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ABSTRACT

This article presents a methodical approach to optimize microstructure (e.g., the crystallographic texture)
and topology (e.g., unit cell and struts) concurrently to improve the mechanical properties of additively
manufactured metallic lattice structures (AMLS), i.e., yield strength and plastic flow stress. Full-field elasto-
viscoplastic Fast Fourier Transform (EVP-FFT) crystal plasticity (CP) simulations are employed to determine
the optimal microstructure. The CP model parameters were calibrated to measured macroscopic stress-strain
response and microstructural data for polycrystalline samples of additively manufactured (AM) Inconel 718
with solution treated and aged (STA) microstructure. Since the crystallographic orientation of the constituent
single-crystal grains with respect to the loading direction has a significant impact on the mechanical behavior
of the material, stress projection factor analysis was used to determine four candidate textures to explore
in for a given unit cell topology. Full-field crystal plasticity simulations were used to determine macroscale
yield surface parameters for each of the considered textures, thereby enabling macroscale lattice unit cell
simulations that account for the underlying microstructure. The calibrated microstructure-dependent yield
surfaces are used to investigate the effect of different microstructures on the mechanical response of different
LS topologies with the same relative density. The results show that in a texture with < 111 > crystallographic
direction, parallel to the loading direction, the tensile and compressive yield strength are 20% and 58% larger,
respectively compared to the AM STA IN718 texture. Furthermore, when this texture is used in conjunction
with the Rhoctan topology, the results demonstrate 50% improvement in both the yield strength and modulus
of elasticity relative to previously optimized AMLS designs that did not directly account for microstructure. This
simultaneous consideration of microstructure and topology during optimization, thus, significantly enhances
the structural integrity of the AMLS.

1. Introduction

Lattice structures (LS) are three-dimensional (3D) structures com-

then we alter the topology from Rhombic dodecahedron to Rhoctan at
a 30% relative density. Details of the Rhoctan topology can be found
in [1]. The effect of topology changes on mechanical behavior under

posed of interconnected repeated unit cells made of struts and nodes.
The key factors of the design space in an additively manufactured
lattice structure (AMLS) could be decided between two hierarchical
orders: (1) geometry and arrangement of the struts and unit cells
(i.e., topology), and (2) the struts’ microstructure. Fig. 1 shows how
any changes in these factors give rise to different global mechanical
behavior since the local resolved shear stress on one or more slip
systems (the active slip systems) depends on the combined effect of
topology and grains arrangement. If we have full control of the mi-
crostructure (e.g., grain orientation), a slight change in the strut’s
geometry and arrangement would yield a different property. For ex-
ample, in Fig. 1a we are using the solution treated and aged (STA)
Inconel 718 (IN718) microstructure (see [1]) as a constant variable
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quasi-static loading is shown in Fig. 1b. It is seen that the compressive
yield strength increases by nearly 18% when the topology is changed
from Rhombic dodecahedron to Rhoctan with the same microstructure.
Similarly, the mechanical properties of a fixed topology (Fig. 1¢) could
be altered by changing grain orientation synthetically (see Section 5).
For instance, the same grains shown in Fig. 1c could lead to 52%
higher compressive yield strength if their Euler angles are aligned along
(0,55°,45°) relative to the loading direction (i.e., (111) is parallel to
the loading direction) in the same exact topology configuration. In
general, the deformation mechanisms of polycrystalline materials in
any form (e.g., fully dense solid or lattice structure) are governed by the
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Fig. 1. Topology and microstructure are two main design variables in the additively manufactured lattice structure. The figure shows the effect of different topology and
microstructure (i.e., different grain orientation) on the quasi-static compression response of STA IN718-AMLS. (a) When the microstructure and the relative density (p* = 30%) are
fixed and the topology changes from Rhombic dodecahedron to Rhoctan, (b) when the topology is fixed at Rhoctan, and the microstructure is modified by aligning the grains
along (0,55°,45°) relative to the loading direction, and (c) shows the mechanical response of AMLS for both (a) and (b) cases.

dynamics and structure of microscopic features including interstitials
and vacancies, voids, grain boundaries, orientation, and dislocations.
In particular, the grain size, morphology, and orientation of the con-
stituent single-crystal grains readily govern the mechanical properties
and plastic deformation. Therefore, topology optimization [1-15] alone
may not allow reaching AMLS full mechanical performance potential if
the microstructural effects are not considered when designing them.
It is worth mentioning that the optimization community never inte-
grated the microstructure because it is too difficult to achieve this in
the context of current mathematical programming formulations. The
geometrical imperfections such as non-uniform struts, cross-sectional
node area, and surface roughness due to manufacturing could also
affect the mechanical behavior of AMLS. However, this study does
not consider the effect of this geometrical imperfection. Note that
the effect of struts diameter variation and the effect of porosity on
the mechanical properties of AMLS made of IN718 are addressed in
our previous studies, [16,17] there is still a need to investigate the
manufacturing perspective of AMLS focusing on how to reduce the
geometrical imperfection during the manufacturing process and how
to account their influence in an optimized design.

Mechanical properties of AM parts could be controlled during the
manufacturing process more readily than traditional manufacturing
processes. This enables an additional level of design flexibility by
spatially controlling the microstructural evolution. In other words, AM
presents an opportunity where it is possible to derive the desired
mechanical performance by influencing the microstructure during the
build process [18]. In this regard, Plotkowski et al. [19], 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 study using EB-PBF process, Gotterbarm et al. [18]
fabricated IN718 samples with customized grain structure by changing
the scan speed and beam power, including a single crystal IN718 in
order to achieve a specific mechanical property.

