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ORIGINAL ARTICLE

Tomography of 3D-Printed Lattice Structured
Aluminum-Silicon Alloy and Its Deformation

Yan Chen,' Swarn Jha? Ajinkya Raut? Dilworth Y. Parkinson2 Bing Zhang,*
Alaa Elwany,* and Hong Liang?

Abstract

Additive manufactured light components are desirable for airspace and automobile applications where failure
resistance under contact is important. To date, understanding the nature of subsurface damage in contact is still
lacking. In this research, we investigated 3D-printed aluminum-silicon (Al-Si) alloys in the lattice structure under a
rolling contact condition. Using the microtomography technique, we were able to construct a 3D image of the
lattice structure being plastically deformed. Finite element analysis was conducted about the strain and stress on
struts of different dimensions. Results showed that morphology dominated the deformation. The significant factors
affecting the deformation were the strut aspect ratio, and their relative diameter. When the aspect ratio of a strut is
smaller than 0.5, the plastic deformation is distributed in the subsurface region and when it is larger than 0.5, the
deformation concentrates on the top layer of struts. This research indicates that the dimensional parameters of
lattice structures can be designed for optimization to achieve higher resistance to deformation.

Keywords: wear, micro-CT, 3D printing, subsurface damage

Introduction damages.'** Under cyclic loading or stress concentration,
subsurface defects such as voids and cracks could propagate
ALUMINUM-SILICON (AL-SI) ALLOY systems are among the to surface, coalesce, and form wear debris.?®** For Al-Si
most abundant on earth, second next to iron.' These al- systems, the main culprit of their wear is the fragmented
loys are widely used in many engineering applications.>*  brittle silicon phase caused by subsurface deformation.?> The
Their combination of low density and high impact resis- problem is exacerbated in the case of lattice structures due to
tance and toughness make them ideal for aerospace, aviation, the nature of the interconnection between recurring unit cells.
and automotive applications.” In addition to these attractive ~ The main failure was often initiated with that of an individ-
properties, Al-Si alloys have been excellent candidates for ual strut.?®*” When the stress concentration exceeds a certain
processing using laser-based additive manufacturing (AM) threshold, struts could buckle or fracture under compres-
technologies,”® which enables the product1on of lightweight  sion.?® In some cases, the failure of an individual strut can
structures known as lattice structures.’™'> Such structures cascade, resulting in failure of the entire structure.'® The
with a periodic arrangement of unit cells have been reported ~ stress concentration can be caused by inadequate design®® or
to possess high impact resistance, toughness, and strength-to- by manufacturing defects.''#*=! In addition, nodes on the
weight ratios relative to their bulk counterparts.'®~'8 surface have less support compared with the nodes inside the
To ensure the safe operation of additively manufactured structure. This lack of support can cause stress concentra-
Al-Si lightweight lattice structures, the ability to predict the tion on the surface.''***® Thus, we consider the near-surface
initiation of subsurface damage is of crucial importance. One  deformation of a 3D-printed lattice a source of subsurface
of the major wear mechanisms for ductile materials is surface  damage, yet with length scale in millimeters instead of
delamination. These delaminations are caused by subsurface = micrometers.
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TABLE 1. COMPOSITION OF AL-S112

Element % of weight
Al Balance

Si 11.0-13.0
Residuals <0.6

Most of the prior studies have focused on analyzing the
deformation of lattice structures subjected to uniaxial loading
or bending.'"'*2%2%32 However, an understanding of the
contact mechanism of such AM-fabricated lattice is still
lacking.

To understand mechanisms of subsurface deformation and
subsequent damage often encountered in mechanical systems
in motion, we designed experiments to investigate the state
of deformation of a lattice structure. To focus on the sub-
surface regime, we used rolling contact to avoid the effects of
surface sliding wear. Micro X-ray computational tomography
(u-XCT) was used to measure the deformation inside lattice
structures. In addition, the finite element method was used to
explain the observed phenomenon.

