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Abstract

Microstructural variation of additively manufactured (AM) metal components in com-

parison to wrought counterparts makes certification for critical applications a challenge.

Microscale simulations leveraging modern computational tools may be used to supplement

testing of AM microstructures, thus accelerating certification by reducing the number of ex-

periments needed. However, as micromechanical response is closely tied to critical properties

like fatigue-life and fracture, utilization of these simulations with macroscale experimental

data alone is insufficient. One means to attain microscale experimental data is in situ diffrac-

tion data collected from synchrotron X-ray sources. In this work, such data were collected

during in situ compression of AM Inconel 625 superalloy. Interpretation of experimental

results was assisted by massive (8M element) complementary micromechanical simulations

performed on sets of virtual microstructures generated using cellular automata. Together,

micromechanical data from diffraction experiments and simulations were used to probe

the effects of texture, morphology, and directional strength-to-stiffness on micromechanical

response. Though fiber-averaged directional strength-to-stiffness ratios were expected to

dominate, micromechanical response was instead significantly modulated by grain neigh-

borhood effects driven by texture and morphology. The findings emphasize the importance

of high-fidelity microstructural representation for property prediction of AM metals.
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1. Introduction

Simulations are a powerful tool for accelerating understanding of additive manufacturing

(AM) processes and certification of AM products, with mechanical modeling often compris-

ing a crucial downstream component of such approaches. However, for confidence in mechan-

ical response predictions, capturing macroscopic yield behavior does not guarantee accuracy

of the model at the mesoscale (micromechanical response), as a homogenized macroscopic

response does not correspond to a unique mesoscopic deformation path [1, 2, 3, 4]. Since

micromechanical response is closely tied to other performance-critical macroscopic responses

like fatigue-life and fracture, simulating the effects of microstructure requires complementary

microscale experiments that capture the complexity of deformation of AM microstructures,

particularly within bulk polycrystals.

The advantages of a combined simulation and microscale testing approach have been

shown, for example, by Quey et al., who combined ex situ electron backscatter diffraction

(EBSD) and finite element simulations to probe grain orientation fragmentation in a hot-

deformed Al alloy [5]. The need for such an approach has also been demonstrated, for

example, by Sangid et al., who tested crystal plasticity (CP) models using experimental

strain fields measured from ex situ digital image correlation and EBSD [1]. In comparing

the results of these models to experiment and one another across length scales, comparisons

worsened from near-perfect at the macroscale to poor at the slip system scale.

Confidence in capturing the full-field effects of microstructure may be increased by cap-

turing the evolution of quantities that reflect these effects, such as micromechanical data

collected from in situ diffraction experiments [6]. Efstathiou et al. [7] and Wielewski et

al. [8] used lattice strain data from in situ high-energy X-ray diffraction experiments to

determine the single-crystal elastic constants of Ti alloys, while Pagan et al. used slip

system strength evolution extracted from in situ far-field high-energy X-ray diffraction mi-

croscopy of Ti-7Al to calibrate a CP model for the material [9]. Wong et al. combined

in situ high-energy X-ray diffraction measurements, a crystal-based finite element model,

and a virtual diffractometer framework to investigate grain-scale stress and deformation

heterogeneity during cyclic loading of Cu [10]. Carson et al. used a similar methodology to

develop intragrain diffraction-based and mechanics-based deformation heterogeneity metrics

[11]. As information regarding both the macroscopic and mesoscopic deformation states is

embedded in these data, they may be used to support detailed modeling of the effects of
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microstructure on mechanical response.

This demand for complementary modeling and experiment is especially great for alloys

fabricated via AM, as these materials often have complex microstructures and mechani-

cal properties resulting from nonequilibrium processes evolving under large temperature

gradients, rapid solidification, and thermal cycling. Murr et al., for example, observed a

significant increase in room temperature elongation compared to the wrought form for Ni

superalloy Inconel 625 (IN625) with columnar precipitate architecture fabricated via elec-

tron beam melting [12]. Zhang et al. leveraged thermal cycling and rapid solidification to

produce Ti-Cu alloys with both fine equiaxed prior-β grains and ultrafine eutectoid lamella

displaying high yield strength and uniform elongation compared to conventional alloys [13].

Similarly, Zhu et al. formed dense internally-twinned nanoprecipitates in laser powder bed

fusion (LPBF) of Ti alloy Beta-C not typically observed in traditionally manufactured Ti

alloys, resulting in unusually high tensile strength while retaining suitable ductility [14].

Studies have also revealed substantial intragranular misorientation in AM metals, indicat-

ing a high density of geometrically necessary dislocations that act as powerful barriers to

dislocation motion [15].

In this work, a series of in situ high-energy X-ray diffraction experiments were per-

formed on AM IN625 during uniaxial compression. From the measured diffraction data,

micromechanical response (lattice strain) was tracked as a function of macroscopic load

state for subsets of grains belonging to different crystallographic fibers. Complementary

crystal plasticity finite element method (CPFEM) simulations were performed on virtual

microstructures to help interpret experimental findings and further understand sources of

variation in micromechanical response between microstructures despite equivalent macro-

scopic stress-strain states.

This work is organized as follows: materials and methods are discussed in Section 2,

including experimental data collection, generation of virtual microstructures, simulation

methodology, X-ray data processing, and simulation data post-processing. The results of

experiment and simulation are presented in Section 3 and findings thereof discussed in

Section 4, with attention given to the roles of texture, morphology, and elastic and plas-

tic anisotropy on micromechanical response. Rather than being dominated by directional

strength-to-stiffness ratios, micromechanical response was instead found to be modulated by

grain neighborhood effects driven by texture and morphology. Concluding remarks are made
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in Section 5, emphasizing the importance of high-fidelity microstructural representation for

AM property prediction. Note that tildes over variables (e.g., σ̃, ε̃) indicate macroscopic

quantities.

2. Materials and Methods

2.1. Material

Specimens for in situ compression were extracted from an AM IN625 bridge structure,

an LPBF build (AMB2018-01) from the National Institute of Standards and Technology’s

(NIST) AM benchmark test series [16]. The bridge structure was built in a modified EOS

M270 testbed using the build parameters in Table 1, with a schematic of the build shown

in Fig. 1 [16, 17, 18]. The location on the bridge structure from which the samples were

extracted is marked. Information regarding build geometry and feedstock material may be

found in Levine et al. [16, 17]. A brick specimen geometry of 1.0× 1.0× 2.5mm was chosen

to prevent buckling during compression, with the long dimension chosen as the loading

direction (LD). A total of 9 specimens were extracted from the indicated leg 7 (L7, see

Fig. 1), with their long dimension (and LD) coinciding with the build direction (BD) of the

bridge structure. Specimens were extracted from the same vertical position in the leg, but

different locations from throughout the leg cross-section with varying distance from the leg

edges. A subset of specimens (3) were used for method development, while the remaining 6

(labeled E1-6 for “experimental”) were used for data collection.