The given examples highlight the remarkable potential of manufac-
turing complex topologies with desired microstructure using additive
methods. In this article we are presenting a systematic integration of
experiment and crystal plasticity, which serves as a design guideline,

to find an optimized microstructure for a given topology to improve
mechanical property performance compared to previously optimized
topologies. It should be pointed out that we are not using the word
optimized in the formal mathematical sense. We simply mean to imply
that by considering both the effects of microstructure and topology, an
improvement in the overall mechanical properties of an AMLS can be
obtained. To determine the optimal microstructure for a given property
objective, such as yield strength, a full-field Elasto-Viscoplastic Fast
Fourier Transform (EVP-FFT) crystal plasticity (CP) model is used [20].
The parameters of the CP model were calibrated using the macroscopic
experimental response of polycrystalline material as well as microstruc-
tural data obtained from AM STA IN718. Based on the stress projection
factor analysis, four distinct microstructures with varying crystallo-
graphic textures are generated. Then, three different full-field virtual
experiments, including uniaxial tension, compression, and shear, were
performed on the generated microstructures using EVP-FFT to gen-
erate yield data for establishing microstructure-sensitive macroscopic
yield surface parameters for the modified volumetric hardening model
(MVHM). Finally, the calibrated MVHM is applied in finite element
modeling to explore the influence of different microstructures on the
mechanical response of various LS topologies with the same relative
density.

2. Crystal plasticity-based framework

This section delineates the main components of a crystal plasticity
framework including construction of 3D synthetic microstructures, de-
scription of the constitutive model, calibration of material parameters,
and the post-processing procedure to generate the yield surface.

2.1. 3D Synthetic microstructure

Fig. 2 illustrates the process involved in the generation of 3D syn-
thetic microstructure using 2D Electron Backscatter Diffraction (EBSD)
scans. In AMLS, struts may take on various shapes and are often
not parallel to the build direction. Due to the geometry-dependent
nature of the solidification process, the development of microstructural
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Fig. 2. The steps involved in the creation of the 3D synthetic polycrystalline microstructural instantiations starting from the EBSD data. (a) The AMLS made of IN718 with its
unit cell and struts, (b) the AM sample manufactured with the same build direction and dimension as the strut in the AMLS, (c) the schematic of EBSD scan plane and direction
to get initial crystallographic texture using the sample shown in b, (d) & (e) the 2D EBSD image of cross-sectional-area and the surface area of the sample, respectively.

characteristics such as grain size and orientation, porosity size and dis-
tribution, and surface roughness is also geometry-dependent. Therefore,
the first step was to fabricate IN718 samples with the same dimension
and build direction as the struts (see Fig. 2a & b). The material and
laser parameters, as well as the scan strategy, that were used in the
manufacturing of AM IN718 samples are detailed in [1]. To measure
the initial crystallographic texture a strut was cut from the lattice
structure, sectioned, mounted, and polished at three ~ 2 mm spaced
intervals along the build direction. At each interval we performed
EBSD scans over the cross-sectional area of the strut. In addition, one
scan was conducted along the lateral surface of the strut as shown in
Fig. 2c. Locations of the EBSD scans and the corresponding texture are
indicated in Fig. 2¢, d, & e.

Relevant microstructural statistics are quantified, such as grain
size and orientation distributions, are retrieved from the EBSD data
in the first step using the reconstruction filters in DREAM.3D [36].
The reconstruction method includes the following steps: (a) removing

experimental noise from the EBSD data, (b) transform data to reflect
the same coordinate system on both map coordinates and Euler angles
(either to Euler or spatial coordinate system), (c) segmenting grains
using a misorientation threshold value, and (d) determining grain
sizes and orientations. To reconstruct grains, it is essential to remove
unreliable or non-indexed points from the map and replace them with
(in general) more reliable orientations from neighboring pixels. When
the cleaning procedure is complete, it is critical to transforming the
data so that all the EBSD scans have the same coordinate system. This
is important because there are two distinct scans with two different
coordinate systems (i.e., cross-sectional and lateral area maps). Hence,
first, the data transformed from a spatial coordinate system to the Euler
angle reference frame for all four scans. This will keep the Euler angles
while changing the map coordinates. Afterwards, the Euler angles for
the cross-sectional scans were rotated —90° around z (ND), and for
the lateral scans, the Euler angles were rotated 90° around z (ND)
and x (RD), respectively. Fig. 3 shows the final EBSD orientation maps
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Fig. 3. EBSD maps and pole figures showing the initial microstructure and crystallographic texture in the samples of IN718: (a) 2D EBSD scan of cross-sectional and lateral area,
(b) stereographic pole figures showing the initial crystallographic texture for each scan in AM IN718 sample, (c) the grain size distribution of each EBSD scan.
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Fig. 4. 3D reconstruction of AM IN718 microstructure. The shown volume is the
reconstruction of individual EBSD maps collected from cross-sectional and lateral area
of the cylindrical sample (equivalent to the AMLS strut size) and has dimensions
64 X 64 X 64 pm.

and pole figures, which reveal the initial microstructure and crystallo-
graphic texture, as well as the grain size distribution in the struts made
of IN718. Additional information on these methods can be found in the
DREAM.3D reconstruction tutorial and related algorithms [37].

