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Abstract 

 Engineered micro- and macro-structures via additive manufacturing (AM) or 3D-Printing 

can create structurally varying properties in a part, which is difficult via traditional 

manufacturing methods. Herein we have utilized powder bed fusion-based selective laser melting 

(SLM) to fabricate variable lattice structures of Ti6Al4V with uniquely designed unit cell 

configurations to alter the mechanical performance. Five different configurations were designed 

based on two natural crystal structures – hexagonal closed packed (HCP) and body centered 

cubic (BCC). Under compressive loading, as much as 74% difference was observed in 

compressive strength, and 71% variation in elastic modulus, with all samples having porosities in 

a similar range of 53 to 65%, indicating the influence of macro-lattice designs alone on 

mechanical properties. Failure analysis of the fracture surfaces helped with the overall 

understanding of how configurational effects and unit cell design influences mechanical 

properties of these samples. Our work highlights the ability to leverage advanced manufacturing 

techniques to tailor the structural performance of multifunctional components. 
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1.0 Introduction 

Increased design freedom enabled through additive manufacturing (AM) or 3D-Printing 

has led to the development of unique structural concepts not possible via conventional 

manufacturing [1,2]. As a layer-by-layer process, AM enables engineers and designers to 

envision structures from the ground-up that are not feasible using most traditional processing 
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methods. While established techniques such as machining or casting require engineers to 

consider high production volumes to decrease overall cost, AM enables economic production of 

low-volume components that can be highly specialized for the consumer [3].  

 
Figure 1: Additively-manufactured concepts (rotating machinery and spinal implant) with variable cell 

designs to tailor mechanical properties and density in specific locations, as well as powder-bed-fusion 

additive manufacturing schematic.  

With the onset of this AM technology platform, engineers have innovated numerous 

design concepts and applications such as components with designed porosity for decreased mass 

and/or increased functionality that would otherwise be impossible to produce traditionally. These 

aspects alone have gained significant traction in the aerospace and biomedical industries where 

application-specific products for aircraft and patients are commonplace [4,5]. The main 

challenge, however, is understanding how different AM-produced porous design strategies can 

influence mechanical performance as there are a large variety of possible designs. One specific 

area of designed-porous materials that is seeing increasing attention is “lattice structures” 

inspired by both naturally-occurring materials and traditional light-weight designs [6–8]. As in 

microstructures for metallic systems, a lattice structure is composed of repeating unit cells which 

in most cases are built upon one specific type of cell. On the macro-scale, these lattice structures 

can be designed as efficient, lightweight structures with designed properties such as porosity, 



stiffness, and strength tailored for specific application needs. Among various works, Kolken et 

al. examined the mechanical effects of macro-materials that were inspired by simple and 

complex geometrical arrangements [8], classifying several lattice archetypes exhibiting negative-

Poisson ratio as well as identifying several failure mechanisms. Wegst et al. examined 

macrostructures created by mimicking natural structures in the human body such as muscles and 

bone [6], finding that the resulting structures had unique specific strengths and toughness and 

were lightweight, with the downside of being challenging to produce traditionally [2]. In 

addition, Pham et al. showed that combinatorial lattice structures can be designed and 

implemented such that fundamental microscale strengthening mechanisms and concepts can be 

applied on the macro scale to influence mechanical behavior [9]. The use of metamaterials, or 

architected lattices, extends to polymers as well. Metamaterials have been shown to have specific 

elastic properties as compared to the metal structures above which have specific strength and 

toughness properties. For example, Shan et al. used 3D printed organic silicon architected 

materials to store or trap strain energy simply due to the geometry as the structure was 

compressed [10]. Furthermore, Liu at al. found that 3D printed urethane adhesive and urethane 

rubber structures capable of undergoing specific volume changes under loading [11]. The main 

results from these works have been a deepened understanding of the potential of these lattice 

structures to be designed and manufactured via AM, however, a majority of the works in the 

