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The remarkable progress in additive manufacturing has promoted the design of architected materials with
mechanical properties that go beyond those of conventional solids. Their realization, however, leads to
architectures with process-induced defects that can jeopardize mechanical and functional performance. In this

work, we investigate experimentally and numerically as-manufactured defects in Ti-6Al-4V octet truss lattice
materials fabricated with selective laser melting. Four sets of as-manufactured defects, including surface,
microstructural, morphological, and material property imperfections, are characterized experimentally at given
locations and orientations. Within the characterized defects, material property and morphological defects are
quantified statistically using a combination of atomic force microscopy and micro—computed tomography to
generate representative models that incorporate individual defects and their combination. The models are used
to assess the sensitivity to as-manufactured defects. Then, the study is expanded by tuning defects amplitude
to elucidate the role of the magnitude of as-designed defects on the mechanical properties of the lattice

material.

The emerging field of architected materials, whose properties are
determined by their microarchitecture rather than the properties
of the solid constituents, has led to dramatic progress in material
design. In the context of bone-interfacing orthopaedic implants,
architected materials are especially desirable to meet stringent
biological requirements and attain superior mechanical perfor-
mance [1, 2, 3]. Such demands often lead to material architectures
that feature complex structural geometry often inaccessible to
traditional manufacturing methods such as direct metal foaming
or vapor deposition [4]. Recent progress in powder bed fusion
(PBF) processes, such as selective laser melting (SLM) and electron
beam melting (EBM), has enabled the fabrication of porous
materials with controlled morphological parameters [5, 6, 7, 8].
Despite the high precision offered by these processes,

several imperfections arise during the fabrication of complex
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porous metals, thereby affecting their mechanical properties
and functionality, such as bone ingrowth. PBF-induced defects
typically depend on the physics of the fabrication technology
along with its process parameters, such as laser power, scan
speed, layer thickness, base power, and chamber environment
[9, 10]. They can be classified into (i) surface flaws, (ii)
microstructural and (iii) material property imperfections, and
(iv) dimensional inaccuracies.

The first set of defects, surface flaws, arises from the
interaction of the powder material with the energy source
[11]. This can lead to an unstable melted pool of material that
induces balling and bonded particles as well as stair-step effect
whose magnitude depends on the type of manufacturing
process, i.e., the SLM surface is smoother than the EBM
counterpart [9], and building orientation, i.e., the surfaces with

continuous variation of the inclination angles [11], are less
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prone to surface defects. Surface porosity can also be observed
in nonpolished samples [12].

Second, microscopic defects, e.g., irregularities of the
microstructure including porosity [13], cracks [14, 15], and
variation of the grain orientation [12], can also be found in
porous metals built via Additive Manufacturing (AM) [11].
Pores induced by SLM are generally spherical, with a diameter
of less than 100 um [11, 12, 13, 14, 15, 16]. Depending on the
manufacturing parameters, pores can appear with more prom-
inent concentration, either in the nodes [17] or in the struts [9].
They are also dependent on the strut slenderness with higher
statistical occurrence of porosity in low slenderness struts [13]
and at lower inclination [18]. The pores are found to increase
in larger unit cells because longer scanning paths provide more
time for the pores to form [19]. The number of defects has also
been found to be lower in EBM samples compared to their
SLM counterparts [9]. More irregular voids containing
unmelted powder have been also observed to be caused by
insufficient input energy [16].

Third, material property defects depend on the
manufacturing technique and on the building orientation.
Parts that are built with EBM techniques possess a higher
Young’s modulus than their SLM counterparts [9], and parts
that are oriented at a lower inclination angle with the building
direction are stiffer than the ones that are built orthogonal to
the building direction [13]. Their mechanical properties have
been measured through uniaxial testing [13]; however, the role
of their local distribution has not been investigated yet.

