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Additively manufactured lattice structures offer a high specific strength-to-density ratio in comparison to con-
ventional, fully dense parts. The small feature size and intricate geometry of lattice structures make it challenging
to directly characterize their mechanical properties. This study presents direct measurement of the elastic me-
chanical properties of an additively manufactured titanium alloy octet truss unit cell. Strut stress and strain were
measured using high-energy X-ray diffraction during quasi-static compressive loading. The crystallographic
stress-strain relationship was converted into the stress-strain relationship of the octet truss lattice unit cell using
the known symmetry of the struts. The sample studied herein was best fit by an orthorhombic linear elastic stress-
strain relationship. This technique shows promise for studying additively manufactured lattice structures at
length scales not previously reported.

1. Introduction

Lattice structures have many applications as low density, load
bearing parts that provide comparable mechanical properties to fully
dense material. Lattice structures are used in biomedical devices [1-4],
aerospace components [5,6], automotive parts [7], energy absorption
[8,9], heat exchangers [10], and more. The octet truss is a lattice to-
pology that disperses compressive load primarily through stretching
[11,12]. Recent advances in additive manufacturing have enabled
manufacturing of single-component octet truss lattices with millimeter
(and smaller) sizes [13-15]. Highly engineered lattice features present
new opportunities for structural applications. However, it also creates
new challenges for characterization and validation.

Traditional studies of octet truss lattices have mechanically tested

their macro scale properties by compressing, stretching, or bending a
component containing many unit cells. In these studies, strain is
measured by extensometer and stress values are converted from the
force measured on load cells [16-19]. While these are accurate methods
for characterizing the macroscopic behavior of many-unit cell octet truss
lattice structures, they cannot observe the behavior at the sub-unit cell
scale.

Although robust predictions exist for the properties of octet trusses
on the unit cell scale [11], few studies have investigated the properties
of individual struts themselves. The behavior of the unit cell in a lattice
material is important for development of homogenization schemes that
accurately and efficiently model the macroscale behavior of a lattice
part [15,20,21]. We aim to study the properties of the octet truss under
compression at the unit cell level and compare the stress-strain results
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with current models for the geometry.

In this study, we present direct measurements of the elastic me-
chanical behavior of an unconstrained octet truss unit cell under
compression. High energy X-ray diffraction was used to measure the
crystallographic elastic strain of additively manufactured Ti-5553 octet
truss lattices in-situ during quasi static compression. The measured
crystallographic strains are then converted into stresses. The overall-
stress strain behavior of the unit cell is presented and compared to
continuum level models of octet truss lattices [11]. The mechanical
behavior observed matches closely with other investigations as well as
the continuum mechanical framework of Deshpande, Fleck, and Ashby
[11]. This indicates that high energy X-ray diffraction is a useful, reliable
tool for studying complex lattice structures on the unit-cell level scale.

2. Materials and methods

Octet truss unit cells were manufactured by selective laser melting
(SLM) out of Ti-5Mo-5 V-5Hf-3Cr (Ti-5553) powder. Ti-5553 is a
nominally single phase near-f Ti alloy with a lattice parameter of
approximately 3.2412°A [22]. It has found uses in aerospace applica-
tions [23] due to its high hardness and strength, coupled with low
density [24]. More recently Ti-5553 has found promise as an alloy for
additive manufacturing of structural materials [22,25].

The octet truss unit cell is akin to a face-centered cubic structure
where the the endpoints of the struts (the nodes) occupy the face
centered sites. The sample tested was two unit cells tall and one unit cell
wide. The sample in this work had a nominal strut thickness of t = 0.495
mm and length of a = 5.715 mm. Using the density definition of Desh-
pande, Fleck and Ashby, this sample has a unit cell density of p = 20%
[11].

(a)
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Eight independent struts were monitored during compressive
deformation and are labeled in Fig. 1. Given the complicated geometry
of the sample and the 3dimensional nature of the measurements, it is
important to explain how plots of the resultant data were constructed.
Fig. 1a shows the locations measured using high energy X-ray diffraction
colored in (1) orange, (2) dark green, (3) light green, (4) navy blue, (5)
brown, (6) pink, (7) red, and (8) purple. The orientation of the sample on
the build substrate is shown in Fig. 1b Images of the sample, with the
struts highlighted by their corresponding colour, can be seen in Fig. 1

(c—e).

2.1. Printing parameters and heat treatment

Samples were printed on an SLM Solutions SLM 280 printer using Ti-
5553 powder feedstock. Powder characteristics are shown in Table 1.

Table 1 also lists the relevant printing parameters, including laser
power and scan speed. The part was manufactured using three sets of
scan parameters; the baseplates (bulk) and struts were manufactured
with different parameters to account for their different feature sizes. The
strut portion also had a skin layer applied to help reduce surface
roughness.

The samples were subjected to ultrasonic cleaning after manufacture,
then heat treated for stress relief at 300 °C for one hour in vacuum (10>
mbar) while still on the build substrate. The ramp up and ramp down
time of the stress relief was 16 °C per minute. Samples were cooled in
Argon until they reached 90 °C. After heat treatment, samples were
removed from the baseplate using electro discharge machining.

It is important to note the orientation of truss members relative to the
build, recoater blade, and heat flow directions shown in Fig. 1(b). Some
of the trusses are oriented flat on the substrate and should experience

Recoater
Blade
Direction

Fig. 1. Explanation of locations measured on the sample. (a) A diagram of the sample. The struts that were measured are highlighted in various colors. (b) The
orientation of the sample on the build substrate during printing. (c-e) The sample at ® = —45, 0', and 45 . The laboratory and octet truss coordinate frames are
shown at the top and bottom of the sample, respectively. The struts that were measured are highlighted and labeled at each orientation. The colors used on this plot
for each individual strut will be maintained throughout the remainder of the article.
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Table 1
Sample powder characteristics, powder composition, and printing parameters.
Composition is reported in weight percent.

Alloy Supplier Powder size
Ti-5553 AP&C, a GE additive company 20-63 pm
(0] N C H Fe Al A
(max) (max) (max) (max)
0.1 0.008 0.019 0.003 0.39 5.32 5.0
Mo Cr Zr Y Be Ti
(max) (max) (max)

4.88 2.99 <0.002 <0.001 <0.001 Balance
Location Scan speed LaserPower Hatch Layer

(mm/s) W) Spacing Height

(mm) (pm)

Baseplate 725 175 0.12 30
Strut 800 100 0.12 30
Skin 525 100 0.12 30

approximately equal heating and cooling cycles during building. Other
members are extended at a 45 angle to the build direction. These struts
may experience different heating and cooling rates in different locations
over the course of the build. This distinct thermal profile is known to
cause residual stress buildup in the sample [26].