literature are based on single-lattice type configurations and corresponding properties, while 

limited work exists on the deformation behavior of lattices with variable unit cell types and 

unique features incorporated within the same overall structure. Because lattices have been shown 

to have highly-customizable performance, it is envisioned that different lattices in different areas 

of components can be configured to provide an overall mechanical performance increase that 

would benefit the structure as a whole (see Fig. 1), either with increased overall strength, 

ductility, or surface area in specific regions. The challenge, however, is understanding the 

limitations from a design perspective by enabling variable unit-cells to have coherent 

connections, as well as the achievable properties of these structures in comparison to traditional 

and/or single lattice designs, motivating investigations at the intersection between lattice design, 

manufacturing, and overall mechanical performance.  



Design philosophy behind variable lattice structures: The present investigation aims to 

understand mechanical performance of customized, variable-unit cell metallic macro-scale 

lattices produced via AM and inspired by the fundamental crystal structures of hexagonal close-

packed (HCP) and body-centered cubic (BCC). This stems from the hypothesis that nature’s 

simplest microstructures, which consist of the simple body-centered cubic, face-centered cubic, 

and hexagonal close packed will show superior results at the macro scale as well. While it is 

acknowledged that there are no physical or structural “bonds” on the unit cell level, but rather 

intermolecular forces, macro-scale mimicking was accomplished with several modifications to 

the fundamental crystal structures, namely, substitution of forces and atoms with physical struts, 

as shown in Fig. 2. It was envisioned that, 

similar to micro-scale, the bonds between 

the atoms that make up the unit cells 

assist the crystal structure and contribute 

to fundamental phenomena such as 

dislocation motion and slip, which affects 

the mechanical behavior. Similar results 

have been shown by Pham et al. using 

combinations of BCC and face-centered 

cubic (FCC) crystal structures inspired 

lattices [9]. It was hypothesized that by 

uniquely configuring the same overall 

specimen size with different lattice 

configurations, variable mechanical 

performance could be achieved. By 

leveraging a customized lattice creation approach within CAD software PTC Creo®, along with 

metal additive manufacturing via powder-bed-fusion, Ti6Al4V structures with different lattice 

configurations were manufactured. The primary objective of the experiment was to analyze how 

customized macro lattices based on HCP and BCC crystal structures affect the overall 

mechanical properties such as strength and stiffness, and how those properties compare to the 

base material as well as the base BCC and HCP designs. Five separate “macro-lattice” designs 

were created via customized assembly techniques in PTC Creo®, resulting in seven total 

 
Figure 2: Base unit cell structures utilized in the 

hybrid structure development as seen via CAD-model. 

 



structures to be tested including the HCP and the BCC base designs, serving as experimental 

controls (see Table 1). Each macro-lattice design, as shown in Fig. 3, was customized to provide 

different crystal structure in different areas such as outside or inside, configured in columns or 

rows, or even configured in a checkered/alternating arrangement. After designing each individual 

structure and producing via PBF, samples were tested under uniaxial compression loading, and 

failed samples were analyzed via optical and scanning electron microscopy (SEM) to understand 

the damage mechanisms and effects of configuration on overall structural performance. This 

work demonstrates the customizability of lattices in relation to spatial compressive performance 

and properties, and can be applied to structural light-weighting across many industries and 

applications. 

 

Figure 3: Computer Aided Design (CAD) representations showing the five designs used in this study. 

BCC unit cells are pictured in blue, whereas, HCP unit cells are pictured in gray. Joining sections are 

outlined in gray. 

2.0 Materials and methods 

2.1 Macro-lattice CAD-design: Macro-lattice designs were created using the CAD 

software PTC Creo® (Boston, MA, USA). Creo®’s lattice tool was used to create the different 

unit cells in part files, and then cell arrangements were created from the part files and combined 

into assembly files to create the overall designed structures. Each printed structure (besides the 

HCP structure) maintained a 7.5mm square cross section, and 15mm height, while the HCP 

structure maintained a 10mm cross section with 5mm hexagonal side lengths. 