The fourth set of defects, dimensional inaccuracies, corre-
sponds to deviations from nominal geometry. Although they
are typically reported for the struts [20, 21], a paucity of works
exists aiming at characterizing dimensional inaccuracies at the
nodes and investigating their impact [22]. Struts possess
varying thickness [23], waviness [24], and a deviation from
circular to ellipsoidal cross section due to over melting [25].
These discrepancies are highest at the borders of the strut and
depend on the orientation of the struts to the building direction
[24].

Several works have studied the role of defects on the
effective properties of 2D and 3D lattices including Young’s
modulus [26, 27], yield strength [28, 29], and fracture tough-
ness [30, 31]. Defects can arise from manufacturing (i.e., as-
manufactured defects) or can be intentionally introduced in the
lattice (i.e., as-designed defects) [31, 32]. The sensitivity to
defects depends not only on the geometrical characteristics of
the lattice structure (cell topology, nodal connectivity, and unit
cell dimensions), but also on the base material that constitutes
it [31]. On the characterization front, there exist several
techniques capable to experimentally investigate as-manufac-
tured defects in lattice materials. Established methods, such as

optical microscopy [33, 34] and scanning electron microscopy
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(SEM) [35, 36], have been used to inspect microstructural
imperfections, surface defects, and qualitatively dimensional
inaccuracies. Electron backscatter diffraction (EBSD) analysis
has enabled to shed light on microstructure defects, such as the
variation of the grain orientation [12]. Micro-computed to-
mography (u-CT) has been used to quantify dimensional
inaccuracies, such as strut waviness and strut thickness
variation [37]. High-resolution experimental methods, such
as atomic force microscopy (AFM), can unveil information on
the material property distribution [38]; however, these techni-
ques have not been used to characterize material property
distribution in metallic lattices.

The impact of as-designed and as-manufactured defects
also depends on the base material properties and cell connec-
tivity. In elastic lattices, increasing strut waviness decreases the
Young’s modulus of stretching dominated structures, but it has
minor impact on bending dominated lattices [39]. Rigid
inclusions have negligible impact on elastic honeycombs in
comparison with missing cell walls, thereby reducing signifi-
cantly bulk modulus [31, 32, 33, 34, 35, 36, 37, 38, 39, 40],
Young’s modulus, and yield strength because missing cell walls
induce an additional degree of bending [41]. In elastoplastic
honeycombs under biaxial loading, the fractured cell wall can
have a large impact on yield strength because such a defect
induces a switch of deformation mode from cell wall stretching
to cell wall bending [29]. For instance, the variation of the
thickness ratio of horizontal to diagonal struts in an octet truss
lattice induces a failure mode that switches from shear band to
horizontal crushing [24]. Finally, in elastobrittle lattices, the
increase of nodal connectivity increases the fracture toughness
[42].

Although as-manufactured dimensional inaccuracies of the
struts have been studied in the literature [24], no study has so
far focused on dimensional variations at the nodes. Further-
more, the role of the base material property distribution in
cellular materials built via AM remains unexplored and its
characterization requires novel experimental approaches. In
this article, we focus on four sets of as-manufactured defects,
including those so far unexplored: microstructural, surface,
material property, and morphological defects characterized at
given locations and orientations inside the lattice architecture.
We propose a general methodology for the quantification of
selected defects and their integration in imperfect models that
shed light onto the impact they bring in the elastic response of
lattice materials. The methodology is demonstrated here by
applying it to cellular materials satisfying geometric constraints
for additive manufacturing and bone ingrowth requirements
[Fig. 1(a)]. The method combines AFM and X-ray p-CT to
obtain a statistical distribution of material property and
morphological defects of the struts [Fig. 1(e)] and the nodes
[Fig. 1(f)]. We expand the study by introducing as-designed
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Figure 1: Sample manufacturing: (a) Visualization of the design space (triangle highlighted in grey) that satisfies bone ingrowth and additive manufacturing
constraints, and the 1.2 mm selected cell size under investigation (red line), (b) manufactured sample corresponding to the selected manufacturing point M.
Schematic of defects characterization: (c) u-CT reconstructed sample with a zoom on (d) p-CT reconstructed unit cell highlighting a horizontal strut (oriented 90°
with respect to building direction and highlighted in green), a diagonal strut (oriented 45° with respect to building direction and highlighted in blue) and a node
(highlighted in red). Material property and morphological defects are extracted for (e) the struts and (f) the nodes.

