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a b s t r a c t 

Microlattices pose ample opportunity for constructing light weight structures for the automotive and 

aerospace industries. Laser powder bed fusion is an appealing technique to fabricate these structures 

because of its capabilities to process high-resolution complex architectured structures. In this work we 

explore the use of a 718 oxide dispersion strengthened alloy to create three microlattice structures de- 

signed in nTop, a straight bar, honeycomb and body-centered cubic (BCC) microlattice and investigate the 

effects of architectures on tensile behavior of the microlattices in a scanning electron microscope. The 

straight bar configurations deliver high strength but low ductility. The BCC lattices are highly deformable 

but soft. The honeycomb has an attractive combination of high strength and pronounced work hardening. 

Furthermore, electron backscattered diffraction studies revealed substantial crystallographic reorientation 

and grain refinement in the honeycomb lattice during deformation, in contrast to little crystal orientation 

change in the straight bar specimens. This study suggests that architectures play a significant role in the 

tensile behavior and deformation mechanisms in metallic materials. 

© 2024 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Additive manufacturing (AM) techniques have gained large 

mounts of traction in the past decade as the understanding and 

onfidence in quality control in these processes have improved. 

ne of the most used processes for metallic AM is laser powder 

ed fusion (LPBF), which employs a focused conical laser to selec- 

ively melt regions of a metallic powder bed. LPBF is positioned 

ell for production of geometrically complex parts because of the 

mall layer thickness and small laser interaction volume [1] . 

One subset of complex geometrical parts that has been fabri- 

ated by LPBF is metallic microlattices. These are systems com- 

rised of 2D/3D unit cells that are repeated over a volume that 

esults in continuous, low-density structures. Therefore, these de- 

igns are critical to light-weighting systems for the automotive and 

viation/space industries where additional weight can be expensive 

nd detrimental [ 2 , 3 ]. Other applications include high strain-rate 

pecific energy absorption, where microlattices have shown signifi- 

ant improvement over their conventional bulk counterparts, mod- 
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ia stress shielding and generating a negative Poisson’s ratio us- 

ng so-called “auxetic” structures [4–6] . Other techniques that pro- 

uce similar structures are investment casting, ink jet writing, vari- 

nts of stereolithography and aerosol jet printing [7–10] . Each pro- 

ess has various trade-offs, including the ability to process differ- 

nt materials (i.e. polymers or ceramics), geometry and size resolu- 

ion limitations, which ultimately make LPBF a compelling solution 

or metallic microlattice production. LPBF provides high-resolution 

apabilities with a fine laser spot size and does not require any 

ecessary post-processing steps prior to use. 

Because of massive design space and high cost of experimen- 

al data on real parts, validation of finite element model predic- 

ion of the complex mechanical deformation response is neces- 

ary to optimize mechanical performance expediently with dimin- 

shed costs. Many aspects from the overall lattice repeating struc- 

ure, the strut geometry, node geometry, local microlattice density 

gradient lattice design) and the microlattice material are tunable. 

his customizability and high precision position LPBF at the fore- 

ront of producing optimal metallic microlattices [11] . Common re- 

eating structures include cubic, body-centered cubic (BCC), hon- 

ycomb, diamond, gyroid and many other variant structures [5] . 

he struts, which connect repeating units, have many geometri- 
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al factors like length, radius, and curvature, all of which affect 

he mechanical properties and final deformation behavior [12] . Al- 

ardh et al. showed that controlling the thickness of the thin-wall 

ections can affect the ultimate tensile strength (UTS) by govern- 

ng the cooling rate during solidification and therefore tailoring 

he grain size [13] . In addition to grain size, crystallographic ori- 

ntation also plays a significant role in the mechanical response of 

hese metallic samples, but this aspect is rarely discussed [14–16] . 

his wide microstructure tunability makes the field of microlattice 

 highly appealing candidate for further exploration. 

Alloy 718 (718) is a Ni-based superalloy that is commonly used 

n the LPBF community due to its great weldability and low cost 

17] . Unlike typical superalloys, 718 primarily relies on γ ”, a Ni3 Nb 

recipitate with body-centered tetragonal structure, as its main 

trengthening mechanism with additional minor strengthening 

rom the γ ’, a Ni3 Al ordered face-centered cubic (FCC) precipitate. 

ur group has recently explored an oxide-dispersion-strengthened 

ODS) 718 alloy that showed improved high-temperature mechan- 

cal performance [18] . Like many LPBF metals, our 718 ODS alloy 

howcases a cellular microstructure. In the as-printed (AP) state, 

hese cells are decorated with dislocations and micron size delta 

nd Laves phase precipitates at the cell junctions. The grain mor- 

hology is highly anisotropic, with the build direction (BD) dis- 

laying elongated grains vs. more equiaxed grains confined in the 

ransverse direction. Nanoscale oxide precipitates formed in the 

DS alloy led to improved high temperature strength and ductility 

omparing with the control 718 alloy without oxide nanoprecipi- 

ates [18] . 

