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Aftic{e history: Nowadays, additive manufacturing of metallic materials plays a key role in manufacturing technology due to its
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sired mechanical properties. An accurate computational model will also be a superior tool to investigate practical
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pools and grain structures, and the macroscopic mechanical properties of SLM products. Crystal plasticity is uti-
lized and calibrated to represent the material properties of grains. The capability of the model in considering the
role of texture, process defects, mechanical loading direction, and laser scan hatch space on the mechanical be-
havior of SLM parts are evaluated. The good agreement between the obtained results and the reported experi-
mental data confirms the accuracy of the developed computational model.
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1. Introduction

Selective laser melting (SLM), as a novel additive manufacturing
(AM) method, has been considered as a promising future in the next in-
dustrial revolution [1]. In this manufacturing process, the object is
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Table 1
Process parameters and the resulting energy input used in this study.

Effective laser power Layer thickness Scan velocity Hatch space Energy input
w pm mm/s pm J/mm?

200 30 800 120 69.4

designed in three-dimension (3D) using a computer-aided design
(CAD) software and then is fabricated layer-by-layer by selectively
melting of powders [2]. Consequently, SLM process shows a great ad-
vantage of design flexibility, which enables the fabrication of parts
with extremely complicated morphologies compared to conventional
manufacturing processes such as casting and forging [2,3]. With the ad-
vancement of selective laser melting process, the modeling and simula-
tion have gained extensive attention during the last few years. Modeling
and simulation advance our capability from designing novel structure
(macro scale) to controlling the microstructure of the components (me-
soscale) to meet the required performance [4]. It can also help to quan-
tify the effect of process variables on resulting functional properties of
components [5-10]. Consequently, it enhances the current trial and
error approaches in the optimization of microstructural and functional
properties of SLM products.

Current studies on modeling and simulation are mostly focused on
simulating the laser processing at multiple length scales. For example,
Foroozmehr et al. [11] simulated the solidification process during SLM
at the macro scale. Prediction of melt pool geometry and the induced re-
sidual stresses in the final products are the main outputs of their works.
Khairallah et al. [12] and Panwisawas et al. [13] developed a novel tech-
nique to simulate the SLM manufacturing process at the powder scale
level. Their works capture the details of laser interaction with the pow-
der, including vaporization effect, which can lead to a determination of
spattering and denudation during laser processing. They also took the
temperature and time histories of the melt pool into account which
might be used to determine surface finish and part density.

Moreover, some limited works are devoted to simulating the solidi-
fication process during additive manufacturing of metallic alloys.
Acharya et al. [14] used computational fluid dynamics (CFD) analysis
to predict melt pool characteristics and phase field modeling to simulate
microstructure evolution in the as-deposited state for SLM process. Var-
ious microstructure features such as segregation of secondary elements,
dendrite sizes, dendritic orientation, and surface roughness are assessed
and validated through comparison with experimental data. In another
similar work, Nie et al. [15] developed a multiscale model to simulate
the evolution of the microstructure of a Nb-bearing nickel-based super-
alloy during laser additive manufacturing solidification. The model pre-
dicts the nucleation and growth of dendrites, the segregation of
niobium (Nb), and the formation of Laves phase particles during the so-
lidification. This provides the relationship between the solidification
conditions and the resultant microstructure.

Despite all the studies on modeling and simulation of SLM process,
our fundamental understanding of the material behavior at macro
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Fig. 2. The tensile stress-strain response of the polycrystalline SLM 316L stainless steel up
to 10% of strain. This curve is used to calibrate the crystal plasticity material parameters in
this study.

scale, considering the microstructural properties, is still highly limited.
The presence of melt pools, besides the grains and grain boundaries, in-
crease the microstructural complexities of the SLM products which con-
sequently complicates connecting the microstructural features to the
macroscopic mechanical response of the manufactured SLM materials.
In this work, a novel computational framework is developed to accu-
rately predict the mechanical response of SLM processed materials, con-
sidering the geometrical features of both the grains and melt pools
explicitly in the material. First, the explicit microstructural representa-
tion (morphology and crystallographic orientations of grains and melt
pools) of a 316L stainless steel component is created in a finite element
model (FEM). Physically based crystal plasticity (CP) constitutive model
is then implemented into the model to define the material properties of
the bulk grains and melt pools. The FEM model is calibrated and validat-
ed using experimental data obtained by uniaxial tension tests of 316 L
stainless steel samples. Several finite element models are simulated to
assess the effects of level of porosity, melt pool size, crystallographic
textures of grains, and loading conditions on the mechanical response
of SLM products. This work provides a step toward an integrated com-
putational materials engineering (ICME) approach, where models of
SLM materials processes are bridged to ones of properties.

