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Metal additive manufacturing (AM) allows for the freeform creation of com-
plex parts. However, AM microstructures are highly sensitive to the process
parameters used. Resulting microstructures vary significantly from typical
metal alloys in grain morphology distributions, defect populations and crys-
tallographic texture. AM microstructures are often anisotropic and possess
three-dimensional features. These microstructural features determine the
mechanical properties of AM parts. Here, we reproduce three ‘‘canonical’’ AM
microstructures from the literature and investigate their mechanical re-
sponses. Stochastic volume elements are generated with a kinetic Monte Carlo
process simulation. A crystal plasticity-finite element model is then used to
simulate plastic deformation of the AM microstructures and a reference
equiaxed microstructure. Results demonstrate that AM microstructures pos-
sess significant variability in strength and plastic anisotropy compared with
conventional equiaxed microstructures.

INTRODUCTION

Additive manufacturing (AM) techniques are
increasing in popularity as they enable building of
complex three-dimensional parts through layer-by-
layer synthesis. Typical metallic AM parts exhibit
non-traditional microstructural features resulting
from AM processes. These features include grain
shape and size distributions, crystallographic tex-
ture, porosity, dendrite-scale solidification struc-
tures and compositional variation, all of which can
significantly affect mechanical behavior. In this
work, we focus on the grain morphology and crys-
tallographic texture of AM materials and their
effects on mechanical properties.

AM microstructures are inherently three-dimen-
sional and require commensurate 3D simulation
techniques to properly capture their morphologies
and properties. The local microstructure within a
heat source raster path is governed by solidification
processes in the moving melt pool. However, the
microstructure of a multilayer build is also influ-
enced by the overlap of multiple scan tracks within
a single layer and by partial or full remelting of
previously deposited layers.1 In many AM studies, a
microstructure with elongated columnar grains and

a h1 0 0i fiber texture has been observed.2–9 This
texture typically occurs in cubic materials, where
the h1 0 0i crystal direction is the preferred growth
direction.10,11 These microstructures have been
observed with long vector scanning strategies and
high beam power densities.1,2,4 Examples of metal
AM microstructures are shown in the top row of
Fig. 1 along with an equiaxed microstructure com-
monly observed in wrought metal. Columnar, fiber-
textured microstructures (where one crystallo-
graphic direction is preferentially aligned with a
reference frame direction, as shown in Fig. 1c) can
occur with varying texture strengths.1,2,8

The h1 0 0i crystal direction can also be aligned at
various angles with respect to the build and scan
vectors of the AM part. For example, Wei et al.5

reported a uniform h1 0 0i texture oriented at an
angle of 60�with the scan direction for unidirectional
scanning and for bidirectional scanning a h1 0 0i
texture that started at 45� with the scan direction in
the first layer and then alternated the direction of the
primary dendrites by 90�betweeneach layer. In some
instances, a h1 0 0i cube texture has been reported
rather than a fiber texture.1,6 Differing mechanical
properties have been observed in AM parts with
strong fiber h1 0 0i textured microstructures
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(Fig. 1c), with a decrease of Young’s modulus com-
paredwithnon-texturedAMmicrostructures (Fig. 1-
d).2 Additionally, elastic properties of AM parts can
vary significantly depending on the orientation of the
build directionwith respect to the loadingdirection.12

AM materials with strong texture are also shown to
have anisotropy in failure processes, such as fatigue
crack growth.3

AM microstructures that do not feature multi-
layer columnar grains and strong textures often
possess grains that are elongated in the direction of
the solid/liquid interface and local thermal gradient
during solidification. Thus, the impact of the beam
scan pattern used during manufacturing is exhib-
ited in the microstructure.13–15 An example of this
untextured microstructure is shown in Fig. 1d for
316L stainless steel.2 Note that the morphology
shown in Fig. 1d is still distinctly different from
wrought material, with elongated grains and evi-
dence of melt pool boundaries. These finer, more
isotropic microstructures are generally produced by
lower power densities and shorter vector scan
strategies that change directions, such as island
scanning.1,16,17 Even if the microstructure as a
whole does not have a significant global texture,
local microtextures can still be present because of
the cyclic thermal history seen during multilayer

builds. Thijs et al. studied several different scan
patterns and found repeated localized bands of
elongated grains with h1 0 0i texture when a global
texture was not present (Fig. 1b).1

There has been significant previous work toward
determining the mechanical behavior of AM metals,
including the use of crystal plasticity simulations to
model AM microstructures. However, few computa-
tional studies have utilized realistic, three-dimen-
sional microstructures created by process
simulations. Several studies have utilized two-di-
mensional experimental or idealized microstruc-
tures.18,19 Others have used idealized three-
dimensional microstructures representing AM grain
aspect ratios and crystallographic textures.20,21

Recently, Herriott et al. used a 3DCellular Automata
process model and crystal plasticity simulations to
simulate the spatial variation of microstructure and
mechanical properties within a rectangular AM
build. The study also varied the nucleation parame-
ter used in the AM process simulation to study the
effect of grain size on response.22 Several experimen-
tal investigations have also studied variation within
an AM build.23–26 The study presented in this article
focuses on microstructure and property variation
between disparate AM processes rather than spatial
variation within a single build.