EBSD data are presented in Fig. 2 for a 0.5 × 0.5mm region from the interior of

neighboring leg L1 (Fig. 1, equivalent in size and build conditions to L7). Inverse pole

figure coloring of the data with respect to BD indicates that the microstructure consists

predominantly of large ⟨110⟩-oriented columnar grains with tracks of finer ⟨100⟩-oriented

material between them. These observations are corroborated by the orientation inverse

pole figure (IPF) and orientation pole figures (PFs) from a representative specimen (E1)

shown in Fig. 3. Note that all IPFs in this work are with respect to BD/LD, all PFs

show BD/LD out-of-plane, and both are presented in multiples of uniform density (MUD).

IPFs and PFs for all experimental specimens are shown and contrasted in Appendix A.

Though the orientation distributions vary between specimens, all were found to have high

{220} and {200} densities along BD. This indicates common ⟨110⟩ and ⟨100⟩ fiber texture

components along this direction, corresponding to large volume fractions of grains oriented
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with ⟨110⟩ or ⟨100⟩ along BD. The relative strengths of these fiber texture components along

BD vary by specimen (see Appendix A). In contrast, all specimens showed an absence of

{111} density along BD, indicating few grains oriented with ⟨111⟩ along BD. Despite these

commonalities, texture variations between specimens and large grain sizes relative to the

beam size resulted in probed volumes not acting as representative volumes [19] for the

bulk LPBF build (discussed further below). Some of these variations may be attributed to

differences in microstructure near and away from the edges of L7 (Fig. 1). These builds are

known to have a stronger cube texture near the leg edges [20], which may contribute to the

experimental texture variability.

2.2. Data Collection

X-ray measurements were collected at room temperature at the Forming and Shap-

ing Technology (FAST/ID3A) beamline at the Cornell High Energy Synchrotron Source

(CHESS). A 0.5 × 0.5mm beam with energy 61.332 keV (Yb K-edge) was used in a trans-

mission geometry with two Dexela 2923 area detectors in a vertically stacked arrangement.

The detectors were positioned 675mm behind the specimens so that the fourth Debye-

Scherrer ring, {311}, was fully captured on the detectors. A schematic of this setup is

provided in Fig. 4. The detector geometry with respect to sample position was calibrated

prior to testing using a CeO2 powder reference acquired from NIST.

PF data for each specimen, such as those shown in Fig. 3, were collected every 0.25◦ over

a 180◦ rotation in ω (Fig. 4) prior to mechanical testing. The 6 specimens were distributed

among 3 target engineering strain rates (10−4, 10−3, and 10−2 s−1) for in situ compression

to assess strain rate-dependence. Each sample was loaded at its prescribed strain rate in

the RAMS2 load frame [21] with tungsten platens to approximately 6% engineering strain,

then unloaded at the same rate. Macromechanical data and polycrystalline diffraction data

were collected continuously and simultaneously at 5Hz.

Macroscopic engineering stresses (σ̃) and strains (ε̃) were determined from a load cell

in the load path and measured crosshead displacements, respectively. Machine compliance

comprised a significant fraction of measured crosshead displacements. As such, both linear

and nonlinear machine compliance effects were corrected using a procedure modified from

Kalidindi et al. [22] such that stiffness in the elastic regime for each sample was consistent

with its texture-dependent directional stiffness.
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To compute the texture-dependent directional stiffness of each specimen, 50000 orienta-

tions were sampled from its orientation distribution function, computed from its PF data

using MTEX [23]. For each orientation, an arbitrary uniaxial stress tensor was applied

along LD (z) in the sample frame, then converted to the crystal frame. The anisotropic

form of Hooke’s law was applied with IN625 single-crystal elastic constants from Wang et

al. [24] to calculate the corresponding elastic strain tensor in the crystal frame, which was

then converted to the sample frame. The directional stiffness of that orientation is the ra-

tio σzz/ε
e
zz of the normal stress (σzz) and elastic strain (εezz) components along LD. The

texture-dependent directional stiffness of the specimen is then the mean over all sampled

orientations.

2.3. ExaAM Modeling

The Exascale Additive Manufacturing Project (ExaAM), part of the U.S. Department

of Energy’s Exascale Computing Project (ECP), is a multi-stage, multi-physics simula-

tion workflow leveraging exascale computing for high-fidelity modeling of process-structure-

property-performance relationships in metal AM parts [25, 26]. This work utilizes two com-

ponents of the workflow: the cellular automata (CA) code ExaCA and the CPFEM code

ExaConstit. These components are used together to fully encompass process-microstructure-

property relations [25, 27].

Previous efforts have demonstrated the ability of the workflow to successfully predict

macroscopic stress-strain behavior [26]. However, the effects of microstructure on microme-

chanical response, tied to other macroscopic responses such as fracture and fatigue-life,

have not previously been investigated using this workflow. To this end, ExaConstit simu-

lations were performed using 48 CPUs and GPUs on the Summit supercomputer at Oak

Ridge National Laboratory’s Leadership Computing Facility and 32 CPUs and GPUs on

the Lassen compute platform at Lawrence Livermore National Laboratory (LLNL). Simula-

tions were performed on 2 sets of simulated microstructures extracted from larger voxelized

columnar microstructures generated with ExaCA. These microstructures and simulations

are described in further detail below.

2.3.1. Microstructure Generation

ExaCA [28, 29] is an open-source CA-based model used to generate explicit microstruc-

tures. The model uses melt pool and thermal history data to simulate dendritic grain
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structure evolution during alloy solidification [28, 30]. Inhomogeneity in the liquid is in-

corporated by marking a fraction of the liquid cells as potential nucleation sites using a

heterogeneous nucleation density. Nucleation undercoolings are sampled from a prescribed

Gaussian distribution and assigned to each site. If a liquid cell cools to its assigned under-

cooling, nucleation occurs and the cell becomes active, receiving a grain ID and an octahedral

grain envelope. The solidification front is tracked using active cells, and each envelope is

tracked independently. At each time step, the envelopes of active cells whose tempera-

tures have dropped below the liquidus are independently incremented using an interfacial

response function to emulate sub-grain dendritic growth physics. In ExaCA, this function is

a third-order polynomial function of local undercooling fit to experimental dendrite growth

velocities. The code leverages the Gandin-Rappaz decentered octahedron algorithm [31] to

handle the conversion of active cell-adjacent liquid cells into new active cells, each inheriting

the grain ID of the parent active cell. For a more detailed description of ExaCA, see [29].