Table 1: Comparison of CAD and experimental lattice volumes for each of the specimens. Note 

that an expansion value has been accounted for in relation to our system’s slicing software’s 

tendency to over-build lattices on the 200-300µm length scale. 

Specimen 
CAD Lattice Volume 

(mm3) 

Experimental 

Lattice Volume 

(mm3) 

Percent Difference 

from CAD Model (%) 

HCP 752 824 8.70% 

BCC 477 479 0.38% 

Checkered 579 619 6.43% 

Row-Layered 648 648 -0.03% 

Column Layered 605 605 0.07% 

HCP Outer BCC 

Inner 
512 497 -3.12% 

HCP Inner BCC 

Outer 
507 533 4.81% 

 

Depending on the configuration and designs, 3 to 4 unit cells span the cross section while 

6 to 10 span the height. The HCP unit cell’s size was slightly larger in height ~3mm compared to 

the BCC (1.76mm) owing to the added struts. The BCC strut sizes were 0.7mm (diameter) for 

the diagonal struts and 0.5mm for the outside struts. For the HCP model, all struts were 0.4mm. 

Moving from left to right in Fig. 3, the HCP-Outer model’s innermost unit cells were stripped 

and replaced with BCC unit cells, which was also the case (but reversed) for the BCC-Outer 

design. For the column-layered design, separate vertical columns of distinct HCP and BCC unit 

cells are arranged with matching heights. Note that symmetric thin walls (thickness of 0.125mm-

0.25mm) were included on separate sides of each combinatorial structure (shown as gray slabs) 

to account for the mismatch in contact area between the HCP and BCC unit cells, enabling sound 

connection between the lattices. The Row-Layered structure was given similar characteristics to 

the Column-Layered except in this case the rows have been alternated and horizontal regions of 

thin solid material placed between adjacent HCP and BCC rows. The checkered structure 

involves alternating rows of distinct HCP/BCC arrangements within each row resulting in a 

checkerboard configuration when viewed from the top of the specimen. This pattern proceeds 

upward until the structure consists of a 2 to 1 height ratio, which is consistent with ASTM 

compression test standards [12].  

 

2.2 Processing via powder-bed-fusion technology: Samples were manufactured via 

powder-bed-fusion technology in a 3D Systems Pro200 system (see Fig. 1), a 3D-Printing 

method utilizing two main 140mmx140mm reservoirs (one for extra powder and one for printing 



or the “build-side”), and enclosed in a controlled argon environment <500ppm O2 content at 

30°C to limit moisture content. On each layer, a roller is used to transport a thin layer of powder 

across the top surface from the compacted powder reservoir onto the build surface as shown 

schematically in Fig. 1. The powder used in this study was virgin Titanium Grade 23 

(LaserForm® Ti6Al4V ELI, Gr. 23) in the particle size range of 5-25µm (evaluated via SEM) 

and the parts were built upon a Titanium Grade 2 (commercially pure) plate of ~12mm thickness. 

On each layer, the build side drops 45µm, and 65µm powder is scraped onto the surface, where 

the carbide-coated roller subsequently compacts the powder down onto the substrate by rolling 

back over to the build side resulting in a compacted layer of powder at the desired layer 

thickness. At this point, a concentrated high-power laser with focal point at the build surface 

(~60µm beam diameter) rasters along the surface outlining the cross-section shape at the given 

layer (as shown in Fig. 1). All samples were printed on the plate in the opposite direction of 

argon flow to limit spatter accumulation on the printed components, which increased the overall 

build quality. This rapid prototyping technique is best known for its ability to 3D print metals, its 

high dimensional accuracy, and a better surface finish in comparison to other metal-based 

additive manufacturing methods. Recommended Ti6Al4V processing parameters achieving 

>99.5% relative density for solid bulk specimens were used (30µm layer thickness, 167W laser 

power, 2400mm/s scanning speed, 70µm hatch spacing). Seven specimens for each configuration 

were produced on the same build plate, with four specimens of each set used for compression 

testing. It is important to note that an expansion has been accounted for in relation to our 

system’s slicing software’s tendency to over-build lattices on the 100 to 300µm length scale. 