2. Materials and methods

An SLM 280HL (SLM Solutions Inc., Liibeck Germany) machine
equipped with two 400 W CW Ytterbium fiber lasers beams is used to
fabricate specimens. The laser beams have diameters of approximately
80 um at the focal point of laser radiation. The building platform of the
machine has dimensions of 280 x 280 x 350 mm. Argon gas is flooded
into its chamber to reduce the oxygen level to <0.1% before the opera-
tion. The pre-alloyed 316 L stainless steel powder, which has been gas
atomized, is used as printing powder. The average particle size is

(b)
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Fig. 1. (a) The optical microscopy image of a cross-section perpendicular to the laser beam direction of an SLM 316L stainless steel sample. (b) A schematic representation of one melt pool.
Red arrows show the growth orientation of columnar grains in the melt pool. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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(a)

Fig. 3. (a) 2D representation of regularly distributed initial points in a semi-circle for n,=ny=4, and n,= 1. (b) Regularly distributed initial points considering the number of
circumferential points varies as a linear function of the radius. (c) Regularly distributed initial points in a semi-circle domain. (d) 2D schematic Voronoi tessellation of a semi-circle
using n,=4, nj =4, =12, and L,=Ly=0.5. (e) A columnar Voronoi tessellation using n,=4, nj =15, and n§ = 30. (f) A truncated melt pool and its corresponding domain.

ranging between 30 um and 50 pm. Dense cuboid 10 x 6 x 10 mm sam-
ples and tensile specimens in accordance with the ASTM/E8 standard
[16] are fabricated for microscopic analysis and mechanical testing, re-
spectively. Process parameters listed in Table 1 are utilized to fabricate
fully dense parts. In this table, the energy input is calculated using the
following relation [17]:

P

E:m (1)

where P, v, h, and t are laser power (W), laser scanning speed (mm/s),
hatch spacing (mm), and layer thickness (mm), respectively.

In order to simplify the geometry of representative volume elements
(RVE) used in finite element modeling, the bi-directional scanning
strategy, at which the laser moves across each layer in a zigzag pattern,
is used to fabricate the samples.

Microscopy analysis is performed by optical microscopy (Leica
DM4000M). Cuboid samples are polished through diamond suspensions
of 9 um, 6 um, and 3 um and finally, alumina suspensions of 1 um and
0.05 um to result in a smooth surface. Tension tests are performed by

Fig. 4. (a) 2D RVE representing the microstructural features of SLM components, (b) 3D RVE with a semi-plane stress condition. To decrease the cost of the analysis and complexity of 3D
RVE, a semi-plane stress condition RVE is simulated in this study. The red arrows show the very small thickness in depth of the model. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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Table 2
Boundary Conditions applied to the RVE model (a x a x thickness).

Model face Boundary condition

Top (y = a) v=displacement; ti=t3=0
Bottom (y = 0) v=0; ti=t3=0
Left (x =0) u=—1 t=t;=
Right (x = a) u=Ty; b=

the 150 kN INSTRON machine at a strain rate of 10~% s~ !. The strain is
measured by an EPSILON extensometer with a gauge length of 25 mm
which is attached to the samples. Tensile tests are repeated three times
and their average response is plotted.

3. Microstructure and tensile behavior of SLM 316L stainless steel

Fig. 1(a) shows the optical microscopy image of a cross-section per-
pendicular to the laser beam direction of an SLM 316L stainless steel
sample. The melt pools have arc-shaped configuration attributed to
the Gaussian energy distribution of the laser beam. Melt pool bound-
aries are generated through overlapping the layers in building and
laser scan directions. A schematic of the cross-section of one molten
pool is illustrated in Fig. 1(b), the upper half of the liquid molten pools
are in conjunction with atmosphere and consequently the heat flux
transfers in a radiation manner. The melt pool boundaries are in touch
with the solidified metal layer or substrate, in which the heat flux trans-
fers in a conduction mode. Similar to the casting processes, a non-
homogenous nucleation on the solid phase boundary (grain boundary)
of each melt pool is created and epitaxial grains are induced. Subse-
quently, new nucleated grains are created and grow further toward
the center of the melt pools. The red arrows show the growth orienta-
tion of these columnar grains in Fig. 1(b).