2.2. Mechanical loading and high energy X-ray diffraction

High-energy X-ray diffraction experiments were conducted at the 1-
ID beamline of the Advanced Photon Source, Argonne National Labo-
ratory. A diagram of the experimental setup can be seen in Fig. 2. A
71.68 keV box beam of size 100x100 pm? was used for transmission X-
ray diffraction. A diagram of the experimental setup is shown in Fig. 2.
The incident beam impinged on specified locations on the sample and
scattered onto a Dexela 2923 CMOS detector with 3888x3072 pixels
with edge length of 78 pm [27]. Diffraction patterns were collected for

2

Octet Truss  Laboratory

Coordinate ~ Coordinate
System System
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0.1 s at each location.

The sample was scanned across the X-ray beam in 45 pm steps. The
size of the beam relative to a strut and step size can be seen in the upper
left hand side of Fig. 2. Diffraction images were spotty and far from a
‘powder’ diffraction condition. Therefore, images were summed over
450 pm regions on each strut to improve statistics, which corresponds to
taking the sum of every 10 images obtained along a strut. Each indi-
vidual location shown on plots such as Fig. 1(c) corresponds to an area of
450 pm.

The experimental setup allowed full diffraction rings to be collected
with a d-spacing range of 0.9-4°A. Ti-5553 has a body centered Bravais
lattice with an Im™ 3 m space group and an average lattice parameter of
3.2412°A. The observed reflections were the {110}, {200}, {211},
{220}, and the {310} planes.

Samples were loaded quasi-statically in increments of 25 pm at a
displacement rate of 0.006 mm/s using a custom load frame developed
by the Advanced Photon Source and collaborators [28]. The outside of
the sample was not pinned or constricted in any way during loading. A
small amount of vacuum grease was added to the baseplates to reduce
friction between the loadframe platens and sample.

Loading the sample caused deformation and movement of the struts
at each load step. The movement of the struts had to be tracked to ensure
that scans were taken on the center of the strut. To do so, the positions of
the nodes were tracked throughout the experiment. Xray radiography
was used to find the node locations after each load increment. The co-
ordinates of the nodes were then used to compute the straight-line path
from node to node. This straight line path was used to locate the struts
into the beam path. Displacement steps were taken until the struts
deformed to a degree that prevented accurate data collection.

The detector position and orientation was calibrated using a sample
of nanocrystalline Cerium Oxide (CeO3) in GSAS-II [29].

2.3. Ex situ characterization

A full 3D X-ray computed tomography scan of the sample was taken
before and after in situ loading. X-ray computed tomography was per-
formed on a Zeiss Xradia 510 with an isotropic voxel width was 7 pm.
The smallest detectable defect width was 14 pm. Sample tomographies

1N=90°
d) i
Q)
1n=0"
Loading Detector
Direction

Fig. 2. Explanation of locations measured on the sample. (a) A diagram of the sample. The struts that were measured are highlighted in various colors. (b) The
orientation of the sample on the build substrate during printing. (c-e) The sample at ® = —45°, 0°, and 45°. The laboratory and octet truss coordinate frames are
shown at the top and bottom of the sample, respectively. The struts that were measured are highlighted and labeled at each orientation. The colors used on this plot
for each individual strut will be maintained throughout the remainder of the article.
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were reconstructed from images and processed for pore density using
the Dragonfly Software [30]. A second, nominally identical sample was
manufactured on the same baseplate with the same parameters in
Table 1 and subjected to the same post-processing. The second sample
was then ground and polished for scanning electron microscopy to
investigate microstructure.

Diffraction images were taken using the same beamline setup of both
the bulk and strut portions of the sample to characterize the texture.
Images were taken at the topmost node (where struts 5 and 6 meet) and
the left side of strut 1 (strut). The bulk portion was rotatable, allowing
for diffraction images to be taken from multiple orientations, while only
one orientation could be obtained for the strut due to geometric and
physical constraints. Single diffraction images have been successfully
used to refine texture, as demonstrated in Ischia et al. [31], and the peak
statistics of the diffraction images obtained for these samples are com-
parable to those used by Ischia. Spherical harmonic functions were used
to fit the texture in GSAS II without assuming any symmetry. The
spherical harmonic coefficients were then imported into MTEX software
for Matlab [32] and used to generate (110) pole figures.

2.4. Coordinate frames

The following discussion will use two coordinate frames: the octet
truss coordinate frame (x,y,z) and the laboratory coordinate frame (x’,
y’,z’). Both are shown in Fig. 2(c).

The laboratory coordinate frame is a fixed coordinate frame with the
+2z direction oriented parallel to the incident X-ray beam with +y
vertical and +x making a right-handed coordinate system. Note that y
andy are parallel. The diffracted cone intersects with the detector in the
x —y plane. A polar angle 7, is also defined in the x — y  plane, shown in
Fig. 2(e), to describe polar orientation around the detector.

Loading occurs in the y  direction and the sample is rotated in the @
direction around the y axis. The sample was rotated so that different
struts could be placed in the X-ray beam on the x — y plane.

The octet truss coordinate frame is defined so that nodes — the place
where struts intersect — fall onto either the x, y, or z axis. Loading
occurred on the y axis. The sample is expected to compress in the y
direction and expand in the x — z plane.

The setup of the experiment allowed for measurement of 8 separate
struts oriented at various angles in the (x,y,z) coordinate frame. Mea-
surements of the orange and purple struts, shown in Figs. 1(c) and (e)
respectively, correspond to measurement in x — z plane of the octet
truss. Strains in all the other struts, shown in Fig. 1(d), correspond to
measurement in the x — y plane of the octet truss coordinate system.

2.5. Data preparation

Each diffraction image was divided into 24 bins covering 15 of the
full diffraction ring around the coordinate 5. The detector image in Fig. 2
(e) shows the 7 direction and bin regions. Each bin was integrated to
produce a diffraction histogram for each 5 angle.

The individual » direction histograms were integrated and refined
with Rietveld Refinement using GSAS [33] and the SMARTSware
routine [34]. This refinement produced a crystal lattice parameter aﬁ
where n=0°, 15°,...,345° is the integration bin and # = 0 pm, 25 pm, 50
pm,...,380 pm is the crosshead displacement in compression at each load
step. This method for calculation of the polar lattice parameter has been
used extensively before [35,36].