defects with tuned amplitude. The study of the impact of as-
manufactured defects and as-designed defects allows to gain
insight into the influence of mass and material property distribu-

tion on the mechanical properties of 3D lattice materials.

Experimental results

Here, we report the main findings of our experimental
campaign. We first describe the design and manufacturing of
our lattice samples, followed by results from the experimental
characterization of their surface, microstructure, morphology
and solid material properties.

Design and samples manufacturing

Cellular materials can be classified into stretching or bending

dominated structures depending on their node connectivity

© Materials Research Society 2020

[43]. The octet truss cell topology, a stretching dominated
structure with cubic symmetry, was here selected for its high
specific stiffness and strength, distinctive requirements of
load-bearing applications [23]. This cell topology was re-
cently studied to assess the admissible design space that
satisfies manufacturing and bone ingrowth constraints [21].
Figure 1(a) shows its geometric domain defined by isometric
lines of porosity and cell size, highlighted in green and
dashed blue, respectively, and of pore size and strut thick-
ness. The admissible design space for the octet truss that
satisfies additive manufacturing requirements [5, 6] (200 um
minimum strut thickness) and bone ingrowth requirements
[21] (a 50% minimum porosity and a pore size between 50
and 650 um) is a triangular domain that is highlighted in
grey [Fig. 1(a)]. In this study, we prescribed the cell size to
1.2 mm [red line in Fig. 1(a)].
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Samples were manufactured in 10 replicates with design
parameters corresponding to the design point M [Fig. 1(a)].
Relevant design parameters are summarized in Table SI in the
Supplementary material. Manufacturing was made via SLM
from Ti-6Al-4V powder (Renishaw AM-250), with powder
size ranging from 15 to 50 pm and a 30-um powder layer
thickness using a 200 W laser with 60 J/mm> energy density
and 70 pm spot diameter. Fabrication was performed under
argon atmosphere to avoid composition change due to oxida-
tion and was followed by annealing at 730 °C for 2 h. The
samples were extracted from the building plate using electrical
discharge machining. Figure 1(b) shows the manufactured
sample. A relative density (i.e., the density of the cellular
material divided by that of the constituent material, which
corresponds to the volume fraction) of p = 0.34%0.025 was
assessed for the manufactured samples by measuring their mass
and their apparent volume. The samples were tested in
compression to determine their compressive Young’s modulus,
which was found to be equal to 3 = 2 GPa.

Characterization of surface defects

Surface defects correspond to irregularities in the unpolished
surface of the samples. SEM (Hitachi UHR Cold-Emission FE-
SEM SU8000) with 15 kV as the operating condition was used
to assess the surface quality of the manufactured samples. In
Fig. 2, we show a representative portion of the octet truss lattice
highlighting a nonsmooth surface as well as several defects
arising from the interaction between powder material and
energy source [11]. One of such defects is in the form of
powder particles bonded to the surface of the lattice struts.
These spherical particles, whose diameter varies from a few
micrometers to 90 pm with 40 pm average size, result from the
unstable melt pool and induce a rough surface finish to the
printed part (Fig. 2). Furthermore, we can observe the stair-step
effect that typically appears in layer-wise fabrication, contrib-
uting to poor surface finish quality. In our study, a 30-um layer
thickness was used to minimize this defect that is mainly
observed on the struts. Finally, surface pores with a spherical
shape and an approximate diameter of 80 um were identified

on our fabricated samples.

