopt a quantitative approach to assess stress localization and
strain incompatibility under specific loading conditions, arising from
particular grain orientation and morphology that lead to instability
and damage initiation, we can materialize microstructure engineering
for robust component performance. This involves informed selection of
manufacturing conditions to achieve desired microstructures amidst un-
certainty. Recent work concerning microstructure engineering through
AM highlights the opportunity to achieve desired mechanical per-
formance by guiding microstructure development during the build
process. For instance, Plotkowski et al. [76], presented a new stochastic
scan path generation algorithm in electron beam powder bed fusion
(EB-PBF) AM that manipulates the spatial distribution of solidification
conditions to control and optimize the grain structure in IN718. In
another investigation using EB-PBF process, Gotterbarm et al. [77]

abricated IN718 samples with customized grain structure by changing
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Fig. 14. (a), (b), (c), (d) The IPF (along Y-direction) for all the grains presented in the RVEs of 0.7 mm, 1 mm, 1.7 mm, and 2 mm samples, respectively. The color coding for
the circles representing the grains is done according to the stress values (at 10% global strain) shown in the color bar at the right-hand side of the IPF triangles.

Fig. 15. (a) illustrates the sectioning of the IPF triangular area and the number of grains in each sample RVEs. The bar diagram for the percentage of grains found in each section
of the IPF triangular area for all the sample thicknesses is plotted in a single frame (d). (b), (c), (e), and (f) show the box plot of the aforementioned data for each sample with
thickness: 0.7 mm, 1 mm, 1.7 mm, and 2 mm, respectively.
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the scan speed and beam power, including a single crystal IN718 in
order to achieve a specific mechanical property.

5. Summary

CP simulations are used to study the size effect and stress localiza-
tion in the GRCop-42 alloy thin-walled structures made by AM-LPBF.
Three-dimensional RVEs are generated to adequately represent the mi-
crostructures of the experimentally tested material using the Dream.3D
software. Equivalent crystallographic orientation and grain size distri-
butions are used to create the RVEs based on the EBSD data of the
test specimens for each sample thickness. In thin-walled structures, the
existence of a free surface enhances the heterogeneity of deformation.
To account for this in the model, unidirectional buffer zones have been
employed in the thickness direction to break the periodicity of the
RVEs to represent a free surface boundary condition. The grain level
analysis of the post-yield behavior showed that the grains exhibiting
significantly high values of the localized vM stress are found to occur at
the free surfaces. To study the effect of the texture and grain size on the
experimentally observed size effect, the same material parameters are
assigned to the RVEs corresponding to all the sample thicknesses, and
CP simulations are performed. Results revealed variations in grain size
and disparities in microstructural texture have no discernible influence
on the size effect. Therefore, we can hypothesize that the significant
variation in yield strength with sample size could be due to dissimilarity
in dislocation density and local dislocation gradients along with the
presence of precipitate and porosity differences for different sample
microstructures. However, the present study could not fully consider
all these parameters.

The neighborhood analysis of the grains that experienced signif-
icantly high or low stress states is performed. It is determined that
the misorientation of the adjacent grains individually, and their shared
surface area with the grain of interest do not show any considerable
contribution to the localization of stress on that specific grain. We
have also observed that the stress localization in a particular grain
is not related to the average misorientation angles of its neighboring
grains and this effect is consistent for all the sample thicknesses.
However, subsequent analysis revealed, that the orientations of the
grains play a primary role in the stress localization phenomena. We
observed that the high-stress concentrations occur in the grains that
are oriented towards the [111] direction and those oriented towards
[001] direction referenced to the build direction have the lowest val-
ues of generated stress. Other grains in between these two regions
experienced intermediate stress states. Further analysis showed that
the fraction of grains oriented towards [101] direction increases with
increasing the thickness of the samples, which could be due to different
thermal histories of the solidification process after the AM process.
Based on our findings, the individual grain orientation has a significant
effect on stress localization in the GRCop-42 samples. Subsequently,
we could regulate the thermal parameters to control the solidification
and fabricate AM thin-walled structures featuring the intended grain
orientations, thereby minimizing the stress concentrations.
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