In this study grain size is reported as the equivalent circle diameter,
and the orientations follows Bunge Euler angles ((pl,qb, (pz) convention.
Since the EBSD scans are 2D, stereological techniques are required to
acquire the 3D grain sizes (diameter of the corresponding sphere) for an
accurate microstructure representation. By multiplying a stereological
factor of 4/z in 2D grain sizes, they will be converted to 3D grain
size [37]:

Ryp = (%)ﬁzp m

Next, 3D synthetic microstructures are created using the previously
acquired statistics. DREAM.3D building filters are used for this purpose.
The cross-sectional and lateral area’s microstructure exhibit grains with
average major axis a = 13.3 and 17 pm and minor axis b = 6.8 and 6.74
pm resulting in an aspect ratio of approximately 2 and 2.52, respec-
tively. The average grain size in the material was approximately 18.15
pm. These parameters along with the crystallographic orientations from
all of the EBSD scans are used as the inputs for generating the 3D
statistically equivalent microstructures. Note that the creation of 3D
microstructures is random in nature, i.e., when the DREAM.3D pipeline
is run several times with the same set of inputs, different microstructure
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Fig. 5. The mechanisms of tension—compression asymmetry in an FCC structure due to formation of partials, cross-slip, and Kear Wilsdorf lock formation [21].

instantiations are produced. A representative 3D statistical equivalent
microstructure is shown in Fig. 4. The 3D microstructure is a cube of
64 pm length. Approximately 800 to 1200 grains are present in the
microstructure, which is adequate to represent the homogenized stress—
strain behavior at the macroscale. The simulation input files for the
EVP-FFT model are directly generated using a DREAM.3D filter. The
rationale for using FFT is briefly discussed in Section 2.2. Several 3D
microstructural instantiations are generated and used to investigate
the effect of microstructure variability on the associated mechanical
response.

2.2. Crystal plasticity fast fourier transform method (CP-FFT)

The FFT solution method for solving solid micromechanics problem
was developed by [38] and initially applied to study the effective
properties of linear elastic composite materials. It was subsequently ex-
tended to consider nonlinear elastic constitutive behavior for two-phase
composites [39] and range of other increasingly complex constitutive
behavior [40-43]. Lebensohn [44] was the first to use the approach
in conjunction with full-field modeling of viscoplastic polycrystalline
materials.

The FFT-based crystal plasticity methods are founded on the prin-
ciple that the local mechanical response of a heterogeneous medium
can be calculated as a convolution integral between Green function
associated with appropriate fields of a linear reference homogeneous
medium and the actual heterogeneity field. This method is appropriate
for solving unit cell problems with periodic boundary conditions. Under
these assumptions, the FFT solution is advantageous because it reduces
the convolution integrals in real space to simple products in Fourier
space. As a result, the heterogeneous field can be transformed into
Fourier space using the FFT method. After that, the mechanical fields
can be computed by the inverse FFT and returning to the original space.
In addition to the periodic microstructure requirement, the FFT solver

also requires the computational grid to be uniform and rectilinear.
As such, the grid is not grain boundary conforming, and may lead
to differences in local deformation and stress fields in the vicinity of
grain boundaries relative to finite element simulation results that use
grain boundary conforming meshes. For an in-depth examination of
these issues the reader is referred to [45,46]. On the other hand, the
FFT approach offers the advantages of not having to carry-out the
time-consuming task of generating a grain boundary conforming mesh
from a surface mesh and does not require the computationally expen-
sive inversion of large matrices needed by the CP-FEM method [46],
which results in a significant speed-up in simulation run-time for large
polycrystalline microstructures.

Generally speaking, CP-FEM is the most common crystal plastic-
ity formulation that has been applied to address full-field polycrystal
plasticity problems. However, in CP-FEM, the input microstructure is
often meshed with a large number of elements that conform to grain
boundaries in order to provide a smoother solution to local field vari-
ations in the vicinity of the boundaries. Therefore, situations involving
highly complex microstructures result in very large degree-of-freedom
calculations that are computationally expensive and also susceptible
to solution inaccuracy due to poor element shape. The simulation
pre-processing step of generating a quality boundary conforming FEM
mesh on a complex microstructure is itself quite time consuming and
non-trivial. On the other hand, regular grids such as those used in
CP-FFT do not suffer from these complications. Furthermore, crystal
plasticity based on the FFT formulation is solved separately in each
voxel, allowing the CP-FTT to be readily parallelized and adapted on
supercomputers with many processors, which is an efficient method
to reduce computational time. Thus, the CP-FFT formulation has re-
ceived considerable attention because of its advantages such as lower
computational time over CP-FEM mentioned above [40,44-48].
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Fig. 6. The schematic of virtual lab to calibrate the MVHM for AM IN718, (a) the EBSD measurement of AM IN718 sample mimicking the dimension and the build direction of
the LS strut, (b) generating 3D synthetic microstructure (RVE) from 2D EBSD maps, (c) using CP (EVP-FFT) modeling to apply different loading to the RVE in order to calibrate
the MVHM yield surface, (d) calibration of MVHM by implementing the yield points, including tensile, compressive, and shear strength, from EVP-FFT simulation, (e) assigning

the MVHM yield surface to the building struts to (f) predict the mechanical response of different LS topology.
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Fig. 8. The stress-strain curve from both experimental results [1] and simulation
(EVP-FFT) for STA IN718.