ODS alloys are well-known for their irradiation damage resis- 

ance and increasing high-temperature mechanical strength/creep 

roperties [19–21] . Generally, these improved properties derive 

rom a uniform dispersion of oxide nanoparticles with an aver- 

ge diameter in the 10 s of nanometers [ 22 , 23 ]. Not only do these

anoscale dispersoids act as thermally stable dislocation barriers, 

ut they also perform as interface stabilizers, therefore retarding 

rain growth and recrystallization [24] . These beneficial properties 

re significant, especially to the aerospace community. Hence, we 

xamine the combination of microlattice designs with an ODS 718 

lloy. The hurdles that entail with microlattice production and the 

eformation mechanisms in an experimental ODS alloy will be il- 

uminated. Analysis of the in-situ mechanical testing results com- 

ined with post-deformation microscopy studies showcases new 

ndings on the differences in deformation mechanisms for various 

icrolattice designs. 

. Material and methods 

.1. Experimental methods 

nTopology software was leveraged to create multiple microlat- 

ice designs ( Fig. 1 (a)). Three designs, a thin-wall connection ten- 

ile lattice (straight bar), a 2D custom-designed honeycomb lattice 

honeycomb) and a 2 mm unit cell length BCC microlattice were 

hosen to be further tested. Each was designed with a 600 μm 

trut diameter and each with a relative density of 50 %, 48.6 % 

nd 38.2 %. The honeycomb lattice was elongated in the tensile 

xis to tailor the bending-stretching behavior during deformation. 

ach design was fabricated via LPBF with an experimental 718 ODS 

owder on a 316 L stainless steel build plate, by using an SLM 125

PBF instrument. Our previous work identified that using a laser 

ower of 285 W, 960 mm/s, 110 μm hatch spacing and a 40 μm 

ayer thickness produced the highest density component [18] . A 

pot size, build plate temperature and oxygen concentration of 

0 μm, 80 °C and 0.1 % (10 0 0 ppm) were used, respectively. While

ur previous work has been cited using the same parameters, it 

s wise to note that it used an EOS M 290 with a larger spot size
108
hat leads to some crystallographic orientation differences. A wire 

lectrical discharge machine (EDM) was used to remove each part 

rom the build-plate. The lattices with 2D symmetry, the straight 

ar and honeycomb microlattice, were further sectioned via EDM 

o create ∼1 mm thick slices for multiple iterations of testing and 

hen polished to a 20 0 0 grit standard using SiC polishing pads. 

Scanning electron microscopy (SEM) micrographs were col- 

ected on a Thermo Fisher Quanta Field Emission Gun (FEG) 650 

canning electron microscope. Backscattered SEM and energy dis- 

ersive spectroscopy (EDS) experiments were performed on a 

uanta 650 SEM microscope equipped with an Ametek Hikari de- 

ector. An Ametek EDAX Hikari electron backscattering diffraction 

EBSD) detector was utilized to quantify grain orientation, grain 

oundary characteristics and grain size distribution, using a step 

ize of 1 μm. For these SEM experiments, samples were polished 

o a 20 0 0 grit standard and then polished with a 6-, 3- and 1-

icron diamond paste polishing media and finished with a sub- 

icron colloidal silica step. All tension tests were carried out on 

 Kammrath–Weiss in-situ tensile frame, inside a Thermo Fischer 

eneoVolumescope, using a 10 kN load cell and a constant strain 

ate of 1 × 10−3 s−1 . In-situ SEM videos were collected at 5 

rames/s at a working distance of 30–40 mm and can be accessed 

ia the Supplementary Information. 

.2. Computational methods 

The behavior of all proposed microlattices was simulated un- 

er tensile loading using the commercial FE software Abaqus/CAE 

version 2021; Dassault Systèmes Simulia Corp., Johnston, RI, USA). 

ne model of each design was created based on the as-fabricated 

imensions, which is modified to take into account the defects in 

D printing by measuring average geometrical dimensions of the 

abricated model during the early stage of in-situ tensile testing. 

The straight bar and elongated honeycomb lattices were 

eshed with 8-node linear brick, reduced integration (C3D8R) ele- 

ents, while the BCC lattice was meshed with 4-node linear tetra- 

edron (C3D4) elements. These solid element types were chosen 

fter the finite element discretization was examined for accuracy 

f solution versus computational expense. Following a convergence 

tudy, a maximum permissible mesh size of 0.1 mm across the 

auge length was selected. The material properties were calculated 

y taking the average of the stress–strain data acquired from uni- 

xial tensile testing of dogbone samples 3D printed with 718 ODS 

owder, which can be found in Fig. S1 in the supplementary in- 

ormation. To document the evolution of failure in the microlat- 

ices during tensile testing, the ductile damage material model- 

ng parameter was adopted. The dogbone of each microlattice had 

wo shoulders, one of which was constrained at all six degrees 

f freedom, while the other shoulder was coupled to a reference 

oint and allowed to translate freely along the tensile loading axis. 

t this reference point, displacement-controlled loading along the 

ensile axis was applied using a dynamic explicit analysis step to 

imic the experiments. 