Characterization of microstructural defects

Microstructural defects correspond to irregularities of the
microstructure including porosity, cracks, and variation of
the texture. We reveal these defects using a combination of
SEM, EBSD analysis, and AFM. In our study, we focus on the
local variation (struts versus nodes) of the microstructure and
its dependence on the orientation (horizontal versus diagonal
struts). Specimens were cut using a diamond blade with

a cutting plane perpendicular to the building direction at given

© Materials Research Society 2020

Figure 2: SEM image of a representative region of the manufactured sample
showing typical surface defects due to the manufacturing: bonded particles,
stair-step effect, and surface porosity.

positions within the lattice. Figures 3(a) and 3(f) show
schematic positions of the cutting planes that reveal both the
horizontal strut and the node for the first position and the
diagonal strut for the second position.

The sections were polished using silicon carbide abrasive
paper and 3 um diamond paste followed by a final polishing
using alumina silica with acid. We performed SEM analysis on
these sections [see Figs. 3(b) and 3(g)] to investigate micro-
structural defects. In particular, on the diagonal strut, we found
pores having 10-30 pm diameter. We also found cracks of
5 pm approximate thickness which initiated due to the residual
stresses that typically arise from the rapid expansion and
contraction of the material under the high thermal gradients
[16].

We characterized the grain morphology and the texture
using an EBSD system installed on Hitachi SU3500 SEM with
15 kV as the operating condition and analyze the EBSD data
with Aztec data acquisition software combined with HKL
Channel 5. EBSD maps were generated for the two highlighted
regions shown in Figs. 3(b) and 3(g) based on the crystallo-
graphic parameters of the titanium hexagonal phase using 0.6
and 0.25 pm step size, respectively. Figures 3(c) and 3(h) show
the EBSD results indicating elongated grains and a heteroge-
neous polycrystalline structure. Figures 3(d), 3(e), and 3(i)
show the pole figures obtained from the EBSD measurements at
the highlighted locations in EBSD maps in Figs. 3(c) and 3(h).
The color code on the right of the pole figures shows the level of
multiples of uniform distribution (MUD). The texture is found to
depend on the strut orientation as shown in the pole figure of the
horizontal strut [Fig. 3(d)] and the diagonal strut [Fig. 3(i)]. A
strong texture was observed in the node in the (0001) plane where
a 14.78 times random intensity was recorded [Fig. 3(e)]. The
spatial variations of the texture can be attributed to temperature

gradients caused by the manufacturing process.
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Figure 3: Microstructure investigation: (a) Transverse section of a representative p-CT reconstructed unit cell revealing (b) a horizontal strut and node along with
its (c) EBSD micrograph and pole figures for (d) the horizontal strut and (e) the node. (f) Transverse section revealing (g) a diagonal strut with (h) EBSD micrograph
(h) along with (i) respective pole figures. The color code on the right of the pole figures shows the level of MUD.

To obtain a higher resolution images of the microstructure,
AFM was used (see section “Methods” for details) at given
regions in the nodes and in the struts. Porosity and poor
bonding defects were observed mostly in the struts rather than
in the nodes. Figure 4(a) shows an AFM observation in the
node, and Fig. 4(e) reveals a poor bonding defect in the strut.
The defect size is approximately 4 pm and is the result of an

insufficient molten metal during the solidification process.

Characterization of material property defects

In this section, we explore material property defects using AFM
and quantify their distribution statistically in the nodes, the
horizontal struts, and the diagonal struts. These defects
correspond to the local variation of Young’s modulus and its
dependence on the orientation. A similar approach to the one
used in the previous section was used to examine horizontal
struts, diagonal struts, and nodes. We used a JPK atomic force
microscope (JPK Nano-wizard@3 Bio-Science, Berlin, Ger-
many) to conduct a set of nano-indentation tests on the
transverse sections, which were previously polished to mini-
mize surface roughness (<5 nm). Figures 4(c), 4(g), and 4(i)
show schematics of the indentation region at the node and the
horizontal and diagonal struts, respectively. Force maps con-
taining 16,384 indentation points were generated on each
indentation area as shown in Fig. 4(b) points among them
with acceptable force -deflection curves were selected. To better
capture the material property distribution, 18, 19, and 26
transverse sections were cut at given levels within the samples,
resulting in a total of 198,216, 155,138, and 239,914 points
being tested in the horizontal struts, the diagonal struts, and the
nodes, respectively. Table SII in the Supplementary material
summarizes the indentation data.