Materials and Methods
AM of specimens

Specimens were fabricated by using laser powder bed fu-
sion AM (L-PBF AM). L-PBF is a laser-based AM process
where parts are fabricated through selectively fusing metallic
powder particles by using a high-energy laser beam guided by
a CAD model.**>> A ProX 200 DMP commercial L-PBF
system was used. The system uses a 300 W fiber laser to melt
metallic powder under an argon inert protective atmosphere.
The metallic powder used in this study is Al-Sil2, with the
composition shown in Table 1.

The diameters of powder particles range between 11 and
45 pm, with D50< 15 yum and D80<23 um. The D50 and
D8O, respectively, denote that 50% and 80% of the powder
particles have diameters less than these values. All specimens
were printed with the same processing parameters optimized
to achieve nearly fully dense parts. The laser power was set at
225 W with a scanning speed of 1200 mm/s and a hatch
spacing of 100 um. The spot size of the laser was 80 um. The
hatch spacing refers to the distance between two adjacent
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passes of the laser beam within the same layer. The thickness
of successive powder layers was set to 30 um. The geometry
of the fabricated specimens was 10x 10X 10 mm cubes filled
with recurring octahedral lattice unit cells with different strut
diameters. The unit size of the three lattices was 1 mm for
specimen A and 1.2 mm for specimens B and C. Specimen A
had 10U cells in each direction, and specimens B and C had
8 U cells in each direction. The thickness of the strut was
0.25 mm for specimen A and 0.3 mm for specimens B and C.
A more accurate description of geometric parameters mea-
sured from p-XCT would be discussed in later chapters. The
fabricated specimens and a lattice unit cell are shown in
Figure 1. Three lattice configurations with different pore si-
zes were fabricated, referred to as lattice A, lattice B, and
lattice C, respectively, in the remainder of this article.

To introduce damage, rolling contact was applied to the
fabricated specimens by using a tribotest with a bearing-on-
disk arrangement. This tribotest experiment used a tribometer
(CSM instruments). The bearing was held on a force-sensing
transducer and pressed downward into the specimen with a
dead weight. The specimen was moved perpendicular to the
bearing in a reciprocal motion. This arrangement ensured that
the deformation inside the sample was caused only by the
contacting force in the moving direction. The printed speci-
mens were secured inside a plastic fixture before the tribotest.
The fixture makes full contact and holds tightly on all but the
top side of the specimen. To minimize surface friction and
wear, a Koyo Corp. EEOM3 steel rolling element ball bearing
with an outer diameter of 9.5 mm and a radial width of 4 mm
was used. The normal force applied to all specimens was 3 N.
The bearing moved in reciprocal motion on the specimen at a
4mm amplitude. A total of 50 cycles of rubbing were per-
formed on each specimen. The lateral force was minimized to
lower than 0.15 N for all three samples.

Micro-tomography

Synchrotron u-XCT experiments were conducted on the
Beam line 8.3.2 instrument at Lawrence Berkeley National
Laboratory. All three specimens were illuminated with
20keV X-rays. Projections were imaged with a LuAG:Ce
scintillator, a Nikon macro lens with approximately
1 x magnification, and a PCO.edge sCMOS detector. Tomo-
graphic reconstruction was conducted by using Xi-CAM>®
with a Tomopy tomography plugin.*’

FIG. 1.

(a) Fabricated specimens (b) recurring lattice unit cell.
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TABLE 2. DISCRETE MODEL PARAMETERS
Simple discrete model
Position r=R;
Change of length between I=A;r
two adjacent points I'=A;-r
Al=l-1
Formulation of strain €= ﬁ;—”‘zl
e, — Al
2=

Strain energy F=Ci&+Cé

A computational model to quantify subsurface
damage related to wear

To explain the experimental results, we implement a dis-
crete finite element model by using the numpy and scipy
package with python language (Table 2). This model treated
the lattice consisting of connecting identical struts. Those
struts were fixed at their ends. To have a simple model to
analyze, we consider that there are two stiffness terms when
the struts deform: the stiffness against dilation (compression
or tension) of the strut and the stiffness against the deflection
of the strut. A simple finite element 2-D model was built
based on these strut elements.
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FIG. 2.
surface of the lattice. Color images are available online.
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By minimizing the strain energy of the whole structure, the
distribution of the strain can be calculated. The components
of the potential energy function are:

Uy = 7T R T [uyl, Uy, ..
mation vectors

u, = CU,,,—Adding zero terms to consider constrains

J . fy—distribution of force applied on the lattice

A—Matrix describes the geometry of the lattice

If we take the length of the original strut as 1, the potential
energy is:

.| —working defor-

F=C(A-R) (A-w)+ (A -R)-(A-u))
+C2((A~ux)2+(A-uy)2)—|—fx-ux+fy~uy (1)

Vectors R, R, that minimize potential energy were found
by using Broyden -Fletcher -Goldfarb -Shanno algorism?®
with a calculated Jacobian. In this article, a 2D lattice similar
to the tested lattice was constructed with a matrix shown in
Figure 2a. The upper half of the matrix corresponded to the
first type of struts, and the lower half of the matrix corre-
sponded to the second type of struts.

The ratio between the stiffness factor C; and the stiffness
factor C; is the only factor influencing the strain distribution.
The simulation result shows that when a point force is exerted
on the top surface of this lattice, the distribution of strain is

Force
1.0

10

15

25

30

35

0 5 10
position

(a) The visualization of matrix A, white: 1, black: —1, gray: 0 (b) the force to simulate the wear process on the
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controlled by this ratio. Because C| is related to the deflection
of struts and C, is related to the dilation of struts, we call this
ratio D/E. It is apparent that the strain is more distributed
underneath the surface when the struts are more easily de-
flected than compressed/stretched.

To illustrate the effect of plastic deformation without the
involvement of the plastic behavior of the material, a simple
routine was used to record the amount of strain that exceeded
a certain threshold. Because the plastic deformation in this
experiment is so small that it has little impact on the elastic
behavior of the lattices, this routine can be used to estimate
the distribution of plastic deformation of the lattice.

Using this routine, the plastic effect of a surface contact
force similar to the wear experiment was simulated. The force
used to generate this profile is shown in Figure 2b. For each
step, the force profile on the surface of the lattice changed
gradually from one-point contact to another, whereas the
strain exceeding a limit was recorded.

Result and Discussion
Friction and subsurface morphology

The rolling contact used in this experiment results in very
small friction (Fig. 3). The coefficients of friction (COF) of
all three wear tests were plotted. The COF value was directly
measured with the tribometer. All three lattices experienced a
COF smaller than 0.1. The lattice B had a higher COF
compared with the other two lattices. This could be caused by
its geometric features on the surface to conform more to the
geometry of the bearing. These small friction coefficients
indicate that the tested specimens experienced very little
tangential force.

The accurate measurement of geometric features from the
3D-printed lattice is important in assessing the influence of
the geometric factor of the lattice. However, the 3D printing
process was known to produce an inaccurate size of struts that
deviate from the input CAD files. In this article, the dimen-
sion of lattice geometry was measured from the data collected
in the CT scan.

There are three steps in data processing to evaluate the
geometric parameters: First, compute average images of the
struts to eliminate the variation of individual struts. Second,
calculate the effective strut length. And third, find the di-
ameter of the struts. The first step was achieved by averaging
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every projected image of struts under the subsurface region.
The result of this averaging is shown in Figure 4. The reason
why averaging the image was performed before any calcu-
lation was to avoid the strut’s surface roughness influencing
the result. The second step was to find the region of struts that
is susceptible to bending. We can achieve this by finding the
“slim”” region of the strut between nodes. In Figure 4 column
2, the edge of the struts is shown as black lines. This edge was
calculated by a simple threshold method. Integrating the
image after thresholding over the y-axis, we can calculate the
distance between those two edges:

21
d= / threshold(/)dz (2)
0

where z; is the size of an image, and / is the intensity of the
image. The resulted function d has two tilted regions and one
plateau. The length of the plateau times the sin (%) is exactly
the effective length of the struts. The radius of the struts could
not be objectively measured by simple thresholding due to its
round geometry. A curve fitting method was used instead.
Because the struts have a circular cross-section, the intensity
of the projected 3D scan image is a projection of a filled
circle. This intensity along the cross-section can be obtained
by rotating and then summation over the image. It would also
be helpful if we normalize it by dividing it by its maximum
value. We name this intensity profile /. Then, we can
perform a mathematical transformation:

lyans = 1 —4/1 _Itzruss )

This transformed profile is plotted in the third column of
Figure 4. Because of this transformation, the edge of the pro-
jected sections becomes two straight lines. Using linear re-
gression, we can find the intersection of those two straight
lines. The diameter of the strut is the distance between those
two intersections. The result of this calculation is summarized
in Table 3 in the Deformation of lattice structures section.

Deformation of lattice structures

The deformation caused by wear is too small to be directly
observed with the naked eye. To characterize the shape
change caused by the strain, the degree of deformation needs

0.07

0.06 1

— Lattice A \_/
- Lattice B
—— Lattice C

0 10 20

FIG. 3.

30 40 50

cycle(#)

Measured friction coefficients on three samples. Color images are available online.
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FIG. 4. The evaluation of geometric parameters of printed lattices. (A—C) Indicate sample names. Color images are

available online.

to be calculated. The lattice used in this research can be
divided into repeating structures containing two v-shaped
struts (Fig. 5). Those two struts are opposing each other at a
90° angle. Under plastic deformation, those two will rotate
against each other. Thus, the intensity of deformation can be
characterized by the relative rotation between those two ad-
jacent struts.

TABLE 3. GEOMETRIC PARAMETERS

The first step of calculation was to determine the position
of the strut from the u-XCT data. The u-XCT data could be
treated as the density D(r) distribution of scanned specimens,
where r is the positional vector. After aligning the 3D image
of the aluminum grid to the edge of the image, the positions of
each “‘unit” were Xx,,y,, 2, n=0, 1, 2... and the values of
Xn+1 — X, were 0.82 mm for lattice A, 1 mm for lattice B, and

MEASURED FROM THE CT ScAN DATA

Length of the unit beam (mm) Diameter of the unit beam (mm) r? /L2 P /L
Lattice A 0.64 0.25 0.038 0.003
Lattice B 0.64 0.36 0.079 0.009
Lattice C 0.92 0.33 0.032 0.005
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FIG. 5.

Data process procedure. (a) The individual unit of 3D-printed specimens. Gray part and white part are orthogonal

to each other on the x-z plane. (b) Projection of half of the unit in the x-z plane. (¢) The calculated truss center position and
it’s linear fit. (d) The center position and linear fit of two adjacent trusses.

1.25 mm for lattice C. To find the position of this v-shaped strut
on a y-z plane, the projection of this strut was calculated by:

1 Yn+1
p(x,z2)=—— / D(x,y,z)dy @)

Yn+1—)Yn Vu

One of the results of the calculation is shown in Figure 4.
From this projection of density distribution, the centerline of
this strut on the x-z plane was calculated by:

f;ﬂ"" xp(x,z)dz
[ plx,2)dz

<n

center(x) =

(&)

However, this centerline could not directly be used to
calculate the plastic strain in the lattice, and the relative
change between four adjacent struts was calculated. Because
of the surface roughness and unevenness in thickness of the
component, the calculated results were not a perfectly
straight line (Fig. 5c). This is likely caused by surface
roughness. To eliminate this influence, a linear regression
was performed on the calculated centerline. The angle be-
tween the four adjacent struts (Fig. 5a) was calculated
through these fitted straight lines (Fig. 5d). The angle before
the wear process was already known to be 90°. By comparing
this calculated angle with the 90°, the amount of relative
deformation was quantified by a simple equation:

deformation = (90 — angle)/90. (6)

Subsurface deformation underneath the contact was ob-
served in all three specimens (Fig. 6). In these figures, the
deformation value calculated by Equation (6) for each unit
was superimposed on each unit of the specimen. A Gaussian
blur filter was applied to the color map to illustrate the con-
tinuity of the deformation field. Lattice A had a subsurface
deformation that was distributed about 3 mm under the sur-
face; lattice B had a moderate degree of subsurface defor-
mation; and lattice C had almost no subsurface deformation.