. Results 

Fig. 1 (a) shows the 718 ODS samples still attached to the 316 L 

uild plate after AM. The three types of specimens tested in this 

tudy are shown in optical micrograph in Fig. 1 (b). The straight bar 

amples have a simple, well-defined geometry, making it easier to 

ccurately estimate the stress values by measuring the force val- 

es and the cross-sectional thickness from the in-situ experiments. 

he actual wall thicknesses achieved for the straight bar, honey- 

omb and BCC microlattice specimens are 292 ± 71, 254 ± 41 and 

70 ± 43 μm, respectively. Fig. 1 (c) shows characteristic stress–

train curves for the three microlattice designs. The BCC lattice has 
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Fig. 1. (a) Optical micrograph of LPBF 718 ODS microlattices, attached to a 316L build plate. (b) Top-down optical image of lattices of interest, including straight bar, elongated 

honeycomb, and the body-centered cubic (BCC) microlattice (from left to right). (c) Characteristic normalized stress–strain curves of the three types of microlattices. (d) 

Orientation explanation for directions & planes showing the tensile direction (TD), build direction (BD) and orthogonal direction (OD), and the respective tensile plane (TP), 

build plane (BP) and orthogonal plane (OP). 

Fig. 2. (a) Normalized engineering stress–strain plots for straight-bar microlattices showing multiple load drops as lattice arms fracture sequentially until final fracture. FEM 

simulated straight bar microlattice stress–strain curve on the same plot exemplifies the ideal material response. (b) Post-fracture micrograph of fracture surface and defects. 

(c–e) SEM micrographs captured from in-situ mechanical testing at various strains, 0 %, 2.16 % and 4.56 %. (f, g) FEM simulation snapshots of straight bar microlattice at 0 % 

and 13.31 % strains correspond with the start and completion of the in-situ experiments. The color legend denotes the normalized von Mises stresses in the localized areas 

of each simulation. See supplementary videos 1 and 2 for experimental and simulation details. 
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he lowest normalized flow stress but sustains large plastic strain 

at least 20 %) without fracture. The straight bar specimens have 

igh engineering flow stress but low tensile ductility. The honey- 

omb microlattice has the flow stress in between the BCC lattice 

nd straight bar specimens and significant work hardening. 

The stress–strain curves for the straight bar specimens are com- 

ared to the finite element model (FEM) modeling plot in Fig. 2 (a). 
109
he work-hardening trends are in general agreement. The mor- 

hology evolution of straight bars is shown in SEM micrographs in 

ig. 2 (c–e). Fracture was observed at numerous beams in the speci- 

ens. Premature failure was observed in the straight bar ODS alloy 

s shown by open surfaces in post-fracture SEM image in Fig. 2 (b). 

The stress–strain curves for the Honeycomb microlattices 

 Fig. 3 (a)) were normalized by relative density. Different from the 
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Fig. 3. (a) Normalized stress–strain curves for honeycomb microlattices and the FEM simulated plot demonstrating the concave-up inflection. (b) Loading-unloading exper- 

imental stress–strain curve with broadening hysteresis loop as most deformation accumulates. (c) SEM micrograph of fracture surface showing oxide agglomeration and 

submicron scale ductile dimples. (d–g) In-situ SEM micrographs obtained at 0 %, 2.38 %, 4.59 % and 6.94 % strains demonstrating the transition of microlattice from bending 

to the alignment of the primary arms with the tensile direction, and then to a stretching dominant deformation mechanism. The loading-unloading experiment showed a 

widening of the hysteresis loop with increasing strain. (h–k) FEM simulation snapshots of the elongated honeycomb microlattice at 0 %, 3.06 %, 10.1 % and 12.1 % strains 

where the similar evolution of strut angles was observed in comparison to the in-situ experiments. The color legend denotes the normalized von Mises stresses in the 

localized areas of each simulation. See supplementary videos 3 and 4 for experimental and simulation details. 
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traight-bar specimens, the honeycomb displays a concave-up na- 

ure on the stress–strain curves as the test proceeds. In-situ SEM 

icrographs in Fig. 3 (d–g) show the internal angle α near the 

ide node of the hexagon (marked by yellow dash lines) evolves 

rom 107 ° to 99 ° and 90 °, and β near the top-bottom node in- 

reases from 148 ° to 162 ° and 180 °. The loading-unloading plots 
n Fig. 3 (b) showed a widening of the hysteresis loop as the engi-

eering strain increases. FEM analysis in Fig. 3 (h–k) revealed initial 

oad localized on the inward joints connecting each unconstrained 

trut of each hexagon until the load became homogenous through- 

ut the aligned struts. 