2.6. Calculation of strain and stress

The goal of the experiment is to measure mechanical behavior during
loading and calculate effective material constants of the octet truss unit
cell like the elastic moduli. The stress and strain calculated from the d-
spacing are used to calculate these effective properties.
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The strain ¢ was calculated from the crystal lattice parameter a for
each loadstep £ and y direction using

P
€ = 1

— €
where ~ay is the lattice parameter at zero load averaged over all orien-
tations of all struts, given by

L
@ =54 )

where the sum is taken over all 24 5 bins. In this experiment we found an
average lattice parameter of a o = 3.2412°A.

One important aspect of this investigation was to find the value and
orientation of principal strains in the sample. The principal tensile ¢; and
compressive ¢y strains are the highest magnitude strains at a given
location.

The principal strains were fit using the method of I.C. Noyan and J.B.
Cohen [35], which has been used in similar investigations [37], given by

€, = €[sin’ (N + ) + e;cos’ (N +y) ©)

where y is the orientation, in degrees, of the principal coordinate system
relative to n = 0 in the (x’,y’,z’) coordinate system.

The full model of Noyan and Cohen includes shear terms and a third
strain component e33 but in the current experiment only two strain
components (¢x’ and ey’) could be measured at a single time. In order to
calculate a stress, however, assumptions about the third strain compo-
nent had to be made.

The third strain component was set as equal to either the ¢; or e
strain depending on the measurement location. Struts transverse to
loading should deform primarily in tension; thus, by Poisson’s effect, the
other two strains should be compression. Therefore, struts 1 and 8 in
Fig. 1 were assumed to have ¢3 = e5. The remaining struts are oriented
45" off the loading direction and should deform primarily in compres-
sion, thus the remaining two strains should be tensile. These struts were
assumed to have e3 = €. In all cases, the direction of the third strain
component was defined so that it formed a right-handed coordinate
system with ¢; and e5.

The Young’s modulus E; and Poisson’s ratio v, of the material must
also be known to calculate a stress. Calculating Es; and v; requires
knowledge of the bulk stress and strain in the sample.

E; and vs were measured from a sample of Ti-5553 manufactured
using the strut printing parameters in Table 1 and printed on the same
substrate. The sample was a 2 mmx2 mmx 2 mm cube sectioned out of a
larger 25.4 mm x 25.4 mm x 25.4 mm cube. Sectioning out the small cube
from the larger cube relieves long-range internal stresses that build up
during printing [38], thus providing a residual stress-free measurement
of the material constants.

The sample cube was loaded quasi-statically in steps of 25 ym using
the same procedure detailed in Section 2.2. The lattice parameter was
measured during loading and converted into a strain. Since the surface
area of the reference cube was known, along with the applied force from
the load cell, a macroscopic stress on the sample could be calculated. E;
and v; were calculated from the slope of the stress-strain plot. A Young’s
modulus of E; = 48.35 GPa and Poisson’s ratio of vs = 0.326 were
measured. This is in good agreement with values found by other in-
vestigations [39].

Once the material constants were measured the stress was calculated
as

of = L . VEs tr
T 4y (14 v)(1—2u)

(") C))

where tr(e) = €11 + €22 + €33 [35].
Strains were first calculated and fit using Eqs. 1 and 3. These equa-
tions provide the principal €1, ¢ and €3 strains that can be converted to
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stresses o1, 03 and o3 using Eq. 4. Principal strains need to be trans-
formed to the octet truss coordinate system defined in Fig. 2c. The
transformation is a rotation from the principal coordinates to the octet
truss coordinates (x,y,z) using Eq. 3.

2.7. Calculation of effective constants for the octet truss unit cell

A 2001 paper by Deshpande, Fleck, and Ashby lay out a theoretical
framework for the stress-strain relationship in the octet truss. Under the
assumption that all nodes are pinned, the octet truss unit cell should
obey an isotropic linear elastic relationship given by

€, S; —S, —s, 0 0 O Oy
€, s;, —s, 0 0 O Gy
€ | _ ss; 0 0 O [ )
€xy s3 0 0 Cyy
€y, s3 0 Gy,
€xz S3 Oxz

where ¢ and ¢ are in the octet truss coordinate frame [11]. The stiffness
constants s; are nominally related to the material Young’s modulus as

1 DE,
s 9
1 PE
1 PE
53 12

where p = 0.2 is the density of the octet truss unit cell. The validity of
Eq. 6 is based on the assumption of uniaxial loading and pin-jointed
nodes.

In our study we are looking only at a single unit cell. The nodes on
the top and bottom of the structure (+y) are pinned but all other nodes
are free to deform. As such, the condition of isotropic symmetry was
relaxed.

Instead, several different linear elastic relationships were fit to the
measured stress-strain behavior. The goodness of-fit of was determined
by the correlation R? between the measured stress/strain and the values
produced from fitting. All possible linear elastic symmetries were fit,
from triclinic through isotropic.

Fitting the linear-elastic relationship of the unit cell requires trans-
forming the stress and strain into the octet truss (x,y,z) principal coor-
dinate system. Struts 1, 4, 7, and 8 were chosen for fitting the linear
elastic relationship because they all have the same node conditions.
Struts 2, 3, 5 and 6 are pinned at the top and bottom of the sample and
are expected to deform differently than those in the center of the sample
that are not pinned.

Measurements of ey, €, and ¢,, and their associated stresses, can
obtained from rotations of the principal strains found in Eq. 3. The
principal tensile strains on struts 1 and 8 lay in the xz plane. Separate
strain measurements on struts 1 and 8 can be transformed into the x and
z directions. Likewise, struts 4 and 7 lay in the yz plane and can be
transformed into the y direction. Thus, we can obtain six strain mea-
surements (ex€y,€z€xy,€yz€xz) and their corresponding stresses. These
values can be used to test the validity of Eq. 5, or any other linear elastic
stress-strain model.

2.8. Sources of uncertainty and uncertainty propagation

The analysis above assumes that variation in the crystal lattice pa-
rameters occurs solely due to the applied force. However, there are
several phenomena that can cause variation in the crystal lattice
parameter.

Segregation or partitioning of the alloying elements (Mo, V, Hf, Cr)
can cause local distortions in the unit cell, resulting in a slightly different
lattice parameter for any grain that is rich or depleted in any element.
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Although a secondary phase was present in some parts of the material, as
discussed later, its volume fraction was <1% and thus not expected to
have a significant impact on the lattice parameter.