Fig. 2 shows the experimentally obtained tensile stress-strain re-
sponse of the SLM 316L stainless steel sample up to 10% of strain. The
elastic behavior, level of yield strength (~400 MPa), and the plastic
flow are in good agreement with the previously reported works [18].
The existing small differences are due to the selection of bi-directional
laser scan strategy as explained in Section 2.

4. Mesoscale modeling of SLM 316L
4.1. Grain-scale modeling based on Voronoi tessellation

Voronoi tessellation technique is widely accepted to represent poly-
crystalline aggregates as it provides a realistic approximation of the mi-
crostructure of non-uniform grain shapes [19,20]. Voronoi cells are
constructed from a series of randomly positioned points (generators)
in the given domain. Each Voronoi cell, representing the one-grain
structure, is the set of all points in the given domain whose distances
from the corresponding generator are not greater than their distances
from the other generators.

In order to construct a Voronoi tessellated domain, it is necessary to
generate some initial points in the desired domain as generators. The
way one generates the initial points determines the final shape of the
Voronoi cells of the domain. In this paper, the distribution of the initial
points is performed according to the real microstructure of the material.
To do so, it is assumed that the melt pools are semi-cylinders which may
be oriented around the axis normal to the building platform. According-
ly, in order to construct each melt pool, some initial points might be dis-
tributed in a semi-cylinder in three dimensions or in a semi-circle in two
dimensions. The regularly distributed points may be generated in a

polar coordinate system using the following equation:

Rin (l—_ 1>
ny 2
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in which r, 6, and z are respectively the radial, tangential, and axial coor-
dinates of the i-th point in cylinderical coordinate system, n,, ny, and n,
are the number of points in the r, §, and z directions correspondingly. R;,
is the radius of the melt pool, and L, is the length of the sample along
the melt pool. Fig. 3(a) shows a 2D representation of regularly distribut-
ed initial points in a semi-circle by setting n,.=ny,=4, and n,=1.

As it can be seen, the distance between circumferential points varies
by the radius at which the points are located. This distance is larger for
the points far from the center of the circle. It causes the size of the
Voronoi cells, which would be the grains of the material, gets bigger
by getting far from the center of the circle. Accordingly, the size of the
grains would really vary throughout one single melt pool without any
control over them, that is really far from what is observed in reality.
To compel this difficulty, it is supposed that the number of circumferen-

tial points is changed as a function of radius using the following equa-
tion:

=]

2 1
ny = int n;+R7n6 Mg (r—%") (3)
1) r
ny

where ris the radius at which the points are going to be located, n} and
n3 are the number of the circumferential points at 7(i=1) and r(i=n,),
respectively, and int(-) is a fuction which converts a real number to an
integer. This equation means the number of circumferential points
varies as a linear function of the radius. Fig. 3(b) shows the regularly dis-
tributed initial points produced using the above-mentioned approach
with n,=4, n} =4, n3=12, and n,= 1. Since the grians in the micro-
structure of a material are randomly distributed, it is inevitable that
the Voronoi tessellation of the desired domain is performed randomly.
To do so, one can generate the initial points randomly which cause the
shape of the cells of the Voronoi tessellation and their distribution be
random too. In this paper, the randomly distributed initial points are
generated by moving the points of the regularly distributed initial
points to a random position within a spherical domain (in the case of
2D problems the domain would be a circle) using the following equa-
tions:

Rm
rand reg mn. oLy
r r Al
0 =<0 + n, oLy 4)
z2)i 2)i Ln o1
z—nzaz z

in which the upper cases “rand” and “reg” indicate the randomly and
regularly distributed initial points. ¢, oy, and o, are random real

Table 3
Geometrical feature of RVEs which studied in this work to identify the proper RVE size.