2.2.1. Elastic viscoplastic formulation

In the full field EVP-FFT method, the SVE defined in Section 2.1
is divided into equally spaced voxels along the sample reference direc-
tions to represent the polycrystalline domain [20]. The elastic behavior
is governed by anisotropic Hooke’s law and the viscoplastic behavior is

described using a power law relationship [20,44], i.e.
=Cuey 2)

i

P, : o|\"
7 —yOZ‘,(l o ) sgn(PS, : o) 3)

N
=) P @
s=1
P = c;(t°®b°)+c,(1F @n®)+c3(n° ®@n®) +¢4(t° ®1°)—(c34+¢4)(b° ®b*) (5)
1
P = E(bs®ns+ns®bs) 6)

P =P, + P, %)

Herein, tensor quantities C;;, €, and P, are elastic stiffness,
elastic strain, and the total stress projection tensor. P5, stands for the
Schmid tensor, P;  is the non-Schmid tensor, 7, is the reference shear
rate (taken here to be 0.001/s), n is the inverse of the material strain
rate-sensitivity exponent (taken here to be 5), and 7} represents the
critical resolved shear stress (CRSS) on each slip system. In Eq. (4)
N stands for the total number of active slip systems during plastic
deformation.

Asymmetric plastic flow behavior of IN718 (i.e., tension-
compression asymmetry behavior of IN718) is reported in several
different investigations [16,17,21,49,50]. Therefore, IN718 does not
obey the Schmid law, which has been attributed to the core structure of
screw dislocations (formation of partials, cross-slip and lock formation).
In our model, we accounted for the non-Schmid behavior effect by
modifying the flow rule to incorporate additional stress projections
Eq. (5) to capture the tension—compression asymmetry [51,52].
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Fig. 9. The effect of ¢, and @ on the stress projection factor P}, of a single crystal. (a) For tension, and (b) compression along Z direction.

The dislocation mechanisms responsible for the tension—compression
asymmetry due to the non-Schmid effect is explained with the
schematic presented in Fig. 5. As shown in Fig. 5a the super-dislocation,
which is a pair of adjacent regular 1/2(110) dislocations, gets disso-
ciated into two super partials separated by an anti-phase boundary
(APB) [53,54]. The APB energy on the {111} plane is quite high,
allowing for the slip of a single 1/2(110) partial dislocation to occur.
The high value APBs of separated 1/2(110) partials makes them move
in pairs [55]. These pairs of 1/2(110) partials may also dissociate into
1/6(112) Shockley partials, that are separated by complex stacking
faults (CSFs) (see Fig. 5a). The {001} plane has a lower APB energy
than the {111} plane, which serves as a driving factor for super partials
to cross-slip from the {111} main octahedral slip plane onto the {001}
cube plane [56]. The extended dislocation core, on the other hand, is
constrained to glide in the {111} plane of its fault. While an extended
screw dislocation cannot cross-slip, it may create a constriction and
then travel freely to other planes, e.g., {001} or {111} [57]. Such
dislocations may further cross-slip onto a secondary {111} plane . The
APB, on the other hand, is located on the {001} plane, leading to the
dislocation core being extended onto three planes: the main octahedral
plane, the cube plane, and the secondary octahedral plane resulting
in pinning of the dislocation segments. The shear stresses resolved
on the main (p) and secondary (s) {111} slip planes in the edge (e)
direction, 7,, and ,,, induce the Shockley partials to constrict. Fig. 5b
depicts these slip planes schematically. When tension or compression is
applied in one direction, these resolved stresses constrict the Shockley
partials, promoting cross-slip. When the direction of the applied stress
is reversed, the Shockley partials are extended by 7, and z,, which
prevents cross-slip from occurring. As a result, the impact of the stresses
is to increase the yield stress in one direction, while the effect of the
stress in the other direction is to reduce it, resulting in the observed
tension-compression asymmetry.

The geometry of a slip system, denoted by the symbol s, is defined
by a unit vector aligned with the Burgers direction b*, and a unit vector
aligned with the slip system plane normal, denoted by the symbols
n®, and a unit vector perpendicular to the Burgers vector and normal
directions t* = b* x n*. IN718 has an FCC crystal structure and we
employ 24 crystallographic {111} (110) slip systems (considering for-
ward and backward directions independently due to non-Schmid effect)
i.e., 12 positive (s+) and 12 negative (s—) directions. The non-Schmid
coefficients ¢, ¢,,c3,¢,, ideally should be determined using a single
crystal experiment, however, since such data is currently unavailable
they are determined by calibrating to monotonic tension-compression
stress—strain data for a polycrystalline material. It is noted that ¢, and
¢, have a minor impact on tension-compression asymmetry, while the
¢; and ¢, play a significant role. This will be discussed in upcoming
sections.

2.2.2. Hardening law
The evolution of the CRSS is described using the Generalized Voce
Hardening Law [58]:

N

0
oo -
1
Y
r= [ Tina ©@
s=1

where 7 and 6 are the initial shear stress and hardening rate, re-

spectively. 77 and 6] are the saturation stress and hardening rate,
respectively. 7} and 6] describe the asymptotic behavior of the material.
The following expression is used to account for latent hardening effects

as a result of the interactions between slip systems

(I =75+ (7] + 0]T) [1 —exp(—

s N

dr
= YN (10)

s'=1
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Here — is self-hardening modulus and A%’ is the slip system interac-

tion matrix.
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dr;}

3. Scale transition from microstructure-scale simulations to pa-
rameterization of the macroscale yield function

The goal of the approach described here is to provide stress—strain
data obtained from the mesoscale simulations to identify macroscale
yield surface parameters for the modified volumetric hardening model
(MVHM) that accounts for the material’s microstructure. Here, the
microstructure is meant to include the grain size, orientation, mor-
phology, and crystallographic texture. In this study, the MVHM yield
surface is used, since in the case of AMLS, when the yield surface
is assigned to the respective struts, it can capture the softening and
hardening of the flow stress response during deformation, and it also
accounts for (1) strut-level tension—compression asymmetry; (2) aggre-
gate tension-compression asymmetry; and (3) strut-level hydrostatic
pressure sensitivity [1,16].
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3.1. The volumetric hardening model