The first series of ExaConstit simulations used microstructures generated using melt pool

shapes and thermal histories in ExaCA predicted by upstream components of the ExaAM

workflow [26, 32]. Heat transfer simulations were performed on representative odd/even

layers of the full 5 × 5mm L7 cross-section (Fig. 1) using AdditiveFOAM [33], an open-

source heat and mass transfer software for AM simulations. Temperature data for the central

1× 1mm region were interpolated to the CA cell size. ExaCA repeated the representative

odd/even layer data for that region with layers offset by 20 µm to simulate a 1× 1× 1mm

cube. 125 ExaCA simulations were performed with different permutations of AdditiveFOAM

data and ExaCA nucleation parameters. 0.5×0.5×0.5mm cubes were then taken from each

set of ExaCA voxel data for use in ExaConstit simulations. This methodology is illustrated

in Fig. 5.

From these 125 microstructures, the 4 microstructures with simulated macroscopic stress-

strain responses in closest agreement with previous bulk experiments [26] were chosen. These

simulated microstructures will be referred to as the F (“full workflow”) microstructures and

labeled F1 through F4. The bounds from which these 0.5× 0.5× 0.5mm cubes were taken

from the larger 1× 1× 1mm cubes are given in Table 2, in addition to other details of the

microstructure labeling scheme. The z bounds [0.5, 1] were used because the top halves of

the 1× 1× 1mm cubes were observed to be representative of the microstructure the rest of

the way up L7.

7

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5102123

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



One of these simulated microstructures (F1) is shown in Fig. 6A with IPF-z coloring

of the grains. Note the tendency toward colors near the ⟨111⟩ corner of the IPF triangle

(blue) and away from the ⟨110⟩ (green) and ⟨100⟩ (red) corners, indicating a tendency

toward orientations of the ⟨111⟩ fiber rather than the ⟨110⟩ and ⟨100⟩ fibers as observed in

experiment. This is corroborated by the IPF and PFs for F1 in Fig. 7A, representative of

the F microstructures. All F microstructures showed a ⟨111⟩ fiber texture component along

BD, notably paired with a lack of {220} and {200} density along BD. This contrasts with the

⟨110⟩ and ⟨100⟩ fiber texture components and lack of {111} density along BD characteristic

of experiment.

The second series of simulations used microstructures from ExaCA with melt pool shapes

and thermal histories modified based on phenomenological descriptions of the build process.

For these, AdditiveFOAM data for single lines were instead translated, mirrored, and rotated

to form odd/even layer raster patterns. These microstructures were generated in pursuit of

textures better matching experiment, to be discussed later. Four cubic 0.5 × 0.5 × 0.5mm

simulated microstructures were taken from voxel data generated using a spot size of D4σ =

80 µm and a nucleation density of 7.5×1014 m−3. This contrasts with the F microstructures,

for which only one microstructure each was taken from 4 sets of voxel data. These will be

referred to as the P (“phenomenological”) microstructures and labeled P1-4 per the bounds

of the ExaCA voxel data from which each was taken (described in Table 2).

One of these simulated microstructures (P1) is shown in Fig. 6B with IPF-z coloring

of the grains. Note the strong tendency toward the ⟨110⟩ (green) and ⟨100⟩ (red) corners

of the IPF triangle and away from the ⟨111⟩ (blue) corner, better matching experiment

(Fig. 3). Also note the similarities with the EBSD data in Fig. 2, as both show large

⟨110⟩-oriented columnar grains with tracks of finer ⟨100⟩-oriented material between them.

The corresponding IPF and PFs in Fig. 7B, representative of the P microstructures, show

orientation distributions with the ⟨110⟩ and ⟨100⟩ fiber texture components and lack of {111}

density along BD characteristic of experiment. Note that these pole figures show maxima

> 3 MUD, in excess of the 3 MUD color scale upper bound. This bound was chosen to use

the same color scale for all PFs while retaining suitable contrast to accentuate the features

of interest.

A third series of simulations was also run to help separate the effects of texture and

morphology. These microstructures were the same as the P microstructures, but with grain
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orientations reassigned to eliminate the texture observed for the P microstructures described

above. The responses of these microstructures are reported and discussed in Appendix B.

2.3.2. Micromechanical Modeling

ExaConstit [34] is an open-source nonlinear quasi-static implicit solid mechanics code

application for probing deformation of polycrystalline materials [25, 26, 35], with crystal

plasticity models supported through the ExaCMech library [25, 35, 36]. In brief, the code

solves for the balance of linear momentum using typical solid mechanics FEM discretizations

of the weak form combined with strain kinematics and crystal-scale constitutive responses

[25, 26]. In this work, a large-strain single-crystal elasto-viscoplastic model was used with

elastic and plastic deformations described by multiplicative decomposition of the deforma-

tion gradient. Anisotropic elasticity was incorporated [6, 11], with power law slip kinetics

linking the resolved shear stress τα for each slip system α with its slip system shearing rate

γ̇α:

γ̇α = γ̇0

∣∣∣∣ταgα
∣∣∣∣1/m sgn (τα) , (1)

where m is the rate exponent, γ̇0 the base shearing rate, and gα the critical resolved shear

stress (CRSS) for α [37, 6, 11]. A standard linear Voce hardening law was used with isotropic

slip system hardening:

ġα = h0

(
gs − gα

gs − g0

)∑
β

γ̇β , (2)

where ġα is the hardening rate for α, h0 the hardening coefficient for all α, g0 the initial

CRSS for all α, and gs the saturation CRSS for all α [6, 37, 11].

The microstructure cubes extracted from the ExaCA voxel data were meshed using Exa-

Constit’s built-in mesh generator, producing suitable 8 million-element MFEM meshes [38].

In the subsequent ExaConstit simulations, every quadrature point in an element was mod-

eled as a face-centered cubic crystal with a single orientation. Lower-length scale phases

[24, 39, 40, 41, 42, 43, 44] implicitly affect the hardening behavior but are not explicitly

modeled. The model described above was used with single-crystal elastic constants from

Wang et al. [24], with the remainder of the requisite micromechanical parameter set tab-

ulated in Table 3. Each microstructure was compressed at the 3 experimental strain rates

(10−4, 10−3, and 10−2 s−1) to approximately 5% engineering strain over 81 time steps. The

same optimized time-stepping sequence was used for all simulations, scaled accordingly by

factors of 10 for different strain rates.
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2.4. X-ray Data Processing

All raw diffraction data were processed using the HEXRD library [45] to extract PF

and micromechanical data (lattice strains). An interpolation-based polar remapping was

used to map each diffraction image onto a rectilinear grid with ordinates of 2θ (twice the

Bragg angle) and azimuthal angle η. As these were polycrystalline diffraction measurements,

lattice plane behaviors are considered in an averaged sense across some suitable subset of

grains (grains with orientations within a prescribed tolerance of a crystallographic fiber).