More specifically, the resolution of the printer results in overbuilding to the strut’s horizontal 

(X/Y) dimensions, which is accounted for volumetrically in the designed volumes.  

 

2.3 Metallography, testing, and damage-surface imaging: After processing, samples were 

raised from the powder bed build side (as shown in Fig. 1) and removed from the build-plate via 

band saw cutter. Each sample was ground down to remove the support structures in preparation 

for compression testing. The experimental volumes of each sample were also measured by 

weighing them and assuming a density of 4.42g/cm3 for Ti6Al4V. Each configuration was tested 

in an Instron compression testing setup, using a constant crosshead displacement rate of 

1.3mm/sec. For stress calculation, the effective solid cross section was utilized as the cross-



sectional area. Failed samples were mounted on a conductive peg for optical as well as Field-

Emission “FESEM” electron imaging. For high magnification microstructural imaging, a single 

BCC sample was mounted in phenolic resin, ground using SiC paper from 60-2000 grit to reveal 

the inner portion of a strut, polished via aluminum suspension from 1µm to 0.05µm. and etched 

via Kroll’s reagent (46mL DI water, 3mL nitric acid, 1mL hydrofluoric acid).  

 

3.0 Results and discussion 

Customized lattices structures with variable unit cell geometries were designed via CAD 

and manufactured using powder-bed-fusion technology. Five separate configurations in addition 

to two control specimens, BCC and HCP, were tested under compression to understand the 

resulting properties in comparison to both the unit cell architecture as well as the base control 

model. Failure analysis was performed using optical and SEM imaging to help substantiate the 

compression results. 

 

3.1 Lattice structure and performance under compressive loading: Lattice design and 

configuration had a remarkable effect on the mechanical response of the structures under 

compressive loading. Table 2 shows the elastic modulus, 0.2% offset yield strength, and ultimate 

compressive strength for each of the samples. Figs. 4 and 5 show the stress-strain plots as well 

Table 2: Tabulated values for the moduli and strengths of the seven different lattice structure 

designs. 

Configuration 
Modulus 

(GPa) 

Compressive 

Yield Strength 

(MPa) 

Compressive 

Ultimate 

Strength (MPa) 

Theoretical 

Porosity from 

CAD 

(%) 

BCC 15.1 ± 3.8 229.7 ± 16.8 325.5 ± 7.9 62.8 

HCP 59.2 ± 6.4 342.0 ± 15.6 454.6 ± 42.4 64.4 

BCC Outer 13.2 ± 0.5 225.0 ± 5.6 301.6 ± 7.7 63.4 

HCP Outer 15.5 ± 1.3 265.5 ± 17.5 347.1 ± 5.3 65.3 

Checkered 56.0 ± 12.9 409.9 ± 76.7 556.3 ± 20.0 54.9 

Column Layer 76.5 ± 20.5 511.1 ± 125.5 663.8 ± 8.5 52.9 

Row Layered 21.3 ± 0.8 416.0 ± 10.8 560.7 ± 24.0 53.8 

 



as the overall strengths and moduli. It is important to note that the stress values are with respect 

to a fully dense specimen occupying the same specimen volume along the cross section. Also, 

the compression test was stopped when a specimen exhibited a noticeable and sudden drop in 

stress. All lattices exhibited plastic deformation as indicated from the stress-strain plots with 

ultimate compressive strengths higher than the yield. Additionally, all samples maintained 

regions of multiple failure as indicated by slight troughs in specific regions of the graph, except 

for the pure HCP model, which deformed in a more monolithic manner without additional 

displacement after initial failure (a single continuous stress-strain plot). The base HCP model 

maintained a higher modulus and compressive yield strength in comparison to the BCC model - 

59.2 ± 6.4GPa and 42.0 ± 15.6MPa, 15.1 ± 3.8GPa and 229.7 ± 16.8MPa, respectively.  