The yield surface for MVHM is defined in terms of hydrostatic
pressure (p) and von Mises stress oy i.e., F(p,oy):

F(p,oy) = 1\/og +a*(p—pp)>—B=0 an

where
30, pe—PD pet+p
o= < . Do = 62t7 B=Ol(cTt)
V@3p; +0.)Bp. —0,)
3 .

oy = EGdev - Odev (12)

1
p= —5 trace o 13)

Here, o, is the yield strength under uniaxial compression, and p, and
p, are yield strength in hydrostatic compression and yield strength in
hydrostatic tension, respectively.

According to Eq. (11), the yield function contains three parameters
that need to be determined: p,, p,, and o,. As a result, at least three
unique points or three different loading paths are needed to construct
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the yield surface [1,16]. In the present work, yield strengths in tension,
compression, and shear are selected as three distinct points from which
to parameterize the initial yield surface. This data will be obtained
from calibrated CP-FFT simulations. This approach enables the ex-
ploration of microstructure—property relationships virtually during the
design/optimization process without the need to print and test parts,
which is costly and time consuming, during this iterative process.

The CP model can accurately describe the anisotropic behavior of
polycrystalline materials and naturally incorporate stress and strain
partitioning across various phases, grains, and subgrains since it ac-
counts for crystallographic texture and intrinsic single-crystalline
anisotropy [59]. A significant impediment to the use of CP models
for engineering simulations of large-scale components such as AMLS
is it is computationally expensive. At the engineering scale, analytical
yield functions such as MVHM are utilized instead of full-field CP
simulations to predict and characterize the mechanical behavior of
AMLS due to their computational efficiency and straightforward imple-
mentation. Fig. 6 depicts a conceptual representation of our approach
to virtual experiments, which employ the CP-FFT method [20] and
MVHM formulation.

When the constitutive parameters used in the current CP model
are calibrated using the macroscopic experimental response of a poly-
crystalline material (see Section 4.1c), the virtual laboratory tool was
employed to generate the yield stress points to determine the MVHM
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yield function parameters (see Fig. 6d). To uniquely determine the yield
surface parameters including p,, p,, and o,, at least three distinct load
paths must be considered. A nonlinear least square technique (NLSM)
employing the Levenberg—-Marquardt NLSM optimization algorithm is
used to determine the best fitting parameter set [60,61]. The hardening
behavior was calculated using uniaxial compression yield stress against
logarithmic plastic strain. Uniaxial compression simulations were car-
ried out up to 10% strain in order to get the uniaxial compression
flow stress curve. The nominal stresses and strains were converted to
true stresses and logarithmic plastic strains, which were then utilized
as input data in Eq. (14). Note that an assumption of the the MVHM
is that hardening only occurs under compressive hydrostatic loading
(p; = const.).

pl pl 1 1 b,
_ Gc(eaxial)[o-c(eaxial)(a_z + 5) + ?I] (14)
Pe = o‘,_.(egim[)
Pt —3

4. Experiment-based model generation
4.1. Material characterization
Polycrystalline simulations using the microstructures discussed in

2.1 are used to calibrate the EVP-FFT model for bulk IN718 against the
corresponding experimental measurements [1]. The material exhibits



B.B. Babamiri et al.

(a)

25007 T T T T T T T T T T

Texture 1

2000

—~ 1500
©
o
b=
b>
1000
500
® Yield strength in tension
® Yield strength in compression
A Shear strength
-500 0 500 1000 1500 2000 2500 3000 3500 4000 4500
o, (MPa)
(c)
1500 T T T T T T
Texture 3
1200
— 900
©
o
=3
>
S

600

300

® Yield strength in tension
@ Yield strength in compression
A Shear strength

600

ol— . .
-600 -400 -200

0
7, (MPa)

200 400

Additive Manufacturing 52 (2022) 102618

(b)

1500 T T T T T T T T

Texture 2

1200

—~ 900
©
o
=3
b>
600
300
= Yield strength in tension
® Yield strength in compression
A Shear strength
-300 -200 -100 0 100 200 300 400
( ) oy (MPa)
1500 T T T T T T T T T T
Texture 4
1200
— 900
©
o
=3
>
©

600

300

® Yield strength in tension
® Yield strength in compression
A Shear strength

100 200 300 400

0 . . . . .
-500 -400 -300 -200 -100 O

a, (MPa)

Fig. 12. MVHM yield surfaces of four different textures predicted by the EVP-FFT model.

mild anisotropy and tension-compression asymmetry. Thus, the con-
stitutive parameters such as the Voce law hardening and non-Schmid
parameters are calibrated in accordance with best fit between the
experimental [1] and the simulation data.