Here, orientation averaging is achieved by integration over η across a prescribed azimuthal

bin, resulting in a 1D line profile of intensity vs. 2θ for the bin. For pole figure data, 5◦

bins were used with η centers every 5◦. For in situ compression data, 10◦ bins were used

with η centers at 90◦ and 270◦, corresponding to BD/LD (applied compression). The bins

for the latter case are illustrated in Fig. 4. A suitable number (based on strain rate) of

corresponding line profiles for serial images were summed for each specimen to reduce the

volume of data used in subsequent fitting procedures.

Peak centers were determined by fitting pseudo-Voigt functions to these integrated line

profiles. For PF data, peak centers and their intensities for each bin (line profile) were

mapped to PFs using their angular coordinates (2θ, η, ω). For in situ data, lattice strains

εhkl were the micromechanical quantity of interest. These strains are defined for a family

of lattice planes {hkl} based on the change in interplanar spacing dhkl:

εhkl =
dhkl − d0hkl

d0hkl
, (3)

where dhkl and d0hkl are the current and initial interplanar spacings, respectively. In this

work, d0hkl was taken as the lattice plane spacing at the start of loading. The interplanar

spacing of lattice plane family {hkl} is related to its corresponding Bragg angle θhkl (peak

center) by way of Bragg’s law:

λ = 2dhkl sin θhkl , (4)

where λ is the X-ray wavelength. Lattice strains may then be computed directly from

changes in peak positions between load steps as:

εhkl =
sin θ0hkl
sin θhkl

− 1 , (5)

where θhkl and θ0hkl are the current and initial peak centers, respectively. As only subsets

of grains (as subdivided by θhkl and azimuthal bin) contribute to the measured lattice
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strains, these strains offer insight into microscale elastic and plastic anisotropy. That is,

ε111 describes the average micromechanical evolution along LD for only the subset of grains

with ⟨111⟩ oriented within 5◦ of BD/LD, ε200 the subset of grains with ⟨100⟩ oriented within

5◦ of BD/LD, and so on.

2.5. Simulation Data Post-Processing

To compare simulation to experiment, PF data and lattice strains were extracted from

each simulated microstructure. Element orientations, elastic strain tensors εe, and volumes

are among the many quantities evolved at each time step. PFs were generated from each

simulated microstructure by using its initial spatial distribution of orientations to calculate

its orientation distribution function in MTEX [23]. To calculate lattice strains at each time

step, the elements belonging to the {hkl} fiber were identified as those having orientations

that align the {hkl} plane normal within 5◦ of BD/LD (equivalent to the 10◦ azimuthal

bins used for X-ray data processing). For each element i belonging to the {hkl} fiber, its

lattice strain εi,hkl was computed by projecting its elastic strain tensor along the lattice

plane normal nhkl:

εi,hkl = εei : (nhkl ⊗ nhkl) . (6)

Finally, the volume fraction vi of each element was used in a weighted average to calculate

the average lattice strain of the fiber εhkl:

εhkl =
∑

i∈{hkl}

viεi,hkl . (7)

Also of interest for the virtual microstructures were their directional strength-to-stiffness

ratios rhkl, associated with the average yield behavior for grains in each fiber. These ra-

tios were calculated using the approach by Wong and Dawson [46]. In this approach, the

directional strength of a crystallographic fiber is defined as the average steady-state Taylor

factor Mhkl of grains in the fiber in fully developed plasticity, computed as:

Mhkl =

(∑
α |γ̇α|
Dp

eff

)
hkl

, (8)

where the subscript hkl denotes a volume-weighted average over elements in the fiber as in

Eq. 7 and Dp
eff is the effective plastic deformation rate. The plastic deformation rate Dp is

computed as:

Dp =
∑
α

γ̇α sym (sα ⊗mα) , (9)
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where sα and mα are the slip direction and slip plane normal, respectively, of each slip

system α [6, 37, 11]. Dp
eff is then:

Dp
eff =

√
2
3 (D

p : Dp) . (10)

The directional stiffness of each fiber is defined as its elastic stiffness prior to yielding, as this

value may vary post-yield due to load redistribution between grains in different fibers. Since

the simulated loading was uniaxial compression, the directional stiffness Ehkl of the fiber

is the ratio of the Cauchy stress and elastic strain components along the loading direction.

For loading along z as in experiment, Ehkl is given by:

Ehkl =

(
σzz

εezz

)
hkl

, (11)

where hkl again denotes a volume-weighted average over elements in the fiber. The direc-

tional strength-to-stiffness ratio rhkl of the fiber is then:

rhkl =
Mhkl

Ehkl
. (12)

As defined, this quantity incorporates information regarding both elastic (directional stiff-

ness) and plastic (directional strength) anisotropy. The quantities εhkl, Mhkl, and Ehkl were

calculated in situ during each ExaConstit simulation. Equivalent Python scripts for ex situ

calculations are available in the ExaConstit repository [34].

3. Results

3.1. Experiment

The macroscopic stress-strain responses of the 6 experimental specimens are shown in

Fig. 8, with colors and line styles denoting different strain rates and specimens, respectively.

Though the curves are clustered, they are not ordered by strain rate as might be expected [47,

48], to be discussed later. Figures 9A-F show the evolution of lattice strains along LD with

macroscopic strain for the 4 subsets of grains (grains belonging to specific crystallographic

fibers) considered for each specimen. The order of yielding and magnitude at yield were

consistent across all samples for 3 of the 4 lattice strains - ε220 (red), then ε311 (orange), then

ε200 (purple). Yield ordering is related to - but not solely determined by - the directional

strength-to-stiffness ratio of each crystallographic fiber [46], explored later using simulation

data. This contrasts with the highly variable response of the remaining lattice strain, ε111
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(blue). Its magnitude relative to the other lattice strains is inconsistent, being the smallest

for E1, E2, and E6 (Figs. 9A,B,F), falling between ε220 and ε311 for E3 and E5 (Figs. 9C,E)

and crossing below ε220 at large macroscopic strain for the latter, and falling between ε311

and ε200 for E4 (Fig. 9D). Whereas other lattice strains exclusively harden, ε111 initially

displays a unique “softening” behavior after yield in some specimens, especially apparent

in E1, E2, and E4 (Figs. 9A,B,D). For E2 and E4, this pronounced softening is followed by

hardening comparable to the other lattice strains. Note that these anomalous ε111 behaviors

show no dependence on the strain rate at which each sample was tested.