RVE number ~ Number of grains  Number of melt pools ~ Number of elements
1 32 2 2847

2 93 4 6901

3 188 6 12,417

4 222 9 14,357

5 319 11 20,085

6 457 16 28,419

7 653 20 39,896
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Fig. 5. Schematic representatives of RVEs used to determine the proper RVE size. The number of melting pools and the grains are decreased from RVE number 7 to RVE number 1 as shown

in the figure.

numbers between — 1 and 1, and L,, Ly, and L, are real numbers between
0 and 1 which indicate the level of randomness for radial, tangential,
and axial directions correspondingly. For the level of randomness of 0,
the points would be distributed regularly while the highest level of ran-
domness would be happened if these parameters set as 1. Fig.
3(c) shows 2D randomly distributed points using L, =Ly =0.5. When
the random distribution approach is utilized, the distance between
two neighbor points would get to small. It leads to the creation of very
small Voronoi cells which may cause some problems in meshing the
final part. To compel this problem, after creation of each random initial
point, its distance to all the other existing initial points is checked. If the

140 T T

distance to at least one of the other points is smaller than a criterion, &,
that point will be ignored for the tessellation of the space.

After generation of the initial points, it is time to tessellate the do-
main of interest. In this paper, the Python program named as PYVORO
developed by Rycroft [21] is used for tessellation of the space. The
input of the code is a set of initial points and its output is a set of cells
associated with each point. Each cell in this set consists of a set of
faces (or lines in the case of 2D space) and each face (line) consists of
a set of vertices and their connections. These data are then utilized for
the construction of the finite element model of each melt pool through
a python script for ABAQUS 6.13-4 package. Fig. 3(d) shows the 2D
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Fig. 6. Stress (along y-axis)-strain (along y-axis) response of different RVEs size under similar loading conditions. The results converge to an effective value for the RVEs larger than RVE
number 4. In this work, RVE number 5 is selected as the proper RVE size which can objectively reflect the macroscopic features of SLM components.
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schematic of a random Voronoi tessellation of a semi-circle. The SEM
images demonstrate that the grains of an additively manufactured
part is almost columnar [22-24]. To construct a model similar to what
the real microstructure is, the Voronoi cells must be columnar too. It
can be obtained by setting appropriate values for the parameters of
the Voronoi tessellation scheme including n,, nd, and n3. A nearly colum-
nar Voronoi tessellation using n,=4, n} =15, and nZ =30 is shown in
Fig. 3(e). The above-mentioned approach is performed for each melt
pool separately. Then, the total representative volume element (RVE)
is produced by assembling all the melt pools together. It must be noticed
that the boundaries of a melt pool might be different from a complete
semi-cylinder due to the truncation by the neighbor melt pools as
shown in Fig. 3(f). If it happens, the Voronoi tessellation must be applied
to the truncated semi-cylinder (the gray domain in Fig. 3(f) instead.

4.2. Extension of the 2D RVE to a 3D RVE with a semi-plane stress condition

To investigate the effect of stress state on the mechanical properties
in the micromechanical modeling of SLM materials, loadings under dif-
ferent stress conditions should be studied. Complex stress conditions
can be generated by applying boundary conditions (BCs) in a cubic 3D
RVE model. Nevertheless, the seeding and tessellation approaches de-
scribed in Section 4.1 become much more complicated for 3D cases.
Moreover, the number of elements and grains structures increase signif-
icantly and the computational efficiency drops accordingly. To over-
come the shortcomings of the conventional 3D model, the 3D model
with a very small thickness in depth (similar to the plane stress condi-
tions) are studied in this work as a compromise (Fig. 4). Similar to the
plane stress condition, the stress in the depth direction could be
neglected in this work. Consequently, the results compared to 3D
RVEs are conservative. This is why the focus of future work should be
on conducting more realistic and accurate 3D simulations. More infor-
mation on semi-plane stress condition can be found in [25,26].

Mechanical periodic boundary conditions as described in Table 2
[27] are applied to the computational domain. In this table,ty,t;, and t3
represent the tractions in X,Y, and Z directions, respectively. Also, U;
represents the displacement of the right/left face in the x direction
upon loading on the top surface. The stress- strain values reported in
this study are engineering values. The stress is defined as the forced di-
vided by the undeformed cross-section area of the top surface.
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Fig. 7. (a) Schematic representative of the proper RVE size determined for
micromechanics modeling in this work. (b) The surface distribution of the grains in the
chosen RVE. (c) The aspect ratio distribution of grains in the selected RVE.
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Fig. 8. The comparison of experimental data and simulation results using the calibrated
materials constants. A good agreement can be observed.