The impact of non-Schmid constants on P, is demonstrated in
Fig. 7 for uniaxial tension and compression along the [001], [011], [111],
and [149] axes. The stress projection factor, a generalization of the
notion of Schmid factor to the non-Schmid case, for a slip system «
is calculated from Pj, = v - P{ v for a loading axis aligned along
v (see Egs. (5), (6), and (7)). Each non-Schmid constant was varied
between —1.5 and 1.5, while all other non-Schmid constants were set
to zero. Depending on the direction and sign of the loading axis, each
shear stress component has a distinct impact on yield. It should be
pointed out that the effects of ¢, on P,,, for tension and compression
are similar, indicating that z,, = t - cb does not contribute to the
tension-compression asymmetry (see Fig. 7b). Similarly, ¢, does not
contribute to the tension—-compression asymmetry of all loading axis
except [149] when |c,| is higher than 0.5. From Fig. 7a, it is observed
that ¢, has the same impact on [001] tension and [001] compression as it
does on [001] tension and [011] compression. Additionally, for the [001]
loading axis, ¢; and ¢, have the same impact on P,,, under tension and
compression. On the other hand, Fig. 7c & d indicate that ¢; and ¢, play
the major role in capturing the tension—compression asymmetry for this
particualr non-Schmid formulation. As a result, in this work, only ¢; and
¢4 coefficients were used to capture the non-Schmid behavior. Tables 1
& 2 contain a list of the material parameters that were used for EVP-FFT
simulations and Fig. 8 compares the computed stress—strain curves with
the experimental results. Using the same calibrated parameters listed in
Table 1, stress—strain curves for the three additional deformation modes
(tension, compression, and shear) were created and simulated for the
generated textures (see Section 5).

11

Table 1
Material parameters of IN718 alloy according to the experimental data of Babamiri
et al. [1].

C,; (MPa) C,, (MPa) C,4y (MPa) 7, (MPa) 7, (MPa) 6, (MPa) 6, (MPa) n 7, (1/s)

259.6 179 109.6 470.5 166.5 900 40 51073
Table 2
Non-Schmid constants.

¢ ¢ e [

0 0 —-0.06 —-0.06

4.2. Synthetic orientation texture generation

To investigate the effect of grain orientation on the mechanical
properties of the polycrystalline material, such as yield strength and
elastic modulus, four different crystallographic textures are created
with respect to the loading direction. The goal is finding the optimized
distribution of the crystallographic orientation of the constituent single-
crystal grains in the polycrystalline structure to improve the mechanical
properties of AMLS.

Considering a uniaxial tension or compression along an arbitrary
crystal axis, The slip system with the highest Schmid factor is activated
in the case of associative flow, which is also known as the baseline
case. As a result, the minimal inverse Schmid factor, also known as
the orientation factor, is a helpful measure to determine the intensity
of the coupling between applied stress and primary slip. However, the
Schmid factor does not define the most favorable slip systems for a
given applied stress in the case of non-associative flow. Rather the
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active slip system is determined by the stress projection tensor P, (see
Egs. (5), (6), and (7)), and the initial active slip system is the one that
first satisfies the following Eq. (15):

S . -
P, io=1,

(15)

For a given slip system s, the stress projection factor can be ex-
pressed as a function of the uniaxial loading direction, which can be
defined with the unit vector v, as:

PS

ERTED SHY (16)

The stress projection factor Max (P;) is defined as the maximum

values of P! over all slip system s. Eq. (16) indicates the dependency

tot
of the P} on loading direction. Therefore, by modifying the grain

orientation the value of P}, varies.

A single crystal orientation may be characterized with respect to a
fixed reference frame by a set of Euler angles, which describe rotations
from the sample coordinate frame to the crystal coordinate frame using

12

the Bunge’s convention of the Euler notation as Q (¢, ¢, ¢,) [62]:

c(dy) sy 011 0 0 || e s(é) O

[Q]=|=s(¢y) c(@p) Of[0 (@) s@)||-s(d) c(@) O0f=
0 0 1|0 -s(@ c@]| o 0 1

c(@e(dy) — s(@)s(P)e(@)  s(d)e(dy) + c(d)s()e(@)  s(y)s(P)

—c(P1)s(y) — s(d))e(dy)e(P)
s(¢1)s(P)

—s(@1)s(dy) + c(@))c(dy)e(P)
—c(@)s(®)

c(¢y)s(@)
(@)

a7

where c(¢,) = cos(¢,), s(¢,) = sin(¢,), etc.

Here we consider the strain-controlled boundary conditions corre-
sponding to uniaxial tension and compression along the Z axis. Hence,
in order to investigate the effect of the crystallographic orientation of
the constituent single-crystal grains on the mechanical properties when
the SVE is subjected to tensile and compressive loading, the component
of transformation matrix [Q] should be resolved along Z direction.
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Thus, [v] in Eq. (16) is defined as follows:
T

cr

0 5(hy)s(®) Oy = _E (21)