3.2. Simulations

The macroscopic stress-strain responses of the 4 F microstructures simulated at the 3

experimental strain rates are shown in Fig. 10, again with different colors and line styles

corresponding to different strain rates and microstructure IDs, respectively. The stress-

strain curves are near-identical for all microstructure IDs within each strain rate, seen in

the tight clustering of colors. As these microstructures were selected for having macroscopic

responses closest to previous bulk experiments [26], they are expected to have near-identical

macroscopic responses for a given strain rate. Though the simulated stresses have the

same shape and fall within the same range as those in experiment (Fig. 8, compared in

Fig. 11), the simulated responses instead show a strong strain rate-dependence. This rate-

dependence is identified in the blue-black-red ordering with increasing stress, corresponding

to an increase in flow stress with increasing strain rate. This result is expected, given that

each simulated microstructure was tested at all 3 strain rates but each experimental sample

was only tested at a single strain rate, confounding the effects of microstructure and strain

rate in the latter.

Figures 12A-D show the evolution of lattice strains along LD with macroscopic strain in

the 4 F microstructures for the same fibers as experiment. Only the 10−3 s−1 simulations

are shown, as the 10−4 and 10−2 s−1 simulations show the same behaviors scaled by the

expected rate-dependence (similar to the macroscopic data in Fig. 10) and as such do not

provide additional insights. For these microstructures, the 3 lattice strains showing consis-

tent ordering at yield are instead ε111 (blue), then ε311 (orange), then ε200 (purple), rather

than ε220 (red), then ε311 (orange), then ε200 (purple) observed in experiment. Though

ε200 is consistently the last to yield, its post-yield magnitude is much more variable than

in experiment. This is most apparent in the unusually low magnitude of ε200 for F3 (Fig.

13
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12C) and unusually high magnitude for F2 (Fig. 12B), with the former also showing sup-

pressed hardening not observed for other microstructures. Variability is observed for ε220

(red) across the different microstructures, in disagreement with the ε111 (blue) variability

of experiment (Fig. 9). With regard to its magnitude relative to the other lattice strains,

ε220 was the smallest for F1 and F3 (Figs. 12A,C), fell between ε111 and ε311 for F2 (Fig.

12B), and crossed over ε111 for F4 (Fig. 12D). Here, ε220 generally follows the hardening

behavior of the other lattice strains, but does show subtle softening right after yield in some

cases, most apparent for F3 (Fig. 12C). These unusual behaviors were again independent

of strain rate, as the same behaviors were observed at all 3 applied strain rates tested.

The macroscopic stress-strain responses of the 4 P microstructures tested at the 3 exper-

imental strain rates are shown in Fig. 13 using the same color and line style scheme as the

F microstructures. Unlike the F microstructures, the P microstructures show appreciable

scatter within each strain rate (with different strain rates almost overlapping) despite being

extracted from adjacent regions of the same larger voxelized microstructure. Note that, at

large strains, these curves fall approximately 100MPa below the experimental (Fig. 8) and

F microstructure (Fig. 10) stress-strain curves. This is most apparent in Fig. 11 compar-

ing the average macroscopic responses of the virtual microstructure sets and experiment

at 10−3 s−1. This difference in flow stress is a consequence of the same micromechanical

parameters being used for all sets of simulated microstructures. These parameters were

calibrated such that the macroscopic responses of the microstructures generated using the

initial full ExaAM workflow (such as the F microstructures) would match experiment. The

textures of those initial microstructures, however, were a poor match to the experimental

textures, resulting in the macroscopic stress-strain curves deviating more from experiment

when the calibrated parameters are applied to microstructures with textures better matching

experiment.

Figures 14A-D show the evolution of lattice strains along LD with macroscopic strain

in the 4 P microstructures for the same fibers as experiment. Again, only the 10−3 s−1

simulations are shown. For these microstructures, the 3 lattice strains showing consistent

ordering at yield are ε220 (red), then ε311 (orange), then ε200 (purple), matching what was

observed in experiment (Fig. 9). Variability in ε111 is observed, although less extreme

than that observed in experiment. ε111 falls below ε220 for P1 (Fig. 14A), falls on ε220 for

P2 (Fig. 14B), and falls between ε220 and ε311 for P3 and P4 (Figs. 14C,D). For some
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microstructures, ε111 appears to harden slightly faster (P2, P4) or slower (P1) than the

other lattice strains. Unlike experiment or the F microstructures, the P microstructures

show notable variability in the post-yield magnitude of ε311. Justifications for the contrasts

in the observed behaviors are discussed below.

4. Discussion

As seen in the results presented above, the micromechanical response of AM metals

can vary drastically for the same homogenized macroscopic response, even for specimens

sourced from adjacent sections of the same build. An understanding of the factors respon-

sible would help inform simulation capabilities and accelerate AM process certification. To

this end, a series of in situ high-energy X-ray diffraction experiments were performed at the

FAST beamline at CHESS on AM IN625 under uniaxial compression. Micromechanical re-

sponses, quantified by average lattice strains along the loading direction for subsets of grains

belonging to several crystallographic fibers, were extracted from the measured diffraction

data and their evolution tracked as a function of macroscopic strain state. These findings

were contextualized using ex situ measurements of orientation distribution. To help inter-

pret these results, complementary CPFEM simulations were performed in ExaConstit on

virtual microstructures generated in ExaCA. Rather than micromechanical response being

solely influenced by directional strength-to-stiffness ratios, these findings, as will be shown

below, point to the modulation of micromechanical response by grain neighborhood effects

prompted by texture and morphology.

4.1. Role of Texture and Morphology

The stress-strain curves in Fig. 8 showed a lack of strain rate-dependence in the macro-

scopic response of the 6 experimental specimens, suggesting that the collective response is be-

ing dominated by variations in microtexture and morphology. If the experimentally probed

diffraction volumes were larger than a representative volume element, then the macroscopic

responses would instead be expected to group by strain rate, with faster strain rates cor-

responding to larger flow stresses [47, 48]. This microstructural dominance of macroscopic

flow stress is not entirely surprising, as specimens are not expected to have statistically

equivalent microstructures. This is because the specimens were extracted from the same

vertical position in L7 (Fig. 1) but different locations throughout its cross-section and thus
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different proximities to the leg edges, where a cube texture is known to exist [20]. In other

words, strain rate effects are being overwhelmed by microstructural effects.

The effects of microstructure are most evident in the high variability of the {111} lattice

strains (ε111) in Fig. 9. The absence of measured {111} intensity along LD for all experi-

mental samples compared to other lattice planes (Fig. 3) indicates that low volume fractions

of grains belong to the fiber orienting ⟨111⟩ along BD/LD. In the context of the ⟨110⟩ and

⟨100⟩ fiber texture components observed for all samples, this points to the deformation of

the subset of grains in the low-volume fraction ⟨111⟩ fiber being strongly constrained by

the deformations of neighboring grains in the higher-volume fraction ⟨110⟩ and ⟨100⟩ fibers.