4.3. Crystal plasticity

A rate-independent single-crystal plasticity model developed by
Anand and Kothari [28] is used for modeling the material response of
the bulk grains and melt pools. Crystal plasticity let us account for orien-
tation dependent slip in grains that is a key feature of SLM metal struc-
tures. In crystal plasticity theory, the plastic deformation in single
crystals is supposed to take place through a simple shear on a specific
set of slip planes. The combination of a slip plane (named by its normal
n®) and a slip direction (denoted by m®) is called a slip system (). The
constitutive equations relate the deformation gradient F, which can be
decomposed into elastic and plastic parts as Eq. (5), the slip resistances
s*>0,and the Cauchy stress T.

F=FF (5)

To characterize small elastic strains, the Green elastic strain measure
(Eq. (6)) is defined on the relaxed configurations (plastically deformed,
unstressed configuration). The conjugate stress measure is then
assessed by using Eq. (7), and the stress-strain relationship is given by

Eq. (8).

E= % (FTFe=1) (6)
T = detFe(F)"'T(F) ™" (7)
T=C[F] 8)

where C is the fourth-order elasticity tensor.
The evaluation of the plastic flow (LP) is given by:

P = P(P)7 = Coi sy sign(r®) ®

Where S§ =m*®n®is the Schmid tensor and y* is the plastic shear-
ing rate on the o" slip system. The resolved shear stress 7 on the o/"slip
system is calculated by:

T —T.S% (10)

Table 4
The calibrated elastic and plastic material constants used to define the properties of grain
structures.

Cy1 (GPa)
107.10

Ci2 (GPa)
46.80

C44 (GPa)
70.10

So (MPa)  hg q a
195.0 120 14 15

Constant

Value
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Defects

Fig. 9. (a) Optical microscopy image of SLM 316L stainless steel showing the presence of
processing inclusions. (b) A schematic representation of the RVE model including the
processing defects such as unmelted regions and porosities. The defects are randomly
distributed in RVE model.

The resolved shear stress ™ on the active slip system (y*>0),
reaches a critical value s* on the systems where the slip occurs. Howev-
er, the resolved shear stress 7 does not exceed s* on the inactive slip
systems with ¥* = 0. The hardening law for the slip resistance s* is
given as:

$9(6) = Lgh™y’, 5%, (0) = s (11)
400 | ]
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Fig. 10. Stress (along y-axis)-strain (along y-axis) response of the solid RVE compared to
the RVE with 2 volume percentage and 4 volume percentage of defects. The defects
show a significant role on the mechanical performance of SLM products.
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Fig. 11. (a) The RVE size with 50% overlapping of the melt pools, (b) the RVE size with 75%
overlapping of the melt pools, (c) the stress (along y-axis)-strain (along y-axis) response
of both cases show decreasing the yield strength and the level of plastic flow by increasing
decreasing the hatch space.

The slip system hardening model is taken as:
B = [q+ (1=9)*|h” (no sum on ) (12)

where h” is a single slip hardening rate, 5* is the Kronecker delta func-
tion, and q is the latent-hardening ratio. For the single-slip hardening
rate, a specific form described in Eq. (13) is adopted.

W~ h, (1_53_’3)a (13)

S

where h,,a, and s; are slip hardening parameters.

The described, crystal plasticity constitutive model is previously im-
plemented into a user-defined material subroutine (VUMAT) by
Sundararaghavan et al. [29]. This VUMAT will be employed in this pro-
ject properly. For simplification, the same material properties will be ap-
plied to all melt pools/grains boundaries.
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Fig. 12. The Stress (along y-axis)-strain (along y-axis) response of textured and
untextured RVE models. The results indicate the capability of the model on predicting
the effect of crystal orientations of grains on mechanical properties of SLM products.
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Fig. 13. The Stress (along y-axis)-strain (along y-axis) response of RVEs under two
different loading conditions. BC1 shows superior mechanical properties because the
direction of grains (columnar grains) is in the same direction of the mechanical loading.