Fig. 1. Top row: Experimental EBSD images of representative microstructures. AM1 image re-used with permission from Ref. 1. AM2 and AM3
images re-used with permission from Ref. 2. Middle row: 3D renderings of synthetic microstructures (colors represent grain IDs). Bottom row: z-
direction inverse pole figures representing each synthetic microstructure’s initial crystallographic texture.
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In this article, we evaluate the influence of
process-induced variation in AM microstructures
using a fully computational approach. First,
stochastic volume elements with synthetic
microstructures representative of experimental lit-
erature examples were generated with kMC AM
process simulations. Crystallographic orientations
were then mapped to the SVE from experimentally
inspired orientation distribution functions. Finally,
mechanical responses were investigated with crys-
tal plasticity-finite element method (CP-FEM)
simulations.

METHODS

The ‘‘app_additive’’ module in the Stochastic
Parallel PARticle Kinetic Simulator (SPPARKS)
simulation suite developed at Sandia National
Laboratories was used to generate the synthetic
microstructures. The process simulations explicitly
simulate the traversal of a molten zone through the
simulation domain as occurs in additive processes.
Many process parameters can be varied including
the molten pool shape, raster pattern, layer height
and temperature gradient around the molten zone.
The method has been described extensively in
previous publications, and the reader is referred to
these works for further details.13,27–29

After the generation of stochastic volume ele-
ments (SVEs) with AM microstructures in
SPPARKS, the SVEs were assigned a crystallo-
graphic texture. First, the ‘‘uniformODF’’ and ‘‘fi-
breODF’’ functions of the MTEX MATLAB toolbox30

were used to generate uniformly random and fiber
orientation distribution functions. Individual grain
orientations were sampled from the distributions
using the ‘‘calcOrientations’’ function. Next, a
Python script was used to associate each grain ID
in the synthetic microstructures to an orientation
from the MTEX distributions. For fiber-textured
and untextured microstructures, orientations were
selected from the fiber and uniformly random
distributions, respectively. For microstructures
with no global texture but layer-wise microtextures,
orientations were selected from both distributions.
Grains> 100 lm3 were assigned orientations from
the fiber distribution, while smaller grains received
orientations from the uniformly random distribu-
tion. The MTEX and Python scripts are included as
supplemental material.

AM structures generated from SPPARKS were
then converted to hexahedral finite element meshes
for mechanical simulations using CP-FEM analysis.
A well-established rate-dependent crystal plasticity
framework implemented in a three-dimensional
Sandia code for finite element analysis of solids
and structures (JAS3D) was used.31–34 A simple
power-law function is used to represent slip rates:35

_ca ¼ _ca0
sa

ga þ gad

� �1=m

ð1Þ

where _ca0 is the reference shear rate, m is the rate
sensitivity factor, sa is the resolved shear stress, ga

is the slip resistance, and gad is the grain size
strengthening. Here, ga is represented by a slip-
based hardening as follows:

_ga ¼
X

12

b

habj _caj ð2Þ

The hardening coefficient, hab, is represented as:36

hab ¼ qabh0 1�
gb

gs

� �a

ð3Þ

where qab is the 12 9 12 hardening matrix, h0 is the
initial hardening rate, gs is the saturated flow
stress, and a is the hardening exponent. The

diagonal (qs) and off-diagonal (ql) terms in qab

determine the self and latent hardening effects.
The grain size contribution, gad, is represented by

the Hall-Petch relation, kd�1=2, where k is the Hall-
Petch slope and d is the equivalent spherical grain
diameter. The Hall-Petch relationship used here
accounts for grain size-dependent hardening, but
does not account for anisotropic grain shapes.
Material parameters in Eqs. 1–3 were fit to the
typical stress-strain response of 316L stainless
steel. Table I lists material parameters used in
CP-FEM simulations.