ExaConstit simulations on virtual microstructures from ExaCA were used to further probe

this proposed microstructure-dominated micromechanical response.

Comparing the experimental lattice strains to the virtual microstructures generated us-

ing the full ExaAM workflow (F), the lattice strains showing variability differ. The F mi-

crostructure lattice strains instead have consistent ε111 with variable ε220 (Fig. 12), though

the variability of ε220 is less extreme than that observed for ε111 in experiment. There

is also notable variability in the post-yield magnitude of ε200 despite its consistent yield

order, demonstrated by F2 (Fig. 12B) and F3 (Fig. 12C), with F3 also uniquely showing

suppressed hardening of this lattice strain. It was proposed above that the experimental

ε111 variability was a consequence of neighborhood effects arising from the samples having

⟨110⟩ and ⟨100⟩ fiber texture components with an absence of {111} intensity along LD (Fig.

3). The orientation distributions for the F microstructures (e.g., Fig. 7A) instead show a

⟨111⟩ fiber texture component along LD/BD with low {220} and {200} intensity, the reverse

of experiment. Since these virtual microstructures are fully described in 3D, it is appar-

ent that the high-volume fraction ⟨111⟩ fiber primarily corresponds to the large columnar

grains (Fig. 6A), while the low-volume fraction ⟨110⟩ and ⟨100⟩ fibers primarily correspond

to the smaller grains between them. The disagreement in lattice strains displaying unusual

behavior can be attributed to the swap in the orientation distributions along BD/LD for the

corresponding crystallographic fibers, which corresponds to the predominant orientations of

the large columnar grains. For the F microstructures, then, it would instead be the defor-

mations of grains in the low-volume fraction ⟨110⟩ and ⟨100⟩ fibers being constrained by the

deformations of grains in the high-volume fraction ⟨111⟩ fiber. This is consistent with the

grain neighborhood effects proposed above.
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Motivated by the results from the F microstructures, the P microstructures were instead

generated using a phenomenological description of melt pool shapes and thermal histories in

ExaCA in an effort to produce microstructures with textures more closely matching experi-

ment. The orientation distributions for these microstructures (e.g., Fig. 7B) show that these

microstructures exhibit ⟨110⟩ and ⟨100⟩ fiber texture components along BD, an absence of

{111} density along BD, and somewhat uniform {311} density. By using a phenomenological

description, the ⟨111⟩ fiber texture component characteristic of the F microstructures (Fig.

7A) was successfully suppressed. Looking at the P microstructures in 3D (e.g., Fig. 6B),

large volume fractions of grains have ⟨110⟩ or ⟨100⟩ plane normals oriented along BD, with

the large columnar grains preferring ⟨110⟩ and the smaller grains between them preferring

⟨100⟩. The P lattice strains (Fig. 14) are much closer to those for experiment (Fig. 9). The

yield and post-yield behaviors of ε220 and ε200 are largely consistent across the microstruc-

tures, and the ε111 variability characteristic of experiment is present, though comparatively

subdued. This variability occurs even for adjacent regions of the same larger microstructure

(P1-4) with near-identical orientation distributions. This again points to the deformation

of the subset of grains in the low-volume fraction ⟨111⟩ fiber being strongly constrained

by the deformations of neighboring grains in the higher-volume fraction ⟨110⟩ and ⟨100⟩

fibers. The experimental behaviors being comparatively more extreme may be attributed

to spatial variations in microstructure, as (1) the P microstructures collectively have the

same dimensions as only one specimen scan volume (1.0× 1.0× 0.5mm) and (2) the spec-

imen microstructures simulate only the center of L7, whereas the experimental specimens

were extracted from throughout the leg cross-section. The ε311 variability observed for the

P microstructures (but not experiment) may be attributed to the somewhat lower {311}

density along BD for all microstructures (e.g., Fig. 7B) in the same manner as for ε111. It is

interesting, however, that this behavior was not observed in the experimental lattice strains

(Fig. 9), for which the lower {311} density along BD was also observed (Fig. 3).

4.2. Role of Directional Strength-to-Stiffness Ratios

Wong and Dawson showed that directional strength-to-stiffness ratios (Eq. 12) are good

indicators of the order in which subsets of grains belonging to different crystallographic

fibers yield, with grains in fibers having higher ratios yielding on average at a higher macro-

scopic stress and vice versa [46]. They concluded, however, that this held only for crystals
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with extremely low or high single-crystal elastic anisotropy, observing that grain neigh-

borhood effects weaken the influence of these ratios for materials with moderate single-

crystal elastic anisotropy. In other words, grain neighborhood effects become as significant

as directional strength-to-stiffness in the latter case. Wong and Dawson quantified elas-

tic anisotropy with the directional stiffness ratio E111/E100, where E111 and E100 are the

single-crystal elastic moduli along the respective crystallographic directions. They defined

extremes of 1 (isotropic) and 3 (highly anisotropic), with 1.4 − 1.6 constituting moderate

elastic anisotropy [46]. Note that this defined ratio differs from the standard cubic Zener

ratio, which is 2.72 for this material. This directional stiffness ratio was 2.42 for the vir-

tual IN625 microstructures studied in this work, indicating high elastic anisotropy. The

directional strength-to-stiffness ratios, then, would be expected to dominate the yield order

and grain neighborhood effects would not be expected to cause deviations from this order.

With grain neighborhood effects, rather than directional strength-to-stiffness, posited as the

explanation for the micromechanical behaviors observed across experiment and simulation

in this work, these ratios were calculated for the simulated microstructures to assess their

role.

Figure 15 shows the calculated fiber-averaged strength-to-stiffness ratios for all simulated

microstructures in this work, with the ratios for the F and P microstructures shown in Figs.

15A and 15B, respectively. These ratios are relatively consistent across most microstructures

in both order and approximate value despite the differences in texture between them, with

r200 > r311 > r111 > r220. This indeed corresponds to the yield order (ε220 (red), then ε111

(blue), then ε311 (orange), then ε200 (purple)) for most of the simulated microstructures,

consistent with grains in crystallographic fibers with higher directional strength-to-stiffness

ratios yielding on average after grains in fibers with lower ratios. The exceptions to the

ratio orders are F4, for which r111 ≈ r220, and P4, for which r111 ≈ r311. However, these

microstructures have the common yield order indicated above, inconsistent with their atyp-

ical strength-to-stiffness ratio orders. Moreover, the microstructures with atypical lattice

strain yield orders and other behaviors described above do not correspond to any unusual

strength-to-stiffness ratios. We emphasize that different virtual microstructures have dif-

ferent fiber yield orders despite most having the same strength-to-stiffness ratio order, and

atypical behaviors in one quantity do not correlate to atypical behaviors in the other. As

a material with high elastic anisotropy, this behavior is unexpected under the findings of
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Wong and Dawson. However, their investigation of polycrystals considered only rhombic

dodecahedral (i.e., pseudo-equiaxed) grains with orientations randomly sampled from a uni-

form orientation distribution. Such an instantiation is not representative of the textured,

columnar AM microstructures considered in this work (Figs. 6 and 7). Furthermore, Figs.