[v] =[Q]]|0 = c(¢)s(®P) (18) . . .
1 (@) where ¢, and o, are yield strength under uniaxial tension and com-
Zaxis pression, respectively. As it can be observed from Fig. 9, P} = 0.54 is
Eq. (18) illustrates that only ¢, and @ affect the P}, under uniaxial ~ maximum for tension at & = 24° and ¢, = 25°, while P, = 0.48 at
tension and compression loading along Z direction. Fig. 9 shows the ef- ~ @ = 26° and ¢, = 1° is maximum for uniaxial compression loading.
fect of the crystallographic orientation of the constituent single-crystal From Egs. (20) and (20), when FP7, is maximum, the yield strength is
grains i.e., ¢, and @ on the stress projection factor P?,. Assuming that minimum and slip initiates easier. The minimum P, is 0.34 and 0.22
z,, is constant for all slip systems, the stress required to initiate slip ~ at @ = 55° and ¢, = 45° for both uniaxial tension and compression,
under the applied stress, o, can be calculated from: respectively. Both tension and compression loading at @ = 48° and
¢, = 84° give the P} value of  0.45 and yielding is symmetric
(D SN 19 between tension and compression. In order to achieve higher tensile
strength, PC — PT' > 0 should be maximum. Therefore, the following
Thus, the yield stresses in uniaxial tension and compression are orientation cases, listed in Table 3, were selected to generate technical
calculated as: single crystal with strong textures along those directions to analyze
T, the effect of each texture on the mechanical behavior of IN718. In
Oy = PT 20 this study, the term technical single crystal refers to grain boundaries

tot

13



B.B. Babamiri et al.

Additive Manufacturing 52 (2022) 102618

104 T T T
3{\((\\)«\ Composite Metals
103F e"\c,’é\ ﬁ«‘/ \ 3| ® T1 Rhoctan (Present study)
. “\eO‘ / e Nickel alloy LS
& ® * 316L stainless steel LS
= 102+ y 4| * Ti-6Al-4V lattice
%, p PR \; * Copper alloy LS
= &% ALO, LS
» 10"+ 4° ' < o Al,O, polymer micro LS
[0 "
= i, - = Aluminum alloy LS
8 @ . g \ ¢ AISi10Mg alloy foam
g 10%F L \\ S\ Ceramics 4 SiC/C-filled composite LS
8 ° \ k v HDDA octet lattice
Natural materials N > Ti-6AL-4V snap-fit LS
101k Polymers and elastomers-|| < Cast Tialloy LS
< * TPMS sheet structures
Foams * glassy carbon lattices
102 ) ) i * Woods
10’ 102 10° 10*

Density (kg/m>)
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Table 3

Four different crystallographic texture orientation of the constituent single-crystal grains
were chosen in order to investigate the effect of each case on the mechanical behavior
of IN718.

Texture No. P, [ [
Texture 1 (T1) Min (P,f”) 55° 45°
Texture 2 (T2) Max (Ptj'") 24° 25°
Texture 3 (T3) Pl = PC 48° 84°
Texture 4 (T4) Max (PS¢ - PT > 0) 45° 90°

tot tot

with a misorientation angle of up to 12° that are present inside the
crystal [18]. The pole figures of the generated crystallographic texture
orientation cases defined in Table 3, are illustrated in Fig. 10.

5. Results and discussion

As discussed in Section 3, three loading paths including tension,
compression, and shear were simulated. These loading paths are used
to characterize four different microstructures denoted by T1, T2, T3,
and T4 (see Section 4.2). The generataed microstructures were used
to fit the MVHM yield surface function. The quantitative predictions
based on CP simulation results, such as global stress—strain response,
are subject to variability. To quantify the variability of stress—strain
response for different SVE realizations, three distinct microstructures
with the same grain size distribution but different morphologies are
created. Each microstructure is then examined, the results compared
to experimental data. It should be pointed out that the mechanical
response of all three generated microstructures were almost identical,
implying there was no uncertainty in the final results.

The results of these simulations are then used to identify the pa-
rameters for the MVHM yield surface. After each simulation, the stress
tensor for each loading case at a plastic work per unit volume (see
Eq. (22)) of 2 MPa is determined and is used as a yield stress point.
This value is chosen based on the experimental stress-strain response
in which the yield point in 2 MPa plastic work per unit volume is
equivalent to 0.2% offset yield strength. The plastic work per unit
volume is calculated as the area under effective stress o, , and effective

14

p

plastic strain e, [ curve as defined in the following equation:

w, :/geffdegff 22)

The EVP-FFT simulation was performed in 40 increments of 0.05%,
up to 2% percent strain for the tension and shear, and 100 increments
of 0.1%, up to 10% percent strain for the uniaxial compression loading.
Fig. 11 shows the EVP-FFT model predicted macroscopic stress—strain
curve, including uniaxial tension, compression, and shear for all consid-
ered textures. According to Fig. 11a, Texture 1 with the minimum P;,
has the highest tensile and compressive yield strength, with a tensile
yield strength of 1251 MPa and a compression yield strength of 1853
MPa. This represents a 20% and 58% yield strength improvement in
tensile and compressive strength, respectively, compared to the original
texture (i.e., experimental results of STA IN718). On the other hand,
Texture 2 has the lowest yield strength, at 880 MPa for tension and
990 MPa for compression (see Fig. 11). As previously stated, IN718
demonstrates strength differential behavior, i.e., distinct plastic flow
behaviors in tension and compression, with compressive yield strength
being greater than tensile strength [16,17,49,50]. However, Fig. 11c
and d indicate that by altering the crystallographic texture, this behav-
ior may be controlled or even completely reversed. Texture 3 produces
similar yield strength value under tension and compression (Fig. 11c),
while the tensile yield strength of Texture 4 is around 10% greater than
the compressive counterpart.