In order to accurately measure the lattice parameter precise knowl-
edge of the sample-to-detector distance is necessary. If the sample moves
relative to the detector (in the z direction) due to compliance, slippage,
or buckling, then it will appear as though the lattice parameter has
changed.

A sample of CeO, was used to measure the change in lattice
parameter as a function of sample-to-detector distance. The CeO4 was
scanned in the z direction in steps of 100 pm and the lattice parameter
was measured at each step. The lattice parameter sensitivity to sample
detector distance was found to be 0.0263°A/mm of displacement. This
means a 1 mm displacement in the sample will appear as a lattice
parameter change of 0.0263.°A.

The location of the sample’s nodes was tracked during measurement
as described in Section 2.2. The node coordinates at each loadstep were
used to estimate the lattice parameter uncertainty due to displacement.
The largest node displacement was 200 pm over the course of the entire
experiment, corresponding to an apparent change in lattice parameter of
0.00526°A. Therefore, a lattice parameter uncertainty of £0.00526°A
was propagated through all equations. Propagation of uncertainty was
calculated using the usual methods [40].

3. Results
3.1. Microstructure

Fig. 3 shows the microstructural characterization of the sample, with
grain sizes ranging from a few microns in the smallest grains to around
75 pm in the largest. Additionally, several voids about a micron wide
were present in the microstructure (indicated by red circles in Fig. 3a).

Fig. 3(c) highlights examples of diffraction peaks from an unexpected
secondary phase observed at some locations in the samples. The sec-
ondary phase has low intensity, broad peaks that are indicative of a
small grain size and was primarily observed in the bulk regions of the
samples, such as at the nodes or in the top and bottom baseplates. It is
possible that the phase was also present in the strut sections of the
sample but was too low intensity to detect.

Zheng et al. previously observed a face-centered orthorhombic tita-
nium phase in Ti-5553 when it underwent the same heat treatment as
this study [41]. The secondary phase was refined using the starting
lattice parameters reported by Zheng, resulting in a final Pawley
refinement with a weighted residual of 9% and lattice parameters a =
3.277°A, b = 4.564°A, and ¢ = 13.903°A.

The (100) pole figures for the bulk and strut are shown in Fig. 3d and
e, respectively. The bulk exhibited a weak fiber texture in the build di-
rection which is consistent with previously characterized textures of
additively manufactured Ti-5553 [22]. Similarly, the strut also showed a
weak fiber texture as shown in Fig. 3e, although the texture was
concentrated into several poles instead of being dispersed like the
texture of Fig. 3d. The pole density was only 1.6 multiples of random
distribution (mrd), indicating a weak texture.

X-ray computed tomography of both the pre-mortem and post-
mortem samples is shown in Fig. 3f. Prior to compression, the samples
displayed large voids primarily located in the bulk sections of the sam-
ple, such as the nodes and base plates, with smaller voids in the struts.
After compression, more large voids were observed. The density of the
sample, as measured from the tomographs, decreased from 99.95% pre-
mortem to 99.61% post-mortem.

3.2. Stress and strain characterization with X-ray diffraction

Residual strains were calculated from the lattice parameter using
Egs. 1 and 3. The principal tensile ¢ and compressive €J strains fell



N.S. Johnson et al.

€)

(

Load (N)

Materials Characterization 209 (2024) 113755

b)

-500

Force vs. Displacement

— G-3

=400

—-300 4

—200

=100 1

03 -04 -05 —0.6 -07 —0.8

Displacement (mm)

0.0 -0.1 -0.2

()

—— Logarithmic
— Original

Intensity (Arbitrary)

jo.dcas ™™
0.00045
0.0004
0.00035
0.0003
0.00025
0.0002
0.00015
0.0001
5e-05

Fig. 3. (a) SEM micrograph showing the distribution of grains in the strut portion of the sample. Red circles indicate visible pores. (b) The load-displacement curve
for the sample. Diffraction images were collected up to 295 pm of displacement. (c) An example X-ray diffraction histogram from a sample node. Peaks from the
secondary phase are highlighted by red arrows. (d) The (100) pole texture taken from the bulk, marked with the build direction (BD) and transverse direction (TD).
The BD and TD correspond to the x and y directions, respectively. (e) The (100) pole figure from the strut portion of the sample. (f) X-ray computed tomography of
the sample before (top) and after (bottom) compression. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

below the measurement uncertainty (<4 x 107>) in almost all locations.
The largest residual tensile strains were 0.0015 and occurred in mid-
sections of Struts 2 and 7. Likewise, struts 2, 4, 5 and 7 showed
compressive strains that rose as high as —0.0001. Overall, the residual
strains in the sample were minimal. The distribution of all initial lattice

strains at zero displacement is shown in the Supplemental information.

A load-displacement curve measured from the load cell can be seen
in Fig. 3b. The sample exhibited its first fracture at 225 pm, indicated by
a dip in load on the load-displacement curve. Further fracture and
buckling occurred with further loading.
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The principal (compressive and tensile) strain at every displacement
step in every strut is shown in Figs. 4 and 5. The bottommost lines in
these plots represent the strain across the strut at zero load. Further lines
plot the strain at each successive displacement step. Struts are oriented
in the plots according to their actual orientation in the sample.

The majority of tensile strains in the sample are concentrated in strut
1 and strut 8 (Fig. 4). Struts 4 and 7 also showed significant tensile
strains through loading but did not increase at the same rate as struts 1
and 8. By the end of the experiment (displacement step of 295 pm) struts
1, 4, 7, and 8 had comparable tensile strains. The highest compressive
strains are concentrated in struts 4 and strut 7 (Fig. 5). These struts
began showing significant compressive strains at the 100 ym displace-
ment step; this is the same step when struts 1 and 8 began showing
significant tensile strains. The magnitude of compression in struts 4 and
7 are roughly the same magnitude as the tensile strains in struts 1 and 8.

Struts 2, 3, 5 and 6 had negligible tensile and compressive strains up
to 100 pm of displacement. Starting at 125 pm displacement these struts
had some locations with compressive strains above uncertainty. These
struts had no tensile strains above the measurement uncertainty even at
200 pm of displacement. The right hand side of strut 2 had negligible
tensile and compressive strains for all displacement steps shown.

At 200 pm of displacement the largest tensile strain is 0.0085 (strut
1) while the largest compressive strain is —0.011 (strut 7). Strut 1 has a
fairly uniform strain distribution up to 200 pm of displacement. Strut 8,
on the other hand, shows a higher tensile strain concentration on one
side of the strut. The same is not true with the compressive strains of
strut 8.