One possible reason for the variation in subsurface de-
formations was the difference in mechanical properties of the
consisting units between three types of lattices. The material
itself had identical mechanical properties. The only differ-
ence was the geometric parameters of the printed structure.
These lattices were constructed by struts with different aspect
ratios, which are the ratios between the diameter of the struts
and the length of the struts. This ratio can directly correlate
to the ratio between the stiffness of dilation and deflection.
Consider those struts as Euler-Bernoulli beams with both
ends fixed, the stiffness of dilation is proportional to r? /L,
and the stiffness of its deflection is proportional to r*/L?
where r is the diameter of the strut and the L is the length of
the individual strut. Thus, the ratio between the stiffness of

dilation and the stiffness deflection is ;‘—nZ—ZZ Lattice B has a
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FIG. 6. The printed lattice under the wear track. The image was the projected 3D image of the units underneath the wear
track (x-z plane). The red rectangle marked the wear track position. The calculated relative deformation [as defined by
Eq. (6)] was plotted on fop of the image projection as the color. (a) Deformation in Lattice A, (b) deformation in Lattice B,
(c) deformation in Lattice C. The length of scale bar was 1 mm. Color images are available online.

higher aspect ratio compared with lattice A, thus it will have
plastic deformation closer to the surface (Fig. 6).

Another factor we need to consider is the change in yield
stress. In the case of dilation, the force to cause plastic de-
formation to an individual strut is proportional to 2. In the
case of deflection, the force to cause individual struts to
plastically deform is proportional to % Because our method
to calculate deformation from p-XCT data focused only on
the relative bending between struts, only the deflection de-
formation should be considered. The lattice A is at least two
times easier to plastically deform compared with lattice C.

The geometric factors of these three lattices are different.
To obtain accurate geometric measurements, an image pro-

cessing routine (Friction and Subsurface Morphology sec-
tion) was used to access the geometric parameters. The result
of the measurement and calculated deformation factors is
listed in Table 2. Lattice A will have more distributed elastic
strain compared with lattice B. Thus, it has a larger subsur-
face deformation. Lattice C would have a similar elastic
subsurface deformation; however, it would be harder to
plastically deform, resulting in a more subtle deformation
compared with lattice A.

An FEM simulation was performed to illustrate the influ-
ence of these geometric factors (Fig. 7, details of the simu-
lation in A Computational Model to Quantify Subsurface
Damage Related to Wear section). This figure shows the four
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FIG. 7. Simulated result from a 2D scaffolding. The color shows the amount of strain that was normalized by
the maximum strain in the lattice. (a) D/E=0.02, 6y, =0.70max (b) D/E=0.04, 6, =0.80max (¢) D/E=0.02, 6, = 0.80max
(d) D/E=0.04, o, =0.80max.Color images are available online. Color images are available online.
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lattices with different geometric factors under a contact con-
dition such as tribotests performed on the specimens. The
specimen with low yield stress and strut aspect ratio has larger
subsurface deformation; however, when either factor in-
creases, the subsurface deformation decreases. This result has
good agreement with the u-XCT observation. This agreement
illustrated that the key factor influencing the subsurface de-
formation of the 3D-printed lattice under sliding contact was
the aspect ratio of the struts. A lattice with small aspect ratio
struts will more easily plastically deform in the subsurface
region, whereas a lattice with a large aspect ratio of struts will
have the deformation concentrated near the surface.