The BCC microlattice demonstrated the highest deformabil- 

ty to an engineering strain of 20 % without catastrophic failure 

 Fig. 4 (a)). Minor load drops were observed and confirmed to be 

odes fracturing. The outstanding tensile ductility of BCC microlat- 

ice can be further visualized in Fig. 4 (c), which shows severe neck- 

ng in the post-deformation samples. SEM micrographs in Fig. 4 (d–

) captured during the in-situ tests show the internal angle of the 

odes decreased from 90 ° to 71 ° at the strain of 6.5 %, and then

o 57 ° at the strain of 17.8 %. For the nodes in line with the ten-

ile direction (TD), the angle evolved from 90 ° to 105 ° and 121 °. 
he premature fracture illuminates clear load concentrations at the 

odes, which are perpendicular to the TD. The FEM simulations 

how clear load concentrations at the nodes in Fig. 4 (g–j) until the 

nal fracture. All in-situ videos for the deformation of these three 

icrolattices can be found in the Supplementary Information. 

Challenging EBSD experiments for the deformed microlattices 

ere performed to investigate and visualize differences in grain 

rientation after tensile deformation. A 〈 100 〉 out-of-plane tex- 
ure was observed in inverse pole figures (IPFs) in Fig. 5 (c, d) in

he gripper section and the node (thin-wall section) of the AP 

oneycomb lattice. Multiple EBSD scans from other samples have 

onfirmed this preferred out-of-plane crystallographic orientation 
110
nd validated via XRD experiments, as seen in Figs. S2 and S3. 

ost-deformation IPFs in Fig. 6 (b) of the straight bar lattice re- 

eal that the tensile stretching deformation to 4 % strain did not 

ause crystallographic reorientation. Kernel average misorientation 

KAM) map in Fig. 6 (c) shows that deformation accumulates in the 

trut locations that are continuous along the TD. 

The IPFs for honeycomb microlattice show substantial crystallo- 

raphic reorientation at 4 % strain ( Fig. 6 (e)), and maintain a sim- 

lar crystallographic reorientation until near fracture at 8 % strain 

 Fig. 6 (g)). Fig. S4 demonstrates that this crystallographic rotation 

ccurs in nearly all parts of the honeycomb microlattice, near and 

urther from the fracture surface. This observation was further con- 

rmed in the 3 major axes, BD, TD and orthogonal direction (OD), 

hich lie perpendicular to the TD–OD, BD—OD and BD–TD planes, 

espectively, in the pole figure analysis completed in Fig 7 . KAM 

aps also exposed that the unconstrained boundary struts (con- 

ecting the primary struts) have a substantially lower deforma- 

ion build-up than the primary struts aligned in the TD at the 4 % 

train. The dislocation density in the two types of struts is com- 

arable at the 8 % strain. These key microstructural evolution dif- 

erences among three types of microlattices lead to different defor- 

ation mechanisms upon tensile deformation. 

. Discussion 

.1. Comparison of deformation modes in three microlattices 

The three microlattice designs, though comprised of the same 

18 ODS alloy, exhibit significantly different mechanical properties 

ue to intrinsic differences brought upon by the specific geomet- 

ical designs, as well as the LPBF process. To the best of the au- 

hors’ knowledge, this is one of the first studies that show man- 

facturing and mechanical performance of an ODS microlattice 
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Fig. 4. (a) Normalized stress–strain curves and superimposed FEM simulation for BCC microlattice demonstrating high deformability. (b) In-situ micrograph of sample skin 

decorated with unmelted 718 particles. (c) Optical image showing necking near the center region of each BCC sample. (d–f) In-situ SEM micrographs at 0 %, 6.50 % and 17.8 % 

strains showing angle change of cells. (g–j) FEM simulation snapshots of the BCC microlattice at 0 %, 11.59 %, 24.44 % and 42.72 % strains where a similar evolution of strut 

angles was observed in comparison to the in-situ experiments. The simulations also shows the evolution of stress concentration around the nodes as deformation continues. 

The color legend denotes the normalized von Mises stresses in the localized areas of each simulation. See supplementary videos 5 and 6 for experimental and simulation 

details. 

Fig. 5. (a, b) 70 ° tilted SEM micrographs of the gripper section and thin wall of 

the honeycomb microlattice. (c, d) The corresponding EBSD inverse pole figure (IPF) 

maps showing a dominant 〈 100 〉 crystallographic orientation. 
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roduced via LPBF. The specific parameter sets used in the LPBF 

rocess led to all microlattices achieving nearly 50 % of the in- 

ended strut diameter of 600 μm, from the stl input file. Weid- 

ann et al. found that depending on the specific parameter sets, 

he intended thickness of the thin-wall structures could vary by 

00 % compared to the minimum achieved in their AlSi10Mg al- 

oy [25] . This variation demonstrates the importance of future pa- 

ameter exploration for experimental alloy systems like the cur- 

ent 718 ODS alloy. The variability was initially found in the thin- 
111
all sections of the straight bar lattices that also demonstrated a 

arge variability of cross-section area, with internal porosity ex- 

ending to the exterior surface. These geometrical defects lead 

o a reduction in local cross-sectional area and therefore act as 

tress concentration points. These defects lead to the difference 

etween the simulation and experimental results. The simulations, 

hich assumed a defect-free condition, show specimens deformed 

n a cup-and-cone manner, typical of a highly deformable mate- 

ial, while the experimental tests generally led to a shear plane, 

ikely due to onset of fracture at defect site due to the stress con- 

entration, although local ductile dimples were observed, as seen 

n Fig. 3 (b, c) [26] . Stress drops occurred due to the sequential

racture of tensile beams in the straight-bar specimens. The ten- 

ile results of the straight bars mimic what is achievable from a 

ypical tensile dogbone sample and are used as a reference in this 

tudy. 