 

 

Figure 4: Representative compressive stress-strain plots of each configuration. 

 

The Column-Layered configuration was stiffest and strongest through both the yield and 

ultimate strengths - 76.5 ± 20.5GPa, 511.1 ± 125.5MPa, and 663.8 ± 8.5MPa, respectively. This 

results in as high as 220% increase in yield strength relative to the BCC configuration, and 150% 
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increase relative to the HCP base model. The checkered configuration, as shown in both the plots 

of Fig. 4 and Fig. 5, maintained a modulus within 6% of the HCP structure, but an increase in 

the yield and ultimate strengths of 20% and 22%, respectively, indicating similar deformation 

characteristics with an increase in the overall strength of the structure. The HCP-Outer and BCC-

Outer lattice structures were within 3-13% of the base BCC model’s modulus, and the Row-

Layered structure was within 40% of the BCC modulus, which is furthered by the stress-strain 

plot of Fig. 4 that shows the BCC, BCC-Outer, and HCP-Outer plots congregated close to one 

another with similar deformation characteristics. The BCC-Outer and HCP-Outer models were 

also within 2-16% of the yield strengths of the BCC base structure, and 7% of the ultimate 

compressive strengths, indicating that these structures behave in alignment with the base BCC 

model, with no apparent effect on the mechanical properties. Interestingly, while the Row-

Layered configuration was within 40% of the BCC modulus (at 21.3 ± 0.8GPa), its strengths 

were 22-23% higher than the HCP model at 416.0 ± 10.8MPa and 560.7 ± 24.0MPa, 

respectively, indicating that the structure deforms similar to the BCC configuration but with 

significantly higher strength.  



3.2 Lattice structure deformation characteristics: Optical and SEM images aid in 

understanding the deformation modes of the various macro-lattice configurations. Fig. 6 

highlights the microstructures and common features at high magnification within the structures. 

As shown in Fig. 6A, a Widmanstatten microstructure common to AM-produced titanium was 

observed with highly disordered primary α-laths ranging from 5 to 50µm in length within each of 

the lattice structures. This α’ martensite microstructure forms due to the rapid cooling from a β-

phase field with limited time for the α-laths to grow from within prior β-phase grains, which are 

 
Figure 5: Elastic moduli and compressive strengths of each lattice configuration. 



typically columnar in nature [13,14]. From 

Fig. 6B, all samples underwent a mixed 

failure mode of cleavage and dimple 

rupture, indicating a combination of brittle 

and ductile deformation. Additionally, Fig. 

6C shows a characteristic failure image of 

sheared struts near a region of void space, 

i.e., a joint for the struts, indicating that 

these regions may serve as stress 

concentrations within the bulk structures. 

Since all specimens had experienced very 

similar micro-scale fractures on the struts, 

it was determined that microstructure was 

not a key factor in how these materials 

failed, but more due to the design of the 

lattice structures that contributes to the 

failure and properties. More specifically, 

the HCP lattice (Fig. 7) failed along 45° 

lines near the base of the structure, but the 

structure was contained without full-scale 

fracture. These fractures occurred at the 

peak of the HCP stress-strain curve and 

resulted in the reduction of stress and load 

carrying capacity over continued strain. The BCC lattice showed similar stress-strain 

characteristics, however, the bottom row of the BCC arrangement fully collapsed resulting in a 

reduction of load carrying capability over increased strain. Fig. 8A shows the complete row 

fracture that was common in the Row-Layered structures, leaving nearly a complete section of 

the structure without an HCP row. The Column-Layered structure (Fig. 8B), however, exhibited 

a larger-scale crack propagation through both the BCC and HCP regions at 45° relative to the 

tested direction. It is important to note that the cracks were partially deflected within the BCC 

column, but propagated heavily through the HCP, indicating that there are preferential crack 