The compressive strain distribution of struts 4 and 7 are highly non-
uniform through the entire experiment. Compressive strains built up
closer to the midsection of the struts at early loading steps. By the end of
the ex-.

The tensile strains in struts 1 and 8 rose at comparable rates to the
compressive strains in struts 4 and 7. Starting with 25 pm displacement
the tensile strains in struts 1 and 8 and the compressive strains in struts 4
and 7 rose by ~0.001 with each displacement step.

The highest magnitudes of strains, whether compressive or tensile,
occurred in the midpoints of struts away from the nodes. The strain
decreases as much as 1/3 closer to the nodes.

Eq. 3 was also used to determine the orientation of the principal
compressive and tensile strains. These orientations are shown for each
location on the struts in Fig. 6. The colour of arrows in Fig. 5 corresponds
to the highest magnitude principal strain (tensile is blue, compressive is
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red). Strut 1 had principal strain orientations also parallel to the strut up
until fracture. The tensile strains also dominated in this strut; this in-
dicates the strut was primarily in a stretching mode. The same is mostly
true for strut 8, with the exception of the one location that displayed
little strain at all. At lower loading steps strut 8 had strain orientations
that varied from location to location; by the 100 pm displacement step
all of these orientations were nearly parallel to the strut.

The remaining struts show a more complicated picture. Struts 2, 3, 5
and 6 had little strain development at all; all of their principal strains are
oriented normal to the strut. This indicates that the struts were not
compressing/stretching along the strut axis but instead were more likely
buckling. The low strain magnitude of these struts makes strong con-
clusions difficult to make.

Struts 4 had a strong compressive response but its strain orientations
vary from location to location. Strut 4 initially had compressive strains
oriented perpendicular to the strut axis; at the 100 pm displacement step
some locations begin to have compressive strains oriented parallel to the
strut. At higher displacement steps, however, the strain orientations
vary between being oriented parallel and perpendicular to the strut axis.

Strut 7, on the other hand, showed a behavior closer to struts 1 and 8.
Starting at the 25 pm displacement step almost all strains are oriented
parallel to the strut direction. This behavior indicates the strut was
primarily compressing directly down the strut axis.

3.3. Strut fracture and strain redistribution

A small dip in tensile and compressive strain also occurs in Strut 1
between the 200 pm and 225 pm displacement steps, although no
fracture was visible on the sample. It is possible that a partial fracture
initiated at this displacement step. Strut 1 fully fractured in tension
between load steps 225 pm and 250 pm. There is a noticeable drop off in
strut 1 strains between these loadsteps, shown in Figs. 4 and 5.

Strut 8 fractured completely between displacement steps 250 pm and
295 pm, again evidenced by a significant drop in the tensile strain.
Interestingly, the fracture location on strut 8 is close to the region that
showed almost no compressive/tensile strain at all.

There is a noticeable re-distribution of strains in all other struts after
both fractures. Strut 4 shows a relaxation in both tensile and compres-
sive strains after the fracture of strut 1 (between 225 p and 250 pm).
Fracture of the struts allows for relaxation of the unit cell under load as
the sample becomes more compliant with fewer struts to resist
compression. After the next load step, however, strut 4 compressive
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Fig. 4. Principal tensile strains (measured from Eq. 3 in all struts at all displacement steps. The angles of the struts correspond to their actual angles in the unit cell.
Gray regions on the struts are portions that were not measured because they were blocked by a node or another strut.
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Principal Compressive Strain

295um - = . \ / .
X 0.006
250um = \ y P 4 / T
3 >
225um A = R \ \ 4 / :/ s 3 0.004
200um = e \ P / - =
5 N, 4 Ry \ . N ¢ 7’ P L 0.002
& 175um = ™\ \ \, \ . / Y 4 -
€ N g / N
£ 125um - = N ’ N W N\ N s ,‘ = L 0.000
i \ W
k) ’ N * 7 o
2 100um = E b 3 =
) ’ N N * . P 4 - I —0.002
75um - = , N\ ® . / o
s0um A = S v ¢ P 4 -0.004
N . p
25um A - - > - 0.006
oum = . =
strut 1 strut 2 strut 3 strut 4 strut 5 strut 6 strut 7 strut 8

Fig. 5. Principal compressive strains (measured from Eq. 3 in all struts at all displacement steps. The angles of the struts correspond to their actual angles in the unit
cell. Gray regions on the struts are portions that were not measured because they were blocked by a node or another strut.
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Fig. 6. The orientation of the principal strains in all struts at all displacement steps. The direction of the arrows at each location correspond to the direction of the
largest magnitude principal strain measured from Eq. 3. Blue arrows indicate the largest magnitude strain at that location was tensile; red indicates compressive. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

strains rose back to their pre-fracture level. A similar behavior occurs are parallel. This indicates that the primarily mode of the strut may have
after the fracture of strut 8 between the final two displacement steps; the changed from elastic compression to buckling after the fracture occurs.
right hand side of strut 4 loses compressive and tensile strain after the The crack initiation sites are investigated via optical microscopy of
fracture of strut 8. The sample was inspected by X-ray CT after loading; the fracture surfaces, shown in Fig. 7. A full shot of the sample with the

strut 4 did not appear to fracture throughout loading. Thus, the drops in broken strut is included in Fig. 7a and b.
strain on this strut are explained by the relaxation of the unit cell. Upon initial inspection the failure site appears to be a traditional cup-

Interestingly, strut 7 does not show the same behavior as strut 4 even and-cone fracture caused by stretching and plastic yield of the strut.
though they are under symmetric loading conditions. Strut 4 does not Analysis at higher magnification, shown in Fig. 7(d) reveals a more
seem to be affected by the fractures in strut 1 or 8 at all. Instead, strut 7 complicated picture. There are sites of dimpling and microvoid coales-
gains compressive and tensile strains through all displacement steps in cence in some areas, as well as a large cleavage in the upper right hand
the experiment with no drops in strain after fracture. side of Fig. 7(d). Whether the sample failed by cleavage on a grain

The redistribution of strain after fracture can also be seen in the boundary or by plastic yield is unclear. The authors suspect that a
principal strain orientations of Fig. 6. Up until the 250 pm displacement combination of both may have occurred. There are apparent facet areas
step strut 4 has the majority of its compressive strains oriented parallel located on the sides of the fracture surface close to the surface of the
to the strut axis. After strut 1 fractures the strains on strut 4 reorient; strut. From the fractographic picture it is revealed that the crack did not
some locations are oriented perpendicular to the strut axis while others initiate from a subsurface internal defect and that its more likely that it
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Fig. 7. Fractography of the sample. Panels (a) and (b) highlight the first strut to fracture (strut 1). Panels (c)—(f) show the failure point at higher magnifications.

was initiated from local strain concentrations. It is also likely that sur-
face features on the strut caused stress localization that also contributed
to failure at this site [15,42].