Interestingly, the BCC microlattice with a 3-dimensional design, 

ork hardens in a similar way as the straight bar microlattices, but 

oes contain minor load-drops that correspond with node fractures 

ithin the in-situ videos. These load-drops are caused by a com- 

ination of the external node damage due to polishing ( Fig. 4 (e, 

)), leading to a reduced thickness, and internal nodes/struts that 

ontained internal defects. Despite the plethora of nodes and large 

patial separation, the influence of these defects had a negligible 

mpact on the overall stress–strain curves, as this design reached 

he highest displacement. The simulations also exhibit that the 

ajority of the stress is distributed around the connecting nodes, 

utting an excessive sensitivity for each node towards defects, 

hile also decreasing the overall likelihood of premature failure. 

his stress concentration is generated due to bending of all four 

onnecting struts around the node, compiling the stresses together. 

rior FEM simulations have shown similar observations [27–31] . 



B. Stegman, P.S. Dasika, J. Lopez et al. Journal of Materials Science & Technology 193 (2024) 107–115

Fig. 6. (a) 70 ° tilted SEM micrograph of the deformed straight-bar microlattice. (b, c) Respective IPFs and Kernel average misorientation (KAM) maps for the straight- 

bar strained to 4 %. (d, e) IPF and KAM maps of honeycomb strained to 4 % and (f, g) 8 % strain, highlighting the severe crystallographic re-orientation due to bending 

deformation. 

Fig. 7. (a–c) EBSD pole figure analysis along the orthogonal direction (OD), tensile direction (TD) and build direction (BD) of the undeformed honeycomb lattice gripper 

section (similar to the gripper section in all specimens) showing a primarily 〈 100 〉 texture. (d–f) EBSD pole figure of the undeformed honeycomb thin wall section showing 

a primarily 〈 100 〉 texture in all directions. (g–i) After 4 % strain, the straight bar retained the primary 〈 100 〉 texture with slight rotation in the build direction. (j–l) After a 

tension strain of 4 %, the honeycomb lattice showed out-of-plane axis rotations in the build and transverse direction, and in-plane rotation along the tensile direction. (m–o) 

At 8 % strain, the honeycomb exhibited further out-of-plane rotations in all directions. All pole figures were taken along the [001] zone axis. 
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Lastly, the honeycomb microlattice deforms in a two-stage de- 

ormation mechanism that begins with bending of the top and 

ottom nodes moving towards the centerline of the sample and 

hen stretching the newly aligned struts. This two-step process cre- 

tes a unique stress–strain response that results in a concave-up 

urve ( Fig. 3 (a)). The inflection point comes when the stretching 

eformation overtakes the bending as the dominant deformation 

echanism. The hysteresis loop widening, as seen in Fig. 3 (b) ap- 

ears similar to the strengthening phenomena reported as back 

tress [32] . However, this phenomenon could also be caused by the 

onfigurational changes of the honeycomb geometry. Interestingly, 

he FEM simulations also reveal that the unconstrained bound- 

ry struts experience lower stresses, in comparison to the aligned 

truts, supporting the KAM map observation from Fig. 6 (e), which 

hows less deformation accumulation in the unconstrained bound- 

ry struts at 4 % strain. The FEM fracture scene also captures the 

ame 45 ° fracture line between each aligned strut as seen experi- 

entally in Fig. 3 (g). A similar feature in the 2D microlattice has 

een seen in the auxetic structure by Delcuse et al. [33] . These re-
112
ults emphasize the importance of geometric design in changing 

he deformation behavior of materials. 

The straight bar, BCC and honeycomb microlattices exemplify 

 diverse range of designs that underpin the concept of tailoring 

eformation behavior by varying extrinsic geometric constraints, 

hich ultimately vary the degree of homogenous/inhomogeneous 

eformation. Designs that incorporate a majority of bending mech- 

nisms rely heavily on the plastic zone that forms around each 

ode, making the deformation unconstrained, which EBSD high- 

ights as a combination of homogenous and inhomogeneous de- 

ormation (KAM-IPF). This stress concentration allows the other re- 

ions to minimize their stress state, as shown via digital image cor- 

elation and simulations [ 29–31 , 34 ]. This mechanism enhances the 

amage tolerance of the microlattice, enabling higher levels of duc- 

ility. Whereas, designs that partially or fully rely on the stretch- 

ng deformation, which is induced by a constrained stress state, 

ike the straight bar microlattice, have limited tensile deformabil- 

ty and rely on a homogenous deformation mechanism. The honey- 

omb, also a 2D design, pushes this limit with the integrated verti- 
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al hexagonal nodes that require a shift in the design under initial 

oads until it reaches its final state with aligned struts. While the 

CC and honeycomb microlattices experienced similar inter-strut 

nitial-final angle changes of 32 ° and 33 °, the BCC microlattice has 

 3D design, increasing the degrees of freedom and therefore en- 

bling even greater deformability than the honeycomb lattices. 