We generated 20 realizations of 1 mm3 stochastic
volume elements (SVEs) for each microstructure
class. Using this approach, the largest standard
deviation for any response value for a microstruc-
ture class was � 5%.

RESULTS

Microstructure Generation

SVEs representing three microstructure classes
from the literature were generated using the proce-
dure described in the ‘‘Methods’’ section and are
shown in the center row of Fig. 1. The SPPARKS
input file used to generate each synthetic
microstructure is included in the supplemental
material. The random number generator’s seed
value was varied to generate the 20 realizations of
each microstructure class. ‘AM1’ is a bimodal struc-
ture. The microstructure is composed of large and
small grains whose size and crystallographic orien-
tation depend upon their location within the scan
pattern. The microstructure alternates between
larger grains with their [0 0 1] direction aligned
with the z direction (build direction) and smaller
grains with random orientations. This can be
observed in the inverse pole figure (IPF) of Fig. 1b,
which shows preferred orientations near the [0 0 1]
pole. ‘AM2’ is a columnar microstructure with a
strong [0 0 1] fiber texture. Columnar grains and
the fiber texture are both aligned with the z
direction. The ‘AM3’ microstructure contains grains
that are uniform in size through the domain and a
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uniformly random crystallographic texture. The
grains are elongated along the local solidification
direction and have a periodically repeating pattern
imposed by the molten pool’s raster.

Variation in Uniaxial Loading Response

To understand the microstructure-mechanical
property relationships in AM materials, each
microstructure was deformed up to 10% strain (well
within the uniform strain regime of 316L) along the
z direction (build direction). Simulated maps of local
von Mises stress (top row) and equivalent plastic
strain (EQPS, bottom row) fields are shown in
Fig. 2. Global stress-strain responses from all 80
SVEs are shown in Fig. 3a. Significant variation is
observed in both the elastic and plastic regimes of
the stress-strain curves. The maximum yield stress
variation between the structures was � 60 MPa.
AM2 (the columnar structure) was the softest, while
the equiaxed and smaller-grained AM structures
(AM1, AM3) were stronger. This is consistent with
experimental observations of microstructure-depen-
dent strength in AM material.2,37 The microstruc-
ture classes also exhibited differing variability in
mechanical response. Equiaxed and AM1 SVEs
demonstrated minimal variation, while AM2 and
AM3 SVEs demonstrated larger deviations. The
smaller variation in equiaxed and AM1 SVEs is

attributed to the presence of many small grains that
reduce the overall variability of the SVE response.

Local mechanical responses can be quantified by
studying the von Mises stress throughout the
domain. Figure 3b shows the distribution of per-
element von Mises stresses for the four microstruc-
tures at 10% strain. AM1 microstructures possessed
a significant fraction of grains whose [0 0 1]
directions aligned with the loading direction as
indicated by the distribution’s maxima near the low
value of 350 MPa. The bimodal microstructure in
AM1 is apparent from a smaller, secondary peak
near 575 MPa. In the columnar AM2 microstruc-
tures, a large portion of the simulation domain is
filled by large oriented grains, demonstrated by the
large peak near 325 MPa. For the equiaxed and
AM3 microstructures, the distribution of stress is
more uniform. There are concentrations of grains
with a von Mises stress between 500–600 MPa, but
the peaks are much broader than those of AM1 and
AM2.

Plastic Anisotropy

The stress-strain curves in Fig. 3a demonstrate
microstructure-induced material variability. In
addition to material variability along each loading
direction, different magnitudes of plastic anisotropy
are expected for the different AM microstructures
considered in this work. AM2 is expected to display

Table I. Material parameters used in CP-FEM simulations

Param. Values Param. Values Param. Values Param. Values (GPa)

m 0.012 h0 300 MPa qs 1.0 C11 204.6
_c0 1 s�1 gs 380 MPa ql 1.4 C12 137.7
g0 75 MPa a 2.5 k 0.5455 MN/m1/2 C44 126.2

Fig. 2. Microstructures showing von Mises stress (top) and equivalent plastic strain (bottom) for equiaxed, AM1 (layered), AM2 (columnar) and
AM3 (uniform) microstructures at 10% strain.
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the highest degree of anisotropy because of both the
grain morphology and its strong crystallographic
texture. To quantify these plastic anisotropies, CP
simulations were repeated with the load applied to
the x and y directions. The stress-strain responses
for the three loading conditions are shown in Fig. 4.
Each line represents the mean response of 20
microstructures and is enveloped by the standard
deviation. Variation in elastic response was deter-
mined by calculating Young’s modulus, which is
shown in Table II for each simulation. Directional
variation of Young’s modulus was small for each
microstructure class (consistent with experiments
on 304L38), but the equiaxed and AM3 results had
moduli � 50 GPa higher than those of AM1 and
AM2.