Finally, using the computed yield points obtained from the EVP-FFT
simulations, which include tensile, compressive, and shear strength, the
RMSD method is used to get the yield function (MVHM) parameters
for each texture (see Section 3.1). As shown in Fig. 12, four distinct
yield surfaces are generated for each of the textures. The initial yield
surfaces from Fig. 12 then are used to analyze the mechanical behavior
of different LS topologies under quasi-static compression loading using
finite element method (Abaqus/Explicit). Meshes constructed of 4-
node linear tetrahedral elements were used in the models (C3D4).
Following that, the LSs were compressed between rigid plates assuming
a coefficient of friction between the LS and the platens equal to 0.2. A
general contact algorithm was defined and applied to the entire model
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metallic AMLS [35].

to account for the possibility of contact between struts during the de-
formation. More detailed information regarding the MVHM calibration,
validation, and FEM setup and analysis of LS are provided in our recent
publications [1,16].

Fig. 13 shows the effect of different crystallographic textures on
the mechanical response of a unit cell with Octet truss (OT) topology
under uniaxial compression loading. On average, T1 has 61% and 68%
higher modulus of elasticity and yield strength than T2, T3, and T4,
respectively. This clearly demonstrates how the mechanical response is
influenced by the microstructure.

Previously, we developed a topology-microstructure-based opti-
mization technique to investigate the interplay between the topology
and microstructure by analyzing the deformation mechanisms of dif-
ferent LS topologies made of STA IN718 [1]. Using this approach, a

15

new optimized topology named as Rhoctan (RTN) was created and val-
idated experimentally. The generation process, geometrical details, and
performance of the newly introduced RTN topology used in uniform
and hybrid lattice structures are described in [1,63]. RTN demonstrated
53%, 25%, and 15% higher energy absorption capacity over the Octet
Truss (OT), Rhombic Dodecahedron (RD), and Rhoctet (RT) topologies,
respectively (see Fig. 14). Therefore, the crystallographic orientation
T1, which possesses enhanced yield strength, modulus of elasticity, and
energy absorption capacity (see Fig. 11), used in conjunction with the
new topology optimized LS (RTN) further improves the mechanical per-
formance relative to the IN718 STA microstructure. Fig. 14 compares
the topology and quasi-static compression behavior of OT, RD, and RT
with the newly developed topology RTN along with the T1 texture. The
results from Fig. 14 demonstrate 50% improvement in both the yield
strength and modulus of elasticity. This example shows that the design
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optimization method presented herein that accounts for the synergistic
relationship between microstructure and topology enables researchers
to explore the optimized balance between both variables for particular
loading conditions.

To compare the yield strength of the new optimized
topology-microstructure T1 RTN with other metallic and non-metallic
engineering material and structures, an Ashby material property chart
plotting the compressive yield strength versus the density is generated
and presented in Fig. 15. As shown in Fig. 15, the yield strength of
RTN topology containing T1 texture is comparable with composite
structure and in comparison to Ti-6Al-4V LS provides higher strength at
a lower density. The yield strenght of RTN topology with T1 texture is
approximately two times greater than the yield strength of AMLS 316L
stainless steel and Al,O; with the same relative density, which marks a
new entry into the high-strength lightweight material parameter space.

Fig. 16, also compares the normalized compressive strength and
normalized modulus of elasticity of T1 RTN with other metallic AMLS
data available in the pertinent literature [35]. The compressive strength
(6;) and modulus of elasticity (E;) of the LS are normalized by the
compressive strength and Young’s modulus of the building material
(o, and E,), respectively. The results indicate that the T1 RTN has
considerably higher modulus of elasticity compared to other metallic
AMLS and the yield strength is comparable to the other optimized LS
with the same range of relative density.

From a manufacturing perspective, it has been shown that it is
possible to control microstructure during the AM build process such as
Electron Beam Powder Bed Fusion (EB-PBF) technique [18,19,64]. This
may be accomplished by changing the process parameters and, in turn,
carefully customizing the grain structure. With AM, it is now feasible to
control the microstructural formation of the manufactured components
as they are built. The presented work demonstrates a methodology for
simultaneously optimizing grain size and texture for a given topology
to meet specific design requirements and/or maximize LS mechanical
properties.

6. Summary

In this study, we demonstrated a design methodology by integrat-
ing experiment, microscale modeling (material scale), and macroscale
finite element modeling to determine an optimized combination of mi-
crostructure and topology that leads to improved mechanical properties
of additively manufactured lattice structures (AMLS). The optimum
microstructure is determined by using full-field polycrystal plasticity
simulations to compute the effective macroscale material response by
considering crystallographic texture to be the dominant design variable.
Four different textures were considered based on stress projection
factor analysis. The results from these simulations were used to pa-
rameterize a macroscale yield surface and hardening behavior for each
of the considered textures. The microstructure-dependent macroscale
model was then used in unit cell finite element simulations to predict
the mechanical response of various lattice structure topologies.

The results show that in LS with fixed topology (OT), T1 in which
(111) is parallel to the loading direction improved the compressive
strength of the OT LS by approximately 68% compared to the other
generated textures. However, when the T1 microstructure is combined
with the RTN topology, the yield strength and modulus of elasticity
are increased by 50% above previously optimized topologies that were
considered using fixed microstructure. Therefore, the synergistic rela-
tionship between microstructure and topology can be made by leverag-
ing the microstructure that works the best with the given topology. In
other words, improved and/or tailored mechanical performance can be
achieved by varying microstructure and topology simultaneously. It is
envisioned that this methodology can be formalized, generalized, and
automated leading to unique and non-intuitive LS designs that consider
the interplay between topology and microstructure on engineering scale
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performance. The ability to control the spatial variation of local mi-
crostructure attributes that is possible through AM processes moves this
conceptual approach from a theoretical consideration to a realizable
design strategy.
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