 

Figure 6. SEM images of the microstructure along 

with the types of fracture seen. (A) Microstructure of 

an etched (Kroll’s reagent) strut. (B) Dimple fracture 

in the Column Layered configuration. (C) Cleavage 

fracture observed in the Row-Layered configuration. 



planes within the BCC region and not within the HCP structure. Interestingly, the Checkered 

structure (Fig. 8C) showed 45° crack formation in the HCP regions that bridged from one to 

another, without failure in the BCC regions. The HCP-Outer configuration (Fig. 8D) as well as 

the BCC-Outer configurations (not shown) showed no surface cracking or fracture, indicating 

that failure occurred on the inside of the structure. 

 

 

 

3.3 Relating lattice structure design to compressive performance and deformation: Finite 

element analysis (FEA) was performed on single BCC and HCP unit cells to understand how 

such units absorb energy, generate stress, and fail under compressive loading. Individual CAD 

files were loaded into ANSYS™ Mechanical and subjected to small vertical displacements of 

0.01mm on the top surface elements (applied in the direction into the unit cell), with a single 

fixed face on the bottom of the unit cell and free lateral movement to simulate a simple 

compression test. Each simulation contained between 20,000 and 25,000 nodes and mesh 

refinement studies showed that smaller element size had little to no effect on the resulting 

stresses. The prescribed displacement generates a reaction force resulting in stresses that are seen 

in both Fig. 9A and 9B for the BCC and HCP inspired unit cells, respectively. While the actual 

stress values are less important than the stress concentrations for the purpose of this study, the 

BCC model shows the vertical outer struts absorbing most of the stress under loading (orange 

color indicative of higher stress). It is important to note that the vertical strut in this simulation is 

exerting approximately four times the actual load due to the model only accounting for ¼ of the 

 
Figure 7. Stereoscope images of the fractured surfaces in the base BCC and HCP structures. 
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actual size in comparison to the actual BCC structure which has connected edges in the as-

printed structures. The concentration of stress along the outer struts substantiates the tendency of 

the BCC control composition to compact before internal failure along one of the 45° planes as 

was shown in the HCP model. This affected the Column-Layered configuration’s deformation 

behavior (Fig. 8B) as there was clearly a tendency for a preferential deformation path around the 

outer edges of the BCC regions, leading to the deflection of the overall crack. Because of the 

crack deflection, it is likely that there was an increased amount of energy required to fracture the 

column layered sample, contributing to the overall higher stiffness and strength values in 

comparison to the other main lattice designs.  

 

 
Figure 8: Stereoscope images of the hybrid models. Note testing direction horizontal to all models. 

(A) Collapse of an HCP layer in the Row-Layered structure. (B) Fracture in the Column-Layered 

model. (C) Fracture in the Checkered model (the BCC and HCP parts have been labeled for clarity 

purposes). (D) No external fractures in the HCP-Outer model. 



In contrast to the BCC control configuration, the HCP (Fig. 9B) unit cell exhibited high 

stress on the angled struts, along with low stress concentration on the horizontal members 

between the angled struts. Since the horizontal connector struts don't absorb much energy this 

may limit the ability of the angled struts to deflect, which can contribute to the 45° failure 

mechanisms observed in most of the macro-lattices shown in Fig. 8. More specifically, the HCP 

unit cells have many different planes by which any of the struts that are absorbing energy can 

fracture, causing a single unit cell to fail and generating higher stresses in the surrounding cells 

and initiating similar failure and fracture propagation. This was evident within the Row-Layered, 