Conclusions

To understand the initiation of subsurface failure of the
3D-printed Al-Si lattice due to rolling contact, we investi-
gated the deformation of a strut. Experimental characteriza-
tion was conducted by using p-XCT tomography combined
with finite element analysis. Results displayed that due to
rolling contact, the plastic deformation region changed with
dimensional parameters of the strut. Two factors were iden-
tified to have an influence on the lattice mechanical behavior,
the strut aspect ratio, and the relative diameter of struts. The
plastic strain tends to concentrate on the surface of the
specimen when their values increase. When the aspect ratio
of a strut is smaller than 0.5, the plastic deformation is dis-
tributed in the subsurface region and when larger than 0.5, the
deformation concentrates on the top layer of the struts. This
research revealed that using a lattice structure with struts
having a small diameter and lower strut aspect ratio could
prevent stress concentrated on the top layer of lattices, thus
providing better performance.

Author Disclosure Statement

No competing financial interests exist.

Funding Information

This research is self-funded.

References

1. Murray JL, McAlister AJ. The Al-Si (Aluminum-Silicon)
System. Bull Alloy Phase Diagr 1984;5:74.

2. Lu S-Z, Hellawell A. The mechanism of silicon modifica-
tion in aluminum-silicon alloys: Impurity induced twin-
ning. Metall Trans A 1987;18:1721-1733.

3. Dahle AK, Nogita K, McDonald SD, et al. Eutectic mod-
ification and microstructure development in Al-Si alloys.
Mater Sci Eng A 2005;413-414:243-248.

4. Rajaram G, Kumaran S, Srinivasa Rao T, et al. Studies on
high temperature wear and its mechanism of Al-Si/graphite
composite under dry sliding conditions. Tribol Int 2010;43:
2152-2158.

5. Alsalla H, Hao L, Smith C. Fracture toughness and tensile
strength of 316L stainless steel cellular lattice structures
manufactured using the selective laser melting technique.
Mater Sci Eng A 2016;669:1-6.

6. Moon SK, TanYE, Hwang J, et al. Application of 3D
printing technology for designing light-weight unmanned
aerial vehicle wing structures. Int J Precis Eng Manuf
Green Technol 2014;1:223-228.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

49

. Olakanmi EO, Cochrane RF, Dalgarno KW. A review on

selective laser sintering/melting (SLS/SLM) of aluminium
alloy powders: Processing, microstructure, and properties.
Prog Mater Sci 2015;74:401-477.

. Olatunde Olakanmi E, Dalgarno KW, Cochrane RF. Laser

sintering of blended Al-Si powders. Rapid Prototyp J 2012;
18:109-119.

. Zok F, Begley M, Latture R. Design and performance of

periodic trusses. In: Siegmund T, Barthelat F, eds. Pro-
ceedings of the IUTAM Symposium Architectured Materials
Mechanics, September 17-19, 2018. Chicago, IL: Purdue
University Libraries Scholarly Publishing Services, 2018.
Latture RM, Begley MR, Zok FW. Design and mechanical
properties of elastically isotropic trusses. J Mater Res 2018;
33:249-263.

Latture RM, Begley MR, Zok FW. Defect sensitivity of
truss strength. J Mech Phys Solids 2019;124:489-504.
Zok FW, Latture RM, Begley MR. Periodic truss structures.
J Mech Phys Solids 2016;96:184-203.

Zheng X, Lee H, Weisgraber TH, et al. Ultralight, ultra-
stiff mechanical metamaterials. Science 2014;344:1373-
1377.

Bauer J, Hengsbach S, Tesari I, et al. High-strength cellular
ceramic composites with 3D microarchitecture. Proc Natl
Acad Sci U S A 2014;111:2453-2458.

Mullen L, Stamp RC, Brooks WK, et al. Selective laser
melting: A regular unit cell approach for the manufacture
of porous, titanium, bone in-growth constructs, suitable for
orthopedic applications. J Biomed Mater Res B Appl Bio-
mater 2009;89B:325-334.

Bitzer TN. Honeycomb Technology: Materials, Design,
Manufacturing, Applications and Testing. Berlin, Germany:
Springer Science & Business Media, 1997.