© Materials Research Society 2020

Figures 4(d), 4(h), and 4(j) show histograms of the
probability distribution versus Young’s modulus in the nodes,
the horizontal and the diagonal struts. The histogram repre-
sents the probability of the measured data, and the red line
corresponds to the normal probability density function. Three

sets of material property defects were characterized:

(i) Variation of the diagonal strut material property
describes the material stiffening from the nominal value
(E = 114 GPa) of the diagonal struts which reaches the
highest value of 121.84 GPa. The mean value of the
measured Young’s modulus is equal to pd = 118 GPa,
and the standard deviation is equal to 64 = 1.8 GPa.

(ii) Variation of the horizontal strut material property
describes the material softening from the nominal value
(E = 114 GPa) of the horizontal struts which reaches the
lowest value of 105.54 GPa. The mean value of the
measured Young’s modulus is p} = 111 GPa, and the
standard deviation is equal to o} = 3.4 GPa.

(iii) Variation of the node material property describes the
material stiffening from the nominal value of the nodes
which reaches the highest value of 131.25 GPa. The mean
value of the measured Young’s modulus is equal to
pE = 125 GPa, and the standard deviation is equal
to o} = 3.8 GPa. As shown in the three sets of defects,
SLM induces material properties with important spatial
variation. Enhanced properties are obtained in the
diagonal struts and particularly in the nodes, whereas
lower Young’s modulus values are observed in the
horizontal struts. The nodes tend to be the stiffest
constitutive parts with Young’s modulus that is 13% and
6% higher than the horizontal and diagonal struts,

respectively. This deviation can be attributed to material
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Figure 4: AFM investigation: Representative AFM images in (a) the node with a zoom on (b) the indentation area. AFM images in (e) the strut with a zoom on (f)
the poor bonding defect. Schematic of the indentation region in representative areas: (c) a node, (g) a horizontal strut, and (i) a diagonal strut. Probability density
distributions of Young's modulus obtained by performing several indentations at (d) the nodes, (h) horizontal struts, and (j) diagonal struts.

texture, molecular bonding, and nano porosities in the
solid material. As previously shown, the nodes feature
a strong texture along the building direction and, in
our study, were found to possess the highest Young’s

modulus when indented along this direction.

Characterization of morphological defects

Morphological defects correspond to deviations from the
nominal geometry of the material architecture. To characterize
them, we first resorted to SEM, and, then, captured their
p-CT
[Fig. 1(c)]. The p-CT-reconstruction was made using semi-

statistical ~ distributions in reconstructed lattices
automated segmentation under ITK-SNAP out of CT-scanned
data (SkyScan 1172 high-resolution p-CT). Further details
about the morphological characterization of defects can be
found in “Methods” section. Three sets of morphological

defects were characterized:

(i) Strut thickness variation corresponds to the cross-
sectional deviation from the nominal circularity along
the strut length. Figure 5(a) shows SEM observation of
the defect, and Figs. 5(b) and 5(c) show the probability
distribution of the thickness variation in horizontal and
diagonal struts, respectively. The standard deviation o,
of the strut thickness represents the severity of the strut

© Materials Research Society 2020

(ii)

(iii)

thickness variation, and the mean value 1, represents
the oversizing or undersizing of the strut. For the
horizontal strut [Fig. 5(b)], ui‘ = 0.2mm and

G{‘ = 0.029 mm. For the diagonal strut [Fig. 5(c)],

pd = 0.15 mm and o¢ = 0.019 mm. Therefore, the
diagonal struts are in general undersized in comparison
with the horizontal struts.