Column-Layered, and Checkered configurations, and is also substantiated by the strengths and 

stiffness values close to the HCP, with varying degrees of improvement owing to the BCC 

shouldering some of the overall load and prohibiting large scale crack propagation throughout 

the structures. The BCC-Outer and HCP-Outer configurations were more challenging to analyze 

as the failures were internal to the structure itself. In both cases, however, deformation was akin 

 
Figure 9: Finite element analysis of single unit cells for BCC (top) and HCP (bottom). Note that 

deformations are exaggerated on the cross-section cutaway views. 



to the BCC configuration owing to the strength and stiffness values achieved. Additionally, the 

presence of the solid slab joining the two cell types had a minimal effect on the properties, as the 

deformation characteristics are clearly described by the overall failure mechanisms of the base 

unit cells themselves. Further, because the porosities were within ~10% of one another, it is 

assumed that the deformation mechanisms are due more to lattice design than the different 

porosity values of the structures themselves. Most importantly, however, this analysis shows that 

failure characteristics of the base unit cell constituents can provide insights into the larger 

structures that have been designed with multiple different cell configurations. Because each of 

these structures had slightly different properties due to the design characteristics and failure 

mechanisms, it is clear that base constituents can be used to perform first-generation analysis 

before even printing test samples, saving significant amounts of time and energy in the 

experimentation process. 

 

Other works utilizing Ti6Al4V have shown variable properties and performance in 

comparison to those in the current work. Zadpoor et al. investigated the relationship between 

experimental, analytical, and computationally predicted properties in cellular “non-auxetic” 

Ti6Al4V structures comprised of relative densities as high as 50% [7]. In comparison to the 

current study, yields strengths were reported in the range of 150-300Mpa, and moduli in the 

range of 10-30GPa, indicating that the structures in the present study (see Fig. 5) fall along the 

upper range in comparison to macro-lattices of the diamond, cube, or rhombic dodecahedron 

type (especially the column-layered configuration). Despite having lower densities than that of 

the reported results, the present work utilized solid walls that likely contributed to higher 

strengths even with comparable overall porosities. Additionally, the strut quality and fracture 

surfaces were comparable to the work of Zhao et al. who investigated commercially pure 

titanium lattices processed via powder bed fusion [15]. The tetrahedron and octahedron lattices 

in that study exhibited unmelted particles along the various struts and flat fracture surfaces like 

that shown in Fig. 6C. While this study looked primarily at fatigue failure, the static properties 

were also similar to that shown in the present study. In comparison to the analogy of crystal 

structures to macro-lattice designs, as was done in the work of Pham et al. [9], most 

configurations in the present study show lack of resistance to crack propagation after the first 

large-scale cracks begin forming [9]. Theoretically, as actual crystal microstructures start to 



plastically deform from a compressive load, the atoms will start blocking the motion due to 

intramolecular forces. While the analogous crack-deflection/turning occurs to a certain extent in 

the Row-Layered and the BCC/HCP outer configurations, causing toughening behavior, the 

other lattice designs suffered from large-scale crack propagation. The previous work from Pham 

et al. [9] utilized lattices with high energy absorption that were created using combinations of 

FCC and BCC unit cells, unlike this experiment with BCC and HCP, indicating that there may be 

additional complications arising from the mismatch in unit cell lattices and connection points [9]. 

Additionally, Pham et al. reported 316L stainless lattices containing roughly 8 “meta grains” 

separated by high angle grain boundaries and achieving a yield stress of about 50 MPa, with 

significant toughening behavior (rising stress-strain curve) under compaction. The present work 

utilized Ti6Al4V that exhibited continued fracture after initial failure, a brittle overall 

characteristic that has been previously reported as common to the material in the as-processed 

condition via PBF [13]. In the present work, the highest yield stress achieved is 497 MPa, with 

comparable overall porosity to that in the work of Pham et al. [9]. With respect to the theoretical 

compressive strength, this gives the 316L sample a yield efficiency of 30% (Structure yield 

strength/theoretical * 100) and the Ti64 structure a yield efficiency of 51% assuming that the 

stress was found by assuming a 100% dense cross section, indicating that the overall yield 

efficiency of the present structures is higher, likely at the expense of toughness as has been 

expanded upon in ref. 16 [16]. These aspects point to the fact that the macro-lattices in the 

present study exhibit high efficiency and can be configured to work in situations with variable 

performance requirements. 