Wadley HNG, Fleck NA, Evans AG. Fabrication and
structural performance of periodic cellular metal sandwich
structures. Compos Sci Technol 2003;63:2331-2343.
Fleck NA, Qiu X. The damage tolerance of elastic—brittle,
two-dimensional isotropic lattices. J] Mech Phys Solids 2007;
55:562-588.

Suh NP, The delamination theory of wear. Wear 1973;25:
111-124.

Suh NP. An overview of the delamination theory of wear.
Wear 1977;44:1-16.

Meng HC, Ludema KC. Wear models and predictive
equations: Their form and content. Wear 1995;181-183:
443-457.

Ingole S, Schwartzman A, Liang H. In situ investigation of
nanoabrasive wear of silicon. J Tribol 2006;129:11-16.
Ribeiro R, Shan Z, Minor AM, et al. In situ observation of
nano-abrasive wear. Wear 2007;263:1556-1559.

Zhang J, Alpas AT. Delamination wear in ductile materials
containing second phase particles. Mater Sci Eng A 1993;
160:25-35.

Jasim KM, Dwarakadasa ES. Wear in Al-Si alloys under
dry sliding conditions. Wear 1987;119:119-130.
Kadkhodapour J, Montazerian H, Darabi ACH, et al
Failure mechanisms of additively manufactured porous
biomaterials: Effects of porosity and type of unit cell. J
Mech Behav Biomed Mater 2015;50:180-191.

Brenne F, Niendorf T, Maier HJ. Additively manufactured
cellular structures: Impact of microstructure and local
strains on the monotonic and cyclic behavior under uni-
axial and bending load. J] Mater Process Technol 2013;213:
1558-1564.



50

28.

29.

30.

31.

32.

33.

34.

Latture RM, Rodriguez RX, Holmes LR, et al. Effects of
nodal fillets and external boundaries on compressive re-
sponse of an octet truss. Acta Mater 2018;149:78-87.
Salari-Sharif L, Godfrey SW, Tootkaboni M, et al. The
effect of manufacturing defects on compressive strength of
ultralight hollow microlattices: A data-driven study. Addit
Manuf 2018;19:51-61.

Wallach JC, Gibson LJ. Defect sensitivity of a 3D truss
material. Scr Mater 2001;45:639-644.

Liu L, Kamm P, Garcia-Moreno F, et al. Elastic and failure
response of imperfect three-dimensional metallic lattices:
The role of geometric defects induced by selective laser
melting. J Mech Phys Solids 2017;107:160-184.

Wieding J, Souffrant R, Mittelmeier W, et al. Finite ele-
ment analysis on the biomechanical stability of open porous
titanium scaffolds for large segmental bone defects under
physiological load conditions. Med Eng Phys 2013;35:422—
432.

Gibson I, Rosen DW, Stucker B. Additive Manufacturing
Technologies. Berlin, Germany: Springer, 2014.

Tapia G, Elwany A. A review on process monitoring and
control in metal-based additive manufacturing. J Manuf Sci
Eng 2014;136:060801.

35.

36.

37.

38.

CHEN ET AL.

Wohlers TT. Wohlers Report...: 3D Printing and Additive
Manufacturing, State of the Industry, Annual Worldwide
Progress Report. Fort Collins, CO: Wohlers Associates
Incorporated, 2014.

Pandolfi RJ, Allan DB, Arenholz E, et al. Xi-Cam: A
versatile interface for data visualization and analysis. J
Synchrotron Radiat 2018;25:1261-1270.

Giirsoy D, De Carlo F, Xiao X, et al. TomoPy: A frame-
work for the analysis of synchrotron tomographic data. J
Synchrotron Radiat 2014;21:1188-1193.

Jones E, Oliphant T, Peterson P, ef al. SciPy: Open Source
Scientific Tools for Python. 2001.

Address correspondence to:
Hong Liang

J. Mike Walker ‘66 Department of Mechanical Engineering

Texas A&M University
College Station, TX 77843
USA

E-mail: hliang @tamu.edu