While the main application of these microlattices is in a com- 

ressive state, some studies, including our work, focus on uniax- 

al tension. Nelson et al. revealed that bending-based designs, like 

he gyroid and octet structures, maintain a high level of deforma- 

ility in both tension and compression [35] . Each design can be 

ully optimized for a given stress state via topological optimization, 

aking the concepts very complex [36–39] . Hanzl et al. [ 40 ] show-

ased the idea that stretch-dominated structures maintain supe- 

ior strength-to-weight ratios, while bending-dominated structures 

aximize the total energy absorbed, supporting the enhanced duc- 

ility argument. Their finding also matches well with the currently 

bserved volume fractions of the microlattice experiencing this un- 

onstrained strain accumulation, which delays ultimate fracture, 

hile also increasing the overall energy absorption with deforma- 

ion accumulation at the nodes. Understanding these differences 

etween the deformation mechanisms will aid in design optimiza- 

ion and application in various end-use scenarios. 

.2. Crystallographic reorientation 

Crystallographic reorientation in a microlattice under tension 

as not been reported to the best of our knowledge. This kind of 

icrostructural evolution has been reported in standard room tem- 

erature compression and tension, high-temperature tension and 

reep and 3-point bending tests [41–51] . The grain rotations may 

rise from homogeneous and inhomogeneous deformation. The ho- 

ogeneous deformation-induced crystal rotation can be accom- 

odated by various deformation mechanisms, such as dislocation 

lip or twinning. Raabe et al. [ 45 ] used FEM simulations of single-

rystal Cu micropillar compression tests to demonstrate that com- 

ression and bending caused crystallographic reorientation due to 

lip. Their simulation demonstrates lattice rotation in single crys- 

als is possible. However, Brown et al. [ 46 ] discovered high strain 

ate compression testing promoted twinning that caused grain ro- 

ation throughout the polycrystalline beryllium sample. Conversely, 

umas et al. revealed that twinning occurs in martensitic Ti-6Al- 

V dual-phase alloy under a tensile deformation, and leads to 

rystallographic reorientation that promotes its high ductility [52] . 

astly, Shang et al. [ 43 ] have shown via in-situ EBSD coupled with

niaxial tension testing that a nanostructured gradient ferritic steel 

ontained large amounts of lattice rotation in the nanolaminate 

egions, which enabled the enhancement of the overall mechan- 

cal properties. These initial works establish the importance of 

eformation-induced crystallographic orientation change and the 

mportance of differentiating the homogenous (slipping/twinning) 

nd inhomogeneous (shearing) deformation mechanisms and cor- 

elating mechanical properties. 

This lattice rotation seems exacerbated by high-temperature de- 

ormation as Musinski et al. [ 49 ] demonstrated in their gamma- 

amma’ strengthened low solvus, high refractory alloys. They con- 

luded that the severe crystallographic reorientation began with 

he accumulation of geometrically necessary dislocations (GNDs), 

hich induced increasing lattice rotation due to the activation of 

ultiple slip systems. This lattice rotation leads to grain fragmen- 

ation where localized and higher degrees of GND build-up cause 

rain reorientation. In the slower strain rate regions, lattice rota- 

ion is a large contributor to strain accumulation. Stinville et al. 

 53 ] investigated a high-angle grain boundary of a bicrystal of GTD 

 4 4, and the high-temperature creep testing revealed large, local- 

zed deformation and lattice rotation at the grain boundary and 
113
t the carbide and eutectic interface with the matrix. Even with- 

ut grain boundaries, Coakley et al. [ 54 ] revealed with EBSD that 

heir CMSX-4 single crystal demonstrated lattice rotation from the 

100) to the (020) zone axis in the tertiary creep state, possibly 

ue to shearing at the interface, which is less stiff and leads to 

igher accumulation of strain. This data supports that, whether a 

ample has grain boundaries or is a single-crystal, creep testing in- 

uces lattice rotation as a mechanism to accommodate deforma- 

ion. High temperature deformation clearly influences grain bound- 

ry stability and promotes grain rotation, at both the quasistatic 

nd creep strain rates. The quasistatic experiments disclose that 

train accumulation due to GND activity and multiplication raises 

ide-spread lattice rotation, while creep allows time for crystallo- 

raphic reorientation via shear-induced lattice rotation and defect 

ccumulation. Both the homogenous and inhomogeneous deforma- 

ion mechanisms again play an essential role in these specific high- 

emperature scenarios for crystallographic rotation. 