2 and 6B highlight that these microstructures also have specific grain configurations, hav-

ing tracks of fine ⟨100⟩-oriented grains along x between the large, columnar ⟨110⟩-oriented

grains. We therefore assert that the textures and morphologies (and configurations) of these

AM microstructures result in grain neighborhood effects on micromechanical response suffi-

cient to overwhelm directional strength-to-stiffness even in cases of high elastic anisotropy.

These findings point to the importance of high-fidelity microstructural representation in

predicting the micromechanical response of AM metals.

5. Conclusions

In this work, in situ high-energy X-ray diffraction experiments were used to simultane-

ously collect macro- and micromechanical data for AM IN625 under uniaxial compression.

Complementary cellular automata and crystal plasticity finite element method simulations

were then used to help interpret experimental findings to probe the effects of texture and

grain morphology on the micromechanical response of AM IN625, supporting micromechani-

cal model development for AM materials and certification of AM processes. The key findings

are summarized below:

� Variation in texture and microtexture produced modest variation in flow stress that

was sufficient to overwhelm the effects of strain rate-dependence. For both experiment

and simulation, specimens with comparable macroscopic responses displayed distinctly

different mesoscopic deformation states.

� Texture and columnar grain morphology strongly modulated micromechanical re-

sponse. The experimental samples and full workflow virtual microstructures displayed

variability and unique hardening and softening behaviors for different lattice strains

along the loading direction, directly corresponding to different volume fractions and

configurations of grain orientations. The phenomenological virtual microstructures

had textures most closely resembling experiment and best captured the micromechan-

ical characteristics of experiment.
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� Across the simulated microstructures, the orders in which different subsets of grain

orientations yielded were not fully consistent with their corresponding directional

strength-to-stiffness ratios despite the high single-crystal elastic anisotropy of IN625.

The deviations are proposed to be due to neighborhood interactions among grains,

driven by the textures and columnar grain morphologies characteristic of these AM

microstructures, overwhelming directional strength-to-stiffness.

Together, the above observations across experiment and simulation indicate that grain

neighborhood effects strongly modulate micromechanical response for these AM metals.

These findings informed development of ExaCA and ExaConstit in demonstrating the im-

portance of incorporating realistic microstructures for accurate prediction of micromechan-

ical response.
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dimensions in mm

machining

Figure 1: Schematic of an AMB2018-01 LPBF build. For these experiments, specimens were extracted from
leg 7 (L7) as indicated. The build direction (BD) is marked. Modified from an STL file taken from [17].
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Figure 2: EBSD data for a 0.5× 0.5mm region from the interior of L1. Inverse pole figure coloring is with
respect to the specimen build direction (BD).
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Figure 3: Orientation distribution represented with inverse pole figure of BD/LD (left) and pole figures
(right, BD out-of-plane) in multiples of uniform density (MUD) for sample E1, representative of most
experimental specimens.
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Figure 4: Schematic of the experimental geometry for X-ray data collection, showing the laboratory coor-
dinate axes, azimuthal angle η, and specimen rotation angle ω. The first 4 Debye-Scherrer rings for IN625
are shown in their approximate positions on the vertically stacked detector arrangement.
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Figure 5: Schematic describing generation of explicit microstructures for ExaConstit simulations. Repre-
sentative odd/even layer temperature data from AdditiveFOAM are used by ExaCA to generate explicit
microstructures from which smaller volumes are extracted and meshed for use in ExaConstit.
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Figure 6: Simulated microstructures (0.5 × 0.5 × 0.5mm) (A) F1 and (B) P1 with IPF-z coloring, each
representative of their respective microstructure sets.
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Figure 7: Orientation distributions represented with inverse pole figures of BD/LD (left) and pole figures
(right, BD out-of-plane) for simulated microstructures (A) F1 and (B) P1, each representative of their
respective microstructure sets.
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Figure 8: Macroscopic stress-strain curves for all experimental samples colored by strain rate, with different
line styles used to indicate specimen ID for each strain rate.
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Figure 9: Experimental lattice strains as a function of macroscopic strain for samples (A-F) E1-E6.
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Figure 10: Macroscopic stress-strain curves for microstructures F1-4, each tested at 3 strain rates (10−4,
10−3, 10−2 s−1). Curves are colored by strain rate, with different line styles indicating microstructure ID.
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Figure 11: Average macroscopic stress-strain curves for the experimental data (E3 and E4) and the F and
P microstructures at 10−3 s−1. Different line styles indicate microstructure set.
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Figure 12: Lattice strains for microstructures (A-D) F1-4 at 10−3 s−1 strain rate.
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Figure 13: Macroscopic stress-strain curves for microstructures P1-4, each tested at 3 strain rates (10−4,
10−3, 10−2 s−1). Curves are colored by strain rate, with different line styles indicating microstructure ID.
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Figure 14: Lattice strains for microstructures (A-D) P1-4 at 10−3 s−1 strain rate.
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Figure 15: Directional strength-to-stiffness ratios for the 4 crystallographic fibers examined for the (A) F
and (B) P microstructures.
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Table 1: Summary of EOS M270 build parameters for NIST AMB2018-01 LPBF build [16, 17].

Build Parameter Value

number of layers 625
layer height 20 µm
contour scan speed 900mm/s
contour laser power 100W
infill scan speed 800mm/s
infill laser power 195W
hatch distance 100µm
time between infill scan lines 6.70ms
laser spot size full-width-half-max ≈ 50 µm
inert gas N2

O2 level ≈ 0.5%
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Table 2: Specimen/microstructure labeling scheme, including specimen/microstructure sets and the region
of the 1 × 1 × 1mm ExaCA volume from which the 0.5 × 0.5 × 0.5mm virtual microstructures were taken
for ExaConstit.

specimen/microstructure sets

Label Origin Count

E real (experiment) 6
F virtual (full ExaAM workflow) 4
P virtual (phenomenological) 4

ExaCA bounds for virtual microstructures

Label x Bounds (mm) y Bounds (mm) z Bounds (mm)

F1-4 [0.25, 0.75] [0.25, 0.75] [0.5, 1]
P1 [0, 0.5] [0, 0.5] [0.5, 1]
P2 [0.5, 1] [0, 0.5] [0.5, 1]
P3 [0, 0.5] [0.5, 1] [0.5, 1]
P4 [0.5, 1] [0.5, 1] [0.5, 1]

45

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5102123

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



Table 3: Micromechanical parameters used for ExaConstit simulations. These parameters are inputs for
anisotropic elasticity with power law slip and linear Voce hardening.