As expected, AM2 displayed the largest magni-
tude of anisotropy for both yield stress and flow
stresses at 5 and 10% deformations. The average
yield stress (measured at 2% deviation from linear
response) and its standard deviation for each
microstructure and loading condition are listed in
Table II. As apparent in Fig. 4, the equiaxed and
AM3 microstructures possessed the highest yield
stresses for all loading directions. The equiaxed
microstructure demonstrated negligible plastic ani-
sotropy having< 1 MPa of variation in yield stress.
AM1 was significantly weaker, but displayed a
similar lack of anisotropy; its yield stress also
varied by < 1 MPa with loading direction. This
resulted from the presence of both large soft grains
(which reduced the yield stress) and many small
grains (which reduced the variation in response).
AM2 possessed both significantly lower yield stress
and the highest degree of plastic anisotropy with 7%
variation between the highest and lowest values.
The strong plastic anisotropy in AM2 is consistent
with the Hall-Petch relationship found in both

experimental observations2 and other modeling
efforts.39 As noted by Liu et al.,39 the effective grain
boundary spacing (i.e., effective grain size) varies
with respect to different loading directions.

The standard deviations of the yield stress shown
in Table II were found to vary with average grain
size. AM2 demonstrated the largest amount of
deviation with a value > 4 MPa for all loading
directions. These microstructures had the fewest
distinct grains, which increased variation in the
SVE’s response. The lowest standard deviation was
observed in the AM1 microstructure, which
included a large number of small grains that
reduced variation. The AM3 and equiaxed grain
sizes (and the stress deviations) fell between these
two extremes.

Values of engineering stress at 5% and 10% strain
along different loading directions are also shown in
Table II. For AM2, standard deviations in flow
stresses increased with increasing strain, although
the standard deviation as a percentage of stress
remained relatively constant near 3%. For the other
microstructures, the standard deviation only
slightly increased, resulting in a decreasing stan-
dard deviation as a percentage of the stress
response.

DISCUSSION

Although a direct comparison with experimental
results was beyond the scope of the current study,
comparisons can be made with trends observed in
experimental studies. The AM2 and AM3
microstructures studied here were respectively rep-
resentative of the 1000W and 400W experimental
structures in Ref. 2, which also reports tensile tests
of the two as-built conditions. In Ref. 2, the ratio
between 400W and 1000W microstructures’ yield
stresses was � 1.2, while the equivalent (z-

Fig. 3. (a) Global stress-strain response curve for each microstructure SVE. Load was applied parallel to the z direction. (b) Distribution of von
Mises stress at 10% strain. The y axis shows the fraction of finite elements with a given von Mises value. The AM1 microstructure contained a
significant number of grains with their [0 0 1] directions aligned with the loading direction, resulting in a large peak at low von Mises. AM2
possessed large, [0 0 1]-oriented grains as shown by the large peak at low von Mises values. Equiaxed and AM3 microstructures demonstrated
more uniform distributions of stress with maximums at higher values.
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Fig. 4. Mechanical responses of the synthetic microstructures in three orthogonal loading directions. Each line represents the mean response of
20 microstructures and is enveloped by a shaded region indicating the standard deviation.

Table II. Values of Young’s modulus, yield stress and engineering stress at 5% and 10% elongation

Load direction Equiaxed AM1 AM2 AM3

Young’s modulus (GPa)
X 195.30 (1.20) 149.53 (0.81) 141.15 (7.75) 194.04 (4.11)
Y 194.33 (2.81) 147.88 (0.84) 146.86 (6.28) 193.01 (3.50)
Z 194.83 (1.32) 147.69 (0.81) 147.07 (7.44) 194.59 (3.91)

Yield stress (MPa)
X 191.15 (1.33) 151.61 (0.61) 135.91 (4.97) 184.77 (4.08)
Y 190.51 (2.44) 150.77 (0.68) 138.40 (7.55) 185.46 (2.56)
Z 190.93 (1.23) 151.61 (0.68) 128.81 (4.12) 181.86 (3.06)

Engineering stress at 5% (MPa)
X 381.33 (1.43) 329.64 (0.76) 294.86 (8.50) 372.71 (4.61)
Y 380.28 (3.48) 328.93 (1.08) 303.03 (6.98) 374.78 (3.90)
Z 380.61 (1.59) 328.54 (1.01) 295.39 (7.62) 373.06 (4.12)