These previous works studied conventional constrained sample 

onfigurations. To date, no work on microlattices has investigated 

attice rotations of this nature. Dynamic deformation, with tension, 

ending and shearing occurring simultaneously throughout a sam- 

le, would more accurately portray what proceeded in our hon- 

ycomb microlattice, and be considered unconstrained strain. The 

elevant stress state that bears some similarity to the microlat- 

ice deformation may exist from 3-point bending tests. Jin et al . 

 47 ] conducted 3-point bending test of a strongly-textured Mg al- 

oy and concluded that the inner wall primarily under a com- 

ressive load deforms by twinning, which promotes strong tex- 

ure changes to a randomly oriented grain morphology. This tex- 

ure change has a secondary effect by relaxing internal stresses, 

iving the sample higher ductility. Conversely, Xiao et al . [ 48 ] 

howed, via 3-point bending tests, that a rolled NiTi sheet became 

ighly oriented along the (100) direction as deformation accumu- 

ated. One factor that contributes to the development of texture 

s the martensite morphological change from a lathe to a blocky 

ature. These twinning (homogenous) and phase change (inhomo- 

eneous) deformation mechanisms achieve the same result of crys- 

allographic reorientation, which concludes that whether the test- 

ng format is creep, quasistatic, high strain-rate, compression or 

ension, both homogenous and inhomogeneous deformation mech- 

nisms can enable crystallographic rotation and need to be consid- 

red on a case-by-case basis. 

In this work, the straight bar microlattice represents the sam- 

le condition with primarily constrained deformation. While the 

oneycomb microlattice contains both unconstrained and con- 

trained deformation. Lastly, the BCC microlattice operates mainly 

ia unconstrained deformation, with substantial bending around 

he nodes until fracture. From the previous literature, it is essential 

o characterize and understand the homogenous and inhomoge- 

eous deformation as both mechanisms play an important role in 

rystallographic rotation. To better understand the inhomogeneous 

eformation, pole figure analysis was utilized in tandem with the 

PFs to better understand the crystallographic reorientation of hon- 

ycomb microlattices in three planes: the orthogonal plane (OP), 

ensile plane (TP) and build plane (BP, same orientation as IPFs). 

ll directions had a similar 〈 100 〉 texture in both the undeformed 

ripper and thin-walled sections. 

Within the honeycomb struts that bend and eventually align 

ith the TD, a distribution of tensile and compressive forces drives 

heir deformation. It is apparent from the pole figures in Fig. 7 (j–

) that the bending deformation (up to 4 % strain) leads to severe 

ut-of-plane texture, eliminating that previously dominant 〈 100 〉 
exture. It is interesting to note that this reorientation primarily 

ccurs in the OD and BD, suggesting the tensile axis acts as an 

xis of rotation. Near the fracture strain, further out-of-plane rota- 

ions were observed in all planes likely due to the initial out-of- 
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Fig. 8. (a, b) FEM simulation snapshots of the straight bar microlattice at 4 % and 8 % strain. (c, d) FEM simulations of honeycomb microlattice at 4 % and 8 % strain, 

revealing initial shear strain accumulation near the nodes during the bending phase and continuous shear strain development throughout the honeycomb microlattice up to 

8 %, with the nodes maintaining significant levels of shear strain. 
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lane rotation in the OD and BD. Along the TD two of the four 

oles rotate out-of-plane likely due to further rotation until the 

eformation becomes fully stretching-dominated. The degree and 

xact efficacy of crystallographic rotation are likely varied based 

n local positional changes of the struts as they align. The other 

ey difference between Fig. 7 (g–l and m–o) is that the diffusiv- 

ty of the poles increases, likely due to the initial elimination of 

 crystallographic texture and then further propagation with the 

ast stretching step until failure. Due to uneven surfaces after geo- 

etrical shrinkage from necking in the BCC microlattices, XRD was 

tilized to validate and quantify the change in crystallographic tex- 

ure, rather than EBSD, as seen in Fig. S3. After deformation there 

s a substantial change from the 〈 100 〉 texture to a 〈 111 〉 dominant

exture, supporting that these unconstrained deformation mecha- 

isms, in a 2D or 3D design, lead to crystallographic rotation. 

KAM mapping has been found to be a confident tool to es- 

imate dislocation density, specifically GND density, as GNDs de- 

elop during homogeneous deformation [ 55 , 56 ]. KAM maps in 

ig. 6 clearly show dislocation activity and build-up as the de- 

ormation increases from 4 % and 8 % strain. From comparing 

igs. 5(d) and 6(e, g) , we found that the grain morphology in 

oneycomb microlattices also changes from the AP state to 4 % 

nd the final 8 % strain, starting with a relatively equiaxed mi- 

rostructure, then it becomes elongated and distorted and finally 

ragmented, reducing the average grain size. While no deforma- 

ion twinning was detected, this dislocation activity and the ap- 

arent grain fragmentation were observed in the previously men- 

ioned research works on bulk Ni alloys and led to crystallographic 

eorientation [ 49 , 54 ]. 