3.4. The elastic stiffness of different strut orientations

The strains at all displacement steps before fracture, and their cor-
responding stresses, can be used to understand the overall elastic
response of the unit cell. Plots of the tensile and compressive principal
elastic stress-strain response in each strut are shown in Fig. 8. Some
struts had very low magnitude tensile measurements (<0.0005 strain),
or high uncertainties (>0.001 strain), or both. These points are included
in Fig. 8, colored in gray, but were excluded from further calculations.

An elastic stiffness was generated from the stress-strain curve for
every location on every strut (or at least those with low enough un-
certainties). The inset histogram of every plot in Fig. 8 shows all fit
values of the elastic stiffness. The average value across locations is
shown in red, both in the inset histogram and in the main plots. The
value of E on the plots corresponds to the average stiffness of that strut.

Struts 1 and 8 showed a strong linear elastic stress/strain response in
tension. The average stiffness value of these struts was very close to the
elastic modulus of the material. The distribution of elastic stiffnesses
across these struts has a low standard deviation; all locations demon-
strated a stiffness close to the average value with no outliers.

The magnitude of both stress and strain in struts 1 and 8 far exceeds
that measured in the remaining struts. Struts 2, 4, 5, and 7 also had a few
locations with high tensile strain magnitude and low uncertainty. Struts
2 and 5 showed the highest tensile stiffness; this makes sense considering
they are pin jointed at both ends.

Struts 4 and 7, which were not pinned, show a lower tensile stiffness.

Every strut had some locations with low compressive stress/strain
uncertainty and high enough magnitude to fit with a line. Struts 1 and 8
both showed a wide distribution in compressive stiffness. The elastic
stiffness for these struts varies between 30 MPa and 105 MPa. Locations
with a lower moduli were closer to the sample nodes. The regions with
higher compressive E values in these struts are closer to the middle of the
struts; lower E values were closer to the nodes.

Struts 2, 3, 5, and 6 also showed a range of E values, but not as widely

distributed as strut 1 and 8. These struts tended towards higher
compressive E values, as they did in the tensile case. Again, this can be
explained by the pin jointing of these struts.

Struts 4 and 7 performed very similarly in compression as struts 1
and 8 did in tension. Their compressive E values are both very near the
elastic modulus of the material. However, struts 4 and 7 had much
higher magnitudes of stress and strain than struts 1 and 8. Strut 7 had the
highest measured values of compressive stress and strain across the
entire sample at 0.01 and 0.51 MPa, respectively. This can be compared
to the highest magnitude tensile stress strains, in strut 8, that only
reached 0.0081 and 0.39 MPa, respectively. Even though struts 1 and 8
showed nearly identical tensile stiffness compared to the compressive
stiffness of struts 4 and 7, the former struts fractured much sooner than
the latter.

3.5. The effective elastic properties of the octet truss unit cell

As discussed in Section 2, the octet truss lattice is usually modeled
using an isotropic linear elastic relationship; this is under the assump-
tion that all nodes are pin jointed. This condition is not met in the
current study and, as such, further considerations need to be made when
modeling the unit cell.

The tensile and compressive strains of struts 1, 4, 7, and 8 were used
to generate six strain and stress values in the octet truss coordinate
system. These values were then used to perform a linear least squares fit
of the compliance tensor of the octet truss.

Four different linear elastic compliance tensors were fit using the
values of ¢ and o; isotropic, tetragonal, and orthorhombic and mono-
clinic. The hexagonal and trigonal symmetries were not used because
they do not fit the geometric layout of the octet truss unit cell. Lower
symmetry compliance tensors were also fit but are not reported in this
study, as explained below.

A fit of the isotropic linear elastic relationship is shown in Fig. 9. For
all stress/strain relationships in Eq. 5 the fit is quite poor. The predicted
values are especially off for the compressive stress/strain values; they
improve marginally for tensile values.

A similar fit was performed using cubic and tetragonal symmetries;
the results are included in the Supplemental information. In summary,
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Compressive Stress vs. Strain

6 6
000{ 4 4
2 2
-0.15 45 75 105 45 75 105
y
-0.30
_0.45 E=74.0%12.0(MPa) E=60.0+14.0(MPa)
Strut 1 Strut 2
-0.60
6 6
0.00 4 4
2 2
-0.15 45 75 105
-0.30
—0.45 £=60.0=10.0(MPa) E=48.0+5.0(MPa)
Strut 3 strut 4
-0.60
6 6
0.00{ 41 :
24 2
L
-0.15 45 75 105
-0.30
—0.45 £=72.0£16.0(MPa) E=56.0+10.0(MPa)
Strut 5 Strut 6
-0.60
6 6
0.00{ 4 44
2 24
—0.15 45 75 105 45 75 105
—-0.30
—0.45 E=45.0+5.0(MPa) E=63.0+11.0(MPa)
strut 7 strut 8
—0.60

-0.009 -0.006 —0.003 0.000
&

—0.009 —0.006 -0.003 0.000
£2

Fig. 8. Principal stress and strains measured from Eq. 3 for all struts at all load steps. The left and right hand sides show tensile and compressive strains, respectively.
Each individual stress-strain relationship has a line of best fit representing the elastic stiffness. The average elastic stiffness is shown by a red line. Inset histograms
show the distribution of all elastic stiffnesses across the strut. The average elastic stiffness is marked on the inset histogram as well. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

the fits of the these symmetry classes performed just as poorly as the
isotropic case.

A fit of the orthorhombic linear elastic relationship is shown in
Fig. 10. In contrast to the isotropic case, the orthorhombic linear elastic
relationship fits the behavior of this sample extremely well. Both in
tension and in compression the orthorhombic model predicted the
stress/strain values with near perfect accuracy.