 

4.0 Conclusions  

 Novel Ti6Al4V macro-lattices based on BCC and HCP metallic crystal structures were 

designed, fabricated via selective laser melting, and tested under compression to understand the 

effects of cell configurations on compressive deformation. Custom CAD-assembly techniques 

were utilized to design the structures with five different lattice configurations with overall 

porosity of 53 to 65%. The configurations exhibited 0.2% offset compressive strengths as high as 

220% greater than the control BCC model (229.7 ± 16.8MPa), and with varying degree larger 

than the HCP control model (342.0 ± 15.6MPa). Elastic moduli ranged from 13 to 77 GPa in all 

configurations. Between the designed configurations, as high as 74% difference was observed in 



compressive strength and 71% variation in elastic modulus, indicating the effects of unit cell 

placement and design on compressive properties alone. Supplemental finite-element-analysis and 

optical microscopy aids in understanding the properties and interesting failure mechanisms of 

each configuration, namely, that the BCC structure maintained regions of higher stress 

concentration around the periphery of the unit cell, causing crack path change within most of the 

configurations. The Column-Layered arrangement of BCC and HCP lattices resulted in the 

highest stiffness and yield strength in comparison to all other lattice designs (76.5 ± 20.5GPa, 

511.1 ± 125.5MPa, respectively), owing to high crack deflection and toughening of the structure 

under compressive loading. Our work demonstrates the ability to leverage advanced 

manufacturing methods to tailor the structural performance of multifunctional metallic 

components via controlled unit cell characteristics and location within the bulk structure. 
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8.0 Supplemental Material 

 

Supplemental Table A: Model specifications for each configuration modeled using CREO™ software. 

The checkered model consists of 3.75m x 3.75m x 3.75m blocks of alternating hcp and bcc blocks. For 

each block, 125-micron thick rectangular cross sections are put in the inside faces of the block (total of 4 

for each), which combine with the other blocks in contact which add to a 250-micron thick cross sections. 

The column layered model contains these thin rectangular cross sections as well, which add up to 250-

microns thick on the inside of the models and 125-microns thick on the outsides. This pattern is the same 

for the row layered model; 250-micron thick cross sections on the insides and 125-micron thick cross 

sections on the outside. 

 BCC HCP 
Row 

Layered 

Column 

Layered 
Checkered 

BCC 

Inner 

HCP 

Outer 

HCP 

Inner 

BCC 

Outer 

HCP Strut 

diameter(mm) 
N/A 0.4 0.56 0.56 0.46 .592 .592 

BCC Edge Strut 

Diameter(mm) 
0.5* N/A 0.3 0.3 0.25 .362 .3626 

BCC Diagonal 

Strut 

Diameter(mm) 
0.7* N/A 0.42 0.42 0.35 0.52 0.52 

Total 

Height(mm) 
15 18.37 16.4 15 15 16.65 16.65 

Side 

Length(mm) 
7.5 4.33 7.5 7.5 7.5 7.4 7.4 

Total HCP Unit 

Cells per 

layer/block 
N/A 19 8 20.3 5.3 28.3 4.3 

Total BCC Unit 

Cells per 

layer/block 
   9 N/A 25 50 27 28 116 

Total HCP 

layers/blocks 
N/A 9 4 2 8 1 1 

Total BCC 

layers/blocks 
6 N/A 4 2 8 1 1 

Total HCP Unit 

Cells 
N/A 171 32 40.6 42.4 28.3 4.3 

Total BCC Unit 

Cells 
54 N/A 100 100 216 28 116 

 

 