5. Results and discussion
5.1. The role of RVE size

An important parameter which may influence the overall mechani-
cal behavior is the RVE size. To adequately describe the mechanical
properties of a polycrystalline material made by SLM, the size of the
RVE needs to be large enough to contain a sufficient number of grains
and melt pools. However, the computational costs will increase by in-
creasing the size of the RVE. To select an appropriate RVE size, several
volume elements (VE) are created and tested for convergence of the ob-
tained results in terms of yield stress. Table 3 and Fig. 5 demonstrate the
geometrical features of each VE and the schematics of some of the stud-
ied RVEs, respectively. As shown in Fig. 6, convergence is achieved for
the prediction of VE 4, VE 5, and VE 6. The results of the RVEs larger
than 210 um (VE 4) converge to a specific value. Therefore, the accept-
able size of the RVE is considered as a minimum of 275 ym (RVE 5) in
this study. Fig. 7(a) illustrates RVE 5 which includes 11 melt pools and
319 grains. The corresponding grain surface area distribution and aspect
ratio of grains are shown in Fig. 7(b) and (c), respectively. It worth not-
ing that the crystal plasticity parameters used in this section are chosen
arbitrarily, and as a result of it, the simulation results shown in Fig. 6 is
not in agreement with experimental data in Fig. 2. The calibration of the
modeling based on the experimental data is conducted and explained in
the fowling section (Section 5.2).

5.2. Determination of crystal plasticity model parameters

The crystal-plasticity model is calibrated by simultaneously fitting
the stress-strain response obtained from uniaxial tension tests de-
scribed in Section 2. Since the experimental uniaxial tensile test is
used for characterization, the same procedure is followed in simulation
to mimic the loading conditions. Prior to fitting process, some material
constants are estimated from the literature. For instance, a series of
the model parameters are available for 316L stainless steel made by
conventional techniques in [30], which serves as a general guideline
on the initial estimations. Also, it is known that some of the model pa-
rameters have specific influence on the stress-strain response, e.g. So

Table 5
Boundary conditions applied to the RVE model (a x a x thickness). v, is displacement of
the top and bottom faces upon loading on the right.

Model face Boundary condition

Top (y = a) V="Vt =t3=0

Bottom (y = 0) v=—V;t;=t3=0

Left (x = 0) u=0;t,=t;=0

Right (x = a) u=displacement; t, =t3=0

parameter mainly influences the level of yield strength. Following
each step, the resulting stress values at each strain are compared with
the equivalent experimental data and the magnitude of the difference
is considered in an error function. Optimization is performed until the
error is minimized.

In Fig. 8, the stress-strain curves obtained from the fitting procedure
are compared against the corresponding experimental data for a uniax-
ial tension test on SLM 316L stainless steel. To reduce the simulation
cost, the level of strain in this plot (and the all the following simulation
stress-strain plots in this study) is not similar to what experimentally
reported in Fig. 2. It can be found from Fig. 8 that the model simulations
agree well with data in terms of the elastic response of the material and
its flow stress. The calibrated material constants are reported in Table 4.
The same constants are used for several simulations presented in this

paper.

5.3. Investigation of effective parameters on mechanical properties of SLM
components

Several different case studies are presented in this section for analyz-
ing various aspects of the mechanical response of polycrystalline 316L
stainless steel made by SLM. In Section 5.3.1 the role of defects (poros-
ities, and unmelted regions) on mechanical properties of SLM compo-
nents is investigated. The effect of changing hatch space, the
crystallographic orientation of grains, and the mechanical loading direc-
tions on functional behavior of polycrystalline SLM samples are
discussed in the following sections. Conducting more experimental
works on SLM parts made by different processing conditions and com-
paring them with the potentials of the model explained in this section
is very crucial and it will be the subject of a future communication by
the authors.

5.3.1. The effect of processing defects

Defect formation is a common issue in selective laser melting (SLM)
process. High energy density of the laser beam during SLM process re-
sults in the creation of high recoil pressure above the melt pool. The
pressure caused a portion of the molten material (called spatter parti-
cles) to be ejected from the molten zone and fall down to the solidified
layer. As the next powder layer is coated, the spatter particles remain as
a non-melted region in the parts [31]. Metallurgical pores may also be
induced during SLM process at slow laser scanning speeds from gases
trapped within the melt pool or arisen from the powder during consol-
idation [32]. Moreover, keyhole pores may cause from keyhole instabil-
ity due to rapid solidification of the metal without the complete filling of
gaps with molten metal [33]. The described defects are found to have a
significant detrimental effect on mechanical properties of SLM compo-
nents [31,34,35]. Fig. 9(a) shows the presence of described processing
defects in SLM 316 L stainless steel samples. To take them into account,
randomly distributed inclusion are created in the RVE as shown in Fig.
9(b). Two different levels of porosity, (2% and 4%) are produced and
the obtained results are compared with the non-porous model as
shown in Fig. 10. The selected levels of porosities are in the range of cur-
rently reported defect percentages in the SLM products. The model
clearly predicts the significant loss in mechanical strength and the
level of plastic flow of SLM part by increasing the level of porosity.