4. Discussion
4.1. Impact of printing on microstructure and mechanical properties

The orientation of a part on an additive manufacturing build can
cause anisotropy in the mechanical behavior primarily due to induced

texture [43-46]. However, in this study, texture played only a minor
role in the mechanical performance. The highest pole densities in Fig. 3d

10

and e were only 1.6 mrd, whereas textures with densities of 10+ mrd are
known to cause significant anisotropies in mechanical response [47-49].
The (100) poles in Fig. 3d and e are strongest in the build direction and
45’ off the build direction, respectively, which correspond well with the
orientations of the struts on the build plate (either 0', 45, or parallel to
the build direction). The weak texture in the sample can be attributed to
the small feature size of the struts; the 500 pm thick struts only require a
few layers to print and thus only a few heating-cooling cycles. Larger
parts with more heating-cooling cycles may experience more significant
texture development.

The print process is also known to induce a gradient of residual
strains across the sample along the print direction [38,50]. Some of the
only discernable residual strains occurred in Struts 1 and 8 at 3 and 3
down the strut. The regions of high residual tensile strain corresponded
to regions of high compressive principal strains during loading. The
points of failure on struts 1 and 8 also lie at these peaks in residual strain.
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The sample contained a fair amount of voids in the as-heat treated
state (0.05% of the density). Voids have been shown to decrease both
elongation to failure and ultimate tensile strength during quasi-static
loading [51]. CT scans indicate that the volume of voids grew to
0.39% during loading. It is unlikely that new voids were created; rather,
the voids were likely below the voxel size of the XCT instrument initially
and grew in size during compression.

Voids, however, do not appear to be the cause of failure in Fig. 7 as
the fracture site does not show an obvious void where a crack initiated.
This is in contrast to previous studies on additively manufactured tita-
nium lattices where Liu et al. found several large pores at the fracture
site of struts that failed by plastic yielding [52]. The sample surface was
more likely to be the location where a crack was initiated rather than at a
subsurface void. Surface roughness reduces the cross-section, creating a
stress concentration that initiates cracking.

4.2. The distribution of stress and strain through loading

The octet truss unit cell is designed to disperse the majority of load
through stretching of horizontal struts [11]. As compression proceeds,
the unit cell is pushed down and the transverse struts are stretched
horizontally. The results shown in Fig. 8 confirm this was the case for the
present samples. Struts 1 and 8, which are transverse to the loading
direction, take on the majority of the tensile strain after only 100 pm of
compressive displacement. The principal compressive strain would not
match this magnitude until later at 175 pm of displacement in struts 4
and 7. The tensile strain is fairly evenly distributed across Struts 1 and 8
but decreases near the nodes.

Neither strut 4 nor strut 7 showed significantly high residual strains.
The reason for their high compressive strains may be due to the
boundary conditions on the sample. Struts 2, 3, 5, and 6 are all pinned at
the topmost and bottommost nodes of the sample. This confines the
ability of these struts to stretch outwards as compression occurs. Struts 4
and 7, located centrally in the sample, are not pinned at any node. As the
sample compresses struts 4 and 7 are free to move outward to accom-
modate the changing unit cell size. In fact, struts 4 and 7 reached
compressive strains as high (and higher) in magnitude as the tensile
strains of struts 1 and 8.

The sample did not display symmetric stress and strain values across
symmetric struts. Based on the geometry of the unit cell, struts 1 and 8
should have experienced the same loading conditions; the same is true
for struts 4 and 7. The results shown in Figs. 4 and 5 clearly indicate this
is not the case.

Strut 8 has a significant portion that shows no major buildup of either
tensile or compressive strains. This is even while neighboring locations
have strains as high as 0.008. Strut 1, on the other hand, shows a much
more uniform distribution of strain across the strut.

Discrepancies can also be seen in the principal strain orientations of
these struts. Strut 1, which showed a near-uniform distribution of tensile
strains, also had a near-uniform orientation of strains even in regions
that did not have a high strain magnitude.

The regions of strut 8 that had the highest tensile strains also showed
strain orientations parallel to the strut, as with strut 1. The other side of
the sample had orientations that varied from parallel to the strut, in
regions of high tensile strain, or closer to perpendicular from the strut, in
regions of high compressive strain.

The same relationship that is true for the symmetric tensile struts (1
and 8) is also true for the symmetric compressive struts (4 and 7). That is
to say, one of the struts behaved as expected while the other showed a
variety of stress and strain behaviors. Strut 7 behaved as expected and
demonstrated a high compressive strain in almost all locations
throughout the experiment. Likewise, the orientation of its strains was
parallel to the strut axis. Strut 7 was uniformly compressed along its axis
throughout the experiment.

Strut 4 also demonstrated high compressive strains throughout the
experiment. Its strain orientations, however, varied considerably

12

Materials Characterization 209 (2024) 113755

throughout the experiment. Some locations changed from being ori-
ented parallel to the strut axis to perpendicular in just one displacement
step and without a significant increase or decrease in strain values.

4.3. Comparison with the isotropic Deshpande-Fleck-Ashby model

The results shown in Section 3.5 indicate that this sample did not
exhibit an isotropic linear elastic response. Instead, it is better fit by an
orthorhombic symmetry. There are several, non mutually exclusive
reasons this may be the case.

Isotropic stiffness tensors, such as that laid out in Section 2.7 and in
Ref. [11], have two independent stiffness constants; one for the major
sample axes (x,y,z) and one for the shear directions (xy,yz,xz). As dis-
cussed previously, the assumption of isotropic properties is for unit cells
that are pin jointed at all nodes. This sample was not expected to display
an isotropic behavior due to the free nodes at the ends of struts 1, 4, 7,
and 8. The authors expected instead that the sample would display a
tetragonal linear elastic response whereby the stress-strain response was
uniform transverse to the loading direction. This model would have
produced separate stiffness constants for the loading direction (y) and
stretching directions (x,z). The shear directions would likewise have
their own stiffness constant.

Instead, the sample displayed different stiffness values for all three of
the principal octet truss directions, as well as for the shear terms. This
orthorhombic response can been clearly seen in distribution of strain
values discussed in the previous section. Struts 1 and 8 had different
distributions of strains throughout the experiment. While strut 1 was in
pure stretching during loading, strut 8 experienced a mix of stretching
and compressing.

Residual strains were negligible in the struts at the beginning of the
experiment; it is unlikely that residual stress alone caused a non-uniform
elastic response. Likewise, crystallographic texture was very low in the
sample and is unlikely to cause the observed behavior on its own.