Engineering stress at 10% (MPa)
X 437.27 (1.62) 377.28 (0.91) 343.31 (10.05) 429.15 (5.47)
Y 436.14 (4.12) 376.43 (1.23) 353.48 (8.10) 432.16 (4.63)
Z 436.51 (1.85) 376.06 (1.13) 343.77 (9.28) 429.59 (4.96)

Average values from 20 simulations are shown with the corresponding standard deviation in parentheses.
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direction) simulated AM3 and AM2 yield stresses
determined here had a ratio of 1.4. The ratio of
Young’s modulus displayed a similar trend, as the
experimental results showed a ratio of � 1.5, and
the simulation results varied by a ratio of 1.32.
Thus, the trends demonstrated by the simulations
are consistent with the experimental results.

Recent experiments have shown that AM 316L
stainless steel produced with an optimized process
(resulting in few defects) can possess both higher
UTS and ductility than wrought.40,41 These behav-
iors have been attributed to microstructure features
at the sub-grain scale, including solidification cel-
lular/dendritic structures (and corresponding
microsegregation), second phase particles, accumu-
lated dislocation densities and nitrogen uptake.25

These strengthening features are not included in
the current CP formulation and result in lower
predicted mechanical properties than measured
experimentally. The evolution of these fine
strengthening features can be predicted with micro-
scale simulations of solidification. However, the
ability to simulate the formation of three-dimen-
sional polycrystalline microstructures with these
features is beyond current computational capabili-
ties. Future microstructure simulation methods
could incorporate a multiscale approach to simulate
these subgrain structures within a polycrystalline
domain.

Additional properties not captured in this work
include surface roughness, residual stress and
porosity, which are commonly present in as-built
AM parts. Residual stress can be categorized into
macroscopic (type I) and microscopic (types II and
III) length scales. The simulation volumes used here
are too small to capture macroscopic variation
directly, but variation of microscopic residual stress
could be studied through linkages with process
simulations and/or inclusion of the fine-scale fea-
tures discussed above in future crystal plasticity
simulations. Internal porosity defects are often
caused by complex phenomena such as keyholing,
lack of fusion or trapped gasses within the powder
feedstock.42 Although computationally intensive
fluid dynamic simulations are required to capture
these effects in full fidelity, simplified process
models may be able to incorporate these defects in
synthetic microstructures with reduced computa-
tional costs. An increasingly large body of experi-
mental work has analyzed porosity distributions in
3D and could be mined to produce statistical
distributions of porosity, which could then be
imposed on synthetic microstructures.43–45 In addi-
tion to the grain morphology and crystal orienta-
tions studied here, such features (subgrain
structures, dislocations, porosity, residual stresses)
will govern local stress states and determine the
fracture mechanisms of a particular AM material.
Thus, it is essential to incorporate these aspects in
future studies for the accurate simulation of fatigue
and fracture properties.23,24

In this study, identically sized simulation vol-
umes were used for each microstructural class. Due
to the large variation in average grain size, each
microstructural class had significantly different
number of unique grains, which contributed to
AM2 (with the largest and fewest grains) having a
greater standard deviation in response and may
have also limited the anisotropic response by limit-
ing the length/radius ratio of the columnar grains.
This demonstrates the challenge of determining a
uniformly ‘‘large-enough’’ representative volume
element for AM material. Columnar microstruc-
tures with grains that extend over hundreds of
microns may not be representable by an RVE for
feature sizes of interest. Future work will study the
convergence behavior of these microstructures over
increasing SVE sizes.

CONCLUSION

A Monte Carlo-based process simulation was used
to generate a data set representing multiple
instances of three commonly observed categories of
three-dimensional AM microstructures and a base-
line equiaxed microstructure. Twenty instantiations
of each microstructural class were used in CP-FEM
simulations. The simulations demonstrated that
AM microstructures and crystallographic textures
can have a substantial effect on mechanical
response. The microstructures demonstrated vary-
ing elastic moduli, yield stresses and plastic
response that corresponded well with the relative
experimental values. The standard deviation of
each response was also found to vary with
microstructure properties. Additionally, anisotropic
response was observed for the AM2 (columnar)
microstructure, which is a common as-built
microstructure in metal powder bed processes. To
achieve more quantitative accuracy in CP-FEM
simulations of AM materials, detailed microstruc-
tural features such as dendrite-scale solidification
structures, defect densities and low-angle bound-
aries need to be considered. This work demonstrates
an integrated computational materials engineering
(ICME) approach that directly bridges process mod-
eling to three-dimensional materials mechanics.
This enables more efficient AM materials design
and characterization in engineering applications.
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