5.3.2. The role of hatch space

The distance between two consecutive parallel laser tracks called
Hatch Space (HS) is one of the required parameters needed to be spec-
ified during SLM process. HS controls the percentage of overlapping of
two successive melt pools in one layer. To investigate the effect of HS
on mechanical properties of SLM alloys, RVEs with 50% and 75% overlaps
are made as shown in Fig. 11(a) and (b), respectively. The selected over-
laps percentages are in agreement with the reported range using in SLM
manufacturing process. Stress-strain responses, exhibited in Fig. 11(c),
indicate decreasing the amount of HS results in decreasing the yield
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stress and level of plastic flow. However, a number of the differences be-
tween two cases is less than what has been observed in experimental
studies. It is because the effects of the interface mechanics of melt
pool boundaries and remelting on microstructural features are not
taken into account in the current version of models, and will be the sub-
ject of a future report by the authors. The existing difference is mostly
due to decreasing the number of columnar grains by increasing the
overlapping of two following melt pool.

5.3.3. The role of texture

It has been shown that a controllable texture can be achieved by
changing the manufacturing process parameters such as hatch space
and layer thickness [22]. In this section, the potential of the model in
capturing the effect of texture on the mechanical response of polycrys-
talline SLM 316L stainless is illustrated. Two different distribution of
crystal orientations in the grains is considered. For modeling the
untextured material, a random orientation is applied to each grain. For
modeling the textured material, a textured orientation is assigned to
each grain such that the [111] directions of the lattice are distributed
highly aligned along the x-direction (see Fig. 4) with a small deviation
based on a Gaussian distribution, while the [001] directions are ran-
domly distributed [36]. The results (Fig. 12) reveal that mechanical
properties including the yield stress and the level of the plastic flow of
the textured SLM materials are superior compared to the untextured
ones. This understanding is in good agreement with the experimental
results reported in [22].

5.3.4. Mechanical loading direction effect

The capability of the model in predicting the effect of loading direc-
tion on the mechanical behavior of SLM parts is studied in this section.
The uniaxial tension test for the polycrystalline model shown in Fig. 4
by applying the boundary condition described in Table 2 (BC1) and
Table 5 (BC2) are compared. In this table,t;,t,, and t; represent the trac-
tions in X,Y, and Z directions, respectively. The uniaxial stress-strain
curves presented in Fig. 13 show the yield stress and plastic flow level
for the model with BC1 are higher than the model with BC2. The possi-
ble reason behind this finding is the columnar grains in a model with
BC1 are in the same direction of the loading direction. Consequently,
the material shows higher yield strength in longitude orientation as
compared to the transference orientation. Similar understanding on an-
isotropy in mechanical properties of SLM 316L stainless steel has been
reported in [18].

6. Summary and conclusion

A novel technique is developed to simulate the geometrical features
of metallic parts made by SLM technique. As observed experimentally,
columnar grains, equiaxial grains, and melting pools are generated to
accurately model the microstructures of SLM components. Crystal plas-
ticity constitutive equations are implemented into the finite element
model to simulate the mechanical properties of grains. Proper size of
representative volume element which can objectively reflect the macro-
scopic features of SLM components is determined. Crystal plasticity ma-
terial constants are assessed based on uniaxial tension test on
polycrystalline SLM 316L stainless steel. The capability of the developed
model in capturing the effect of processing defects such as porosity and
unmelted regions are studied. Moreover, the roles of crystallographic
orientations of grains, the direction of applied mechanical loading, and
the distance between two consecutive parallel laser tracks (Hatch
Space) on mechanical properties of polycrystalline SLM parts are inves-
tigated. The good agreement between the model results and the report-
ed experimental data confirms the accuracy of the developed
computational model. Consequently, the potential contribution of this
research to the field is developing a comprehensive computational
model for accurately predicting the mechanical response of SLM proc-
essed materials, considering the geometrical features of both the grains

and melt pools explicitly. Future communications by the authors will
study the fracture and fatigue mechanics of the current developed
model to make the model more comprehensive.
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