Lastly, Fig. 8 showcases the spatial distribution and accumula- 

ion of shear strain along the straightbar and honeycomb microlat- 

ices, which has been heavily discussed in the rolling, extrusion 

nd various other communities [57–62] . These sources demon- 

trate both experimentally and through modeling that an applied 

olling or simple compressive force can generate an evolving gradi- 

nt shear strain that causes crystallographic rotation. Liu et al. [ 58 ] 

howcased how shear strains developed in a rolled Al single crys- 

al coupled with the development of a Goss texture and how the 

ocation dependency of crystal texture related to the shear com- 

onents. Interestingly, the authors, back in 20 0 0, mentioned the 

eed for advanced simulation capabilities to properly model this 

henomenon, which is now achievable and again demonstrated in 

ig. 8 . Inhomogeneous deformation can also lead to grain rota- 

ion. Using in-situ tension under high-energy XRD, Li et al. [ 63 ], 

aptured clear evidence of crystal rotation near surfaces by 27 °
n Ti processed by laser shock peening. They ascribe the promi- 

ent crystal rotation to inhomogeneous shear deformation as evi- 

enced by the formation of shear bands near surfaces. In the cur- 
114
ent honeycomb microlattice, the bending and presumably shear 

ave been largely contributing to the initial plastic deformation. 

s shown in FEM in Fig. 8 (c, d), significant shear deformation has 

ndeed been captured near the nodes and lesser amounts through- 

ut the whole sample. Such a large shear strain is likely to in- 

roduce substantial crystallographic reorientation. Configurational 

hanges shall be considered as well, with the BCC and honeycomb 

trut angle changing a total of 32 ° and 33 °, respectively. These in- 
lane changes should cause limited grain rotation. Further conclu- 

ions can be made from the predominantly (101) and (111) ori- 

nted grains in the IPFs of honeycombs subjected to a strain of 

 % and 8 %. The angles between the (100)-(101) and (100)-(111) 

lanes being 45 ° and 54.74 °, demonstrates that in either 4 % or 8 %

trained state, the crystallographic reorientation cannot be fully ex- 

lained by configurational changes. 

The straight bar simulations in Fig. 8 (a, b), showcase that there 

s no shear stress development until near fracture. The lower de- 

rees of shear strain explain the maintained 〈 100 〉 crystallographic 
exture within the 4 % deformed straight bar microlattice. Other 

EM simulations by Jahedi et al. have shed light on how dynamic 

volution of both a uniaxial force in combination with a shear 

orce leads to a significantly higher degree of crystal rotation in 

 simulated polycrystalline sample than simply applying a shear 

orce [61] . This study helps address the continuous shear strain 

volution after the bending deformation sequence has been com- 

leted ( > 4 % strain). This observation is essential to understand 

nd validate the development of shear strain within the simulated 

icrolattice nodes as it continues to grow even after the bend- 

ng deformation mechanism switches to the stretching mechanism. 

his deformation-induced grain reorientation is a complex mix- 

ure of both homogenous (dislocation activity) and inhomogeneous 

shear strain) within the nodes. 

Additionally, the honeycomb and BCC microlattices contained 

truts that were on average 7.5 %−13 % thinner than the straight 

ar, and still maintained an average ductility 2.5 %−15 % higher, 

lluding to this microstructural change to explain the prominent 

uctility enhancement. The variable influence of deformation on 

iffering internal microstructure and crystal orientations of spec- 

mens suggests that the intrinsic microstructure as well as extrin- 

ic geometry should be both taken into account when designing 

uture microlattices with advanced performance. 

. Conclusion 

This work compares the mechanical behavior among three mi- 

rolattice designs, a straight bar (acting as a form of reference), 

n elongated honeycomb and a BCC microlattice. FEM analyses 

argely captured the in-situ measurement of mechanical response 
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f these microlattices and elucidated the effects of architecture de- 

ign on the mechanical response of the materials. It is also one 

f the first studies to show the capability to additively manufac- 

ure ODS materials into thin-wall microlattices. The concepts of 

onstrained and unconstrained deformation are important in un- 

erstanding how the designs that utilize a bending deformation, 

uch as the BCC microlattice, can accommodate large strains and 

oderate stresses. The two deformation mechanisms, stretching 

nd bending, observed in these microlattice experiments have dif- 

erent influences on crystallographic reorientation, and ultimately 

ecessitate the use of homogenous and inhomogeneous deforma- 

ion to understand the observed deformation-induced crystallo- 

raphic rotation. Stretching causes minimal change in the out-of- 

lane crystallographic orientation but the bending shows the on- 

et of change from a 〈 100 〉 crystallographic orientation to a more 

andomly oriented crystallographic distribution. This rotation is en- 

bled by the combination of dislocation activity and accumulation 

f shear strain through plastic deformation, which was confirmed 

y both EBSD experiments and FEM simulations. This study is one 

f the first works that reveals severe crystallographic reorientation 

nd grain refinement in honeycomb microlattice during tensile de- 

ormation. 
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