There were voids of significant size in the sample in its as-printed
state. More voids grew in the sample throughout loading. Inspection
of Fig. 3f shows that the majority of large voids before loading were
concentrated in the nodes. Some small voids existed in the struts. The
same is true after loading: the majority of voids that nucleated in the
sample were concentrated to the nodes. Some small voids did nucleate in
the strut region, but not in the same magnitude or number as the nodes.
The authors were unable to locate a major void (>1 x1074 mma) that
nucleated in struts 1, 4, 7 or 8.

The secondary phase present in the sample may also have played a
role in the elastic response. Secondary phases that are significantly
harder or softer than the primary phase can pin the deformation of other,
nearby grains. Even though the diffraction patterns of the secondary
phase were too low intensity for a full refinement, the phase was still
present in high enough proportion to be noticed at all. This indicates it
may have played a non-negligible role in the stress-strain response.

All of these explanations may be minor in and of themselves but can
play a major role in the mechanical behavior of the sample when
considered in tandem. The authors conjecture that is was not a single
defect that caused the orthorhombic response of the sample but rather
all defects together.

4.4. Comparison with other measurements of effective properties of the
octet truss

The octet truss unit cell has been tested in several materials systems
and different loading orientations. Direct comparisons with other in-
vestigations can be difficult because they may use a different material,
different manufacturing methods, or different loading conditions. One
of the more common octet truss samples to test is the snap-fit model
[16,17] or 3D printed plastic models [13]. We will compare the general
performance of these structures to the behavior found within this study.

Several studies have investigated the impact of heterogeneties on
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mechanical behavior in octet truss lattices. Dressler et al. studied a wide
range of imperfections in printed individual struts. One of their key
findings was that struts printed parallel to the build substrate had higher
surface roughness [53]. This has been widely observed before and can be
explained by the lack of supporting material under the printed strut,
causing a drooping effect [54]. Strut 1 in this study was printed hori-
zontally to the build substrate and was also the first strut to fail.
Considering that no major subsurface defects were observed in the
fractography (voids or inclusions) a higher surface roughness is a
reasonable explanation for its failure.

Jost et al. also discuss impact of heterogeneities on compression
behavior of additively manufactured octet trusses. Similar to this study,
the observed response deviated from predictions made by the DFA
model. Based on the geometry of their samples and the boundary con-
ditions on loading, Jost et al. expected to see clean shear bands dominate
be the dominant failure mode of the sample [55]. While shear bands did
form, the shear did not occur in a single plane across the sample but
instead followed a path with heavy imperfections in the sample. As
stated by Jost, the failure of the sample followed the path of least
resistance where defects were present.

The snap-fit model of Dong et al. [16,17] featured struts that were
twice as long as our struts, or more, and thicker by 3 times or more.
Furthermore, the node structure of the snap-fit octet truss lattice is quite
different than the 3D printed structure used here. Dong tested this
structure on both Ti-6Al-4 V struts [16] and carbon composites [17].
Dong et al. found that for sample densities below 5% elastic buckling
tended to be the favored method of failure; above 5% failure by plastic
yield dominated [16]. The samples studied herein had a density of 20%
and matched this trend; plastic yielding during stretch was the first
failure (in struts 1 and 8), followed by elastic buckling after further
loading. The behavior observed for the Ti-6Al-4 V snap-fit octet trusses
was well replicated on composite samples also studied by Dong, with the
primary difference being struts failing by delamination instead of plastic
yield [17].

Dong et al. assume an isotropic material model and finds equivalent
elastic moduli when loading in the x and z directions (or 11 and 33
directions in Dong’s nomenclature) [17]. Our study varies from this
behavior and found different elastic responses in the two transverse
directions.

Our measurements are on the same order of magnitude as other
studies of titanium parts with similar unit cell sizes and strut thicknesses.
Liu et al. found a maximum compressive stress of around 500 MPa with a
strut thickness of 500 pm [52]. Our study found a maximum value of
450 MPa. Liu’s samples also featured similar microstructural features as
ours, such as a high density of pores and a weak texture. This study was
able to achieve a maximum strain of 0.01 and a maximum stress of 500
MPa. This is in comparison to Dong [19] that was able to achieve a
maximum compressive elastic strain of 0.01 and 50 MPa before buckling
occurred in snap-fit Ti-6Al-4 V trusses. This shows a considerable in-
crease in maximum stress of the octet truss unit cell manufactured by
additive manufacturing out of Ti-5553.

5. Conclusion

This study has presented direct measurements of the effective elastic
properties of an additively manufactured titanium alloy octet truss unit
cell. The samples were loaded in compression and crystallographic lat-
tice strains were measured using high energy X-ray diffraction. The
microstructure of the sample was also characterized using a suite of
techniques.

There are several key takeaways from the study:

e The microstructure featured a weak texture but a significant amount
of porosity in the as-printed state. The porosity grew to 0.39% of the
sample volume by the end of compression. A secondary phase, likely
orthorhombic martensite Ti, was found in the sample near the nodes.
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There were no large voids at the initial fracture site. There were
several possible mechanisms for failure including microvoid coales-
cence, cleavage on a grain boundary, and crack initiation from sur-
face roughness.
The principal tensile strains of the sample were primarily concen-
trated in horizontal struts (1 and 8, Fig. 1) that were located in the
middle of the sample. Likewise, the principal compressive strains
were concentrated in diagonal struts (4 and 7, Fig. 1) in the middle of
the sample. These four struts were the only members that were not
pinned by at least one node. These struts showed stiffness values very
close to the elastic stiffness of the material.

e The deformation of the octet truss unit cell was best described by an
orthorhombic linear elastic relationship. The deviation from an
isotropic response, as predicted by Deshpande, Fleck and Ashby, can
be explained by two primary causes. A major assumption of the DFA
model is that all nodes in the sample are pin jointed, as is the case for
a many-unit-cell sample. This study investigated a single unit cell
that had only the top and bottom nodes pinned. Furthermore, the
sample had a myriad of defects throughout. Inhomogeneities in the
distribution of these defects likely caused a unique stress-strain
response in each strut observed.

These results present the opportunity to further characterize octet
truss unit cells using high energy X-ray diffraction. The technique used
herein can be applied to other combinations of unit cells, so long as the
Xray beam can be trained on a single spot in the sample without hitting
another strut in its path. This opens up the door for directly character-
izing the effective elastic properties of other octet truss structures and
parts with many unit cells as well as other lattice topologies. These types
of studies afford the chance to directly compare between experimental
results on the unit cell scale and the macroscale, as well as compare
against model predictions and the robust theory that exists for these
structures.
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