Parameter Symbol Value Unit

elastic constants
c11 243.3 GPa
c12 156.7 GPa
c44 117.8 GPa

rate exponent m 0.015 -
base shearing rate γ̇0 1.0 s−1

hardening coefficient h0 485.0 MPa
initial CRSS g0 312.75 MPa
saturation CRSS gs 745.0 MPa
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Appendix A. Experimental Orientation Distributions

Figure A.16 shows the IPFs and PFs for all experimental specimens. The non-uniform

distribution of {111} density is comparable across all specimens. Note the common absence

of {111} density along BD, indicating few grains in these specimens (low volume fractions)

oriented with ⟨111⟩ along BD. High {220} and {200} densities along BD indicate many

grains in these specimens (high volume fractions) oriented with ⟨110⟩ or ⟨100⟩ along BD.

The strength of the ⟨100⟩ fiber texture component compared to the ⟨110⟩ fiber texture

component along this direction varies by sample, with E2 (Fig. A.16B) and E3 (Fig. A.16C)

in particular having below-average {200} densities and above-average {220} densities along

BD. {311} density is largely uniform and comparable across all specimens, indicating no

strongly preferred orientations for ⟨311⟩ in these specimens.
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Figure A.16: Orientation distributions represented with inverse pole figures of BD/LD (left) and pole figures
(right, BD out-of-plane) in MUD for samples (A-F) E1-E6.
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Appendix B. Additional Virtual Microstructures

A third series of simulations was studied to further examine the effects of texture and

grain morphology. These 4 microstructures were the same as the P microstructures, but

with grain orientations reassigned to eliminate the texture described above. Reassignment

was performed by modifying the orientation mapping function used to build ExaConstit

meshes from ExaCA voxel data, resulting in a different orientation being assigned to each

grain compared to the equivalent P microstructures. With the variation of grain size, this

effectively produces random textures. These microstructures will be collectively referred

to as the M (“misassigned”) microstructures. As these are otherwise the same as the P

microstructures, spatial labels of 1-4 are the same as for the P microstructures (Table 2).

One of these microstructures, M1, is shown with IPF-z coloring of the grains in Fig.

B.17. The near-random texture is corroborated by the IPF and PFs for this simulated

microstructure in Fig. B.18. These display more uniform intensity distributions, lacking

any fiber texture components along BD, though some weakly preferred orientations exist

away from BD. These preferred orientations vary significantly from microstructure to mi-

crostructure and are attributed to grain size effects, i.e., orientations assigned to the large

columnar grains vs. the much finer grains between them. These contrast starkly with the

strong, consistent textures of the related P microstructures shown in Figs. 6B and 7B.

The macroscopic stress-strain responses of the 4 M microstructures tested at the 3 exper-

imental strain rates are shown in Fig. B.19. Despite having the same grain morphology as

the P microstructures, the post-yield ordering of the stress-strain curves is entirely different

when comparing the P microstructures to the M microstructures (Fig. 13).

Figures B.20A-D show the evolution of lattice strains along LD with macroscopic strain

in the 4 M microstructures for the same fibers as experiment. Again, only the 10−3 s−1

simulations are shown. For these microstructures, the 3 lattice strains showing consistent

ordering at yield and post-yield magnitude are ε220 (red), then ε311 (orange), then ε200

(purple), matching what was observed in experiment (Fig. 9) and the P microstructures

(Fig. 14). Unlike experiment and the P microstructures, the yield order - but not post-yield

magnitude - of ε111 was consistent, yielding after ε220 and prior to ε311 for all microstruc-

tures. The post-yield magnitude of ε111 was consistent for most microstructures, falling

between ε220 and ε311 for M2, M3, and M4 (Figs. B.20B-D) and following the same harden-

ing behavior as the other lattice strains. M1, however, deviates from this shared post-yield
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behavior, as ε111 yields after ε220 then immediately softens to become the smallest lattice

strain, after which it follows the same hardening behavior as the other lattice strains. Like

the F microstructures, there is more variability in the post-yield magnitude of ε200 compared

to experiment or the P microstructures. Like experiment, the variability and unusual hard-

ening/softening behaviors occur in ε111 and are independent of strain rate, but, comparable

to the P microstructures (Fig. 14), these irregularities are subdued compared to the more

extreme behaviors observed in the experimental data (Fig. 9).

In the absence of any fiber texture component along BD/LD and no {hkl} density

being especially low along BD/LD, these microstructures are functionally a middle ground

between the F and P microstructures, reflected in specific behaviors, or a lack thereof,

being present from each. In light of these observations, it is perhaps the case that correctly

capturing the micromechanical response of this system depends more strongly on specific

fiber texture components not being present (i.e., the ⟨111⟩ fiber) rather than specific fiber

texture components being present (i.e., the ⟨110⟩ and ⟨100⟩ fibers).

Figure B.21 shows the calculated fiber-averaged strength-to-stiffness ratios for the M

microstructures. As with the F and P microstructures (Fig. 15), these ratios are relatively

consistent across the M microstructures in both order and approximate value despite the

differences in texture between them, again with r200 > r311 > r111 > r220 corresponding to

the common yield order (ε220 (red), then ε111 (blue), then ε311 (orange), then ε200 (purple)).

The only exception here is M3, for which r111 ≈ r311, though it still has the common yield

order. There is again no correlation between unusual lattice strain behaviors and unusual

strength-to-stiffness ratios, further supporting the findings described above.
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Figure B.17: Simulated microstructure (0.5 × 0.5 × 0.5mm) M1 with IPF-z coloring, representative of the
M microstructures.
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Figure B.18: Orientation distribution represented with inverse pole figures of BD/LD (left) and pole figures
(right, BD out-of-plane) for simulated microstructure M1, representative of the M microstructures.
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Figure B.19: Macroscopic stress-strain curves for microstructures M1-4, each tested at 3 strain rates (10−4,
10−3, 10−2 s−1). Curves are colored by strain rate, with different line styles indicating microstructure ID.
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Figure B.20: Lattice strains for microstructures (A-D) M1-4 at 10−3 s−1 strain rate.
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Figure B.21: Directional strength-to-stiffness ratios for the 4 crystallographic fibers examined for the M
microstructures.
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