Strut

misalignment of the manufactured strut from its

waviness  characterizes the  center-axis

nominal position. Figure 5(d) shows an SEM é;
observation of the defect, and Figs. 5(e) and 5(f) show g
the probability distribution of the strut waviness for the g
horizontal and the diagonal struts, respectively. The "
mean value |1, indicates the average center—axis <
misalignment, and the standard deviation , represents i;
the variation of the strut center-axis offset. For the <
horizontal strut [Fig. 5(e)], ug‘ =0.018 and Glg =0.01. 2
For the diagonal strut [Fig. 5(f)], pg =0.01 mm and é
o =0.007 mm. o
Node size variation characterizes the node oversizing ‘é;
due to mass agglomeration accrued during S

manufacturing at the intersection between struts.
Figure 5(g) shows SEM observation of an isolated mass
agglomeration at the node, and Fig. 5(h) shows the
probability density distribution of its equivalent node

radius. The mean value p,, = 0.3 mm corresponds to
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Figure 5: Characterization of morphological imperfections: (a) SEM observation of strut thickness variation along with probability distribution of thickness for (b)
horizontal struts and (c) diagonal struts. (d) SEM observation of strut waviness along with probability distribution of center-axis offset for (e) horizontal struts and of
(f) diagonal struts. (g) SEM observation of mass agglomeration at the node along with (h) probability distribution of equivalent node radius.

the average node oversizing, and the standard deviation
o, = 0.01 mm corresponds to the severity of the
variation of the equivalent node radius. Table SIII in the
Supplementary material provides a summary of the

morphological characterization of defects.

Numerical results

In this part, we present our findings from the numerical
investigation on the impact of material property and morpho-
logical defects. The statistical distributions of as-manufactured
defects obtained in the experimental investigation (Figs. 4 and
5) are integrated into computational models of imperfect
architectures featuring dispersions of defects that are statisti-
cally representative of their as-built counterparts (Fig. 1). We
expand the study by tuning the amplitude of the defects to
generate as-designed imperfect models with as-designed defects
that could correspond eventually to given parameters of the
manufacturing processes. We use Asymptotic Homogenization

© Materials Research Society 2020

(AH) to compute the effective properties of the reconstructed
models [44, 45].

Impact of material property defects

Even though geometrical imperfections have been extensively
studied in the literature [24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34,
35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46], the impact of
material imperfections has remained so far unexplored. In this
section, we study the sensitivity of the mechanical properties of
the octet truss to as-manufactured and to as-designed material
properties by examining the role of pz (mean value of Young’s
modulus) at the nodes and the diagonal struts with the goal of
assessing their possible stiffening or softening effect. As noticed
in the experimental results, AM typically induces material
property values that are, except for the horizontal struts, higher
than the expected nominal values provided from the manufac-
turer (equal to 114 GPa), and that are dependent on the
location and the orientation.

Our numerical models incorporate three sets of material

properties. To account for the material properties of the node,
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a node oversizing was assumed with an as-built node radius to
strut thickness ratio 7/t equal to 2 with relative density
prescribed to match the nominal value 0.27. The Young’s
modulus of the horizontal struts is maintained equal to its as-
manufactured value (111 GPa). Figure 6 shows the sensitivity
of the compressive Young’s modulus along the Z direction to
[ (mean value of Young’s modulus of the node) and p$ (mean
value of Young’s modulus of the diagonal strut). On the x and y
axes are the normalized material properties p$ and pf with
respect to their nominal values pdy and pi which represent
the coordinates of the point N in Fig. 6.

Values of pi/pity and pg /pdy lower (or higher) than 100%
would infer softer (or stiffer) nodes and struts which can be
obtained using other fabrication techniques. The color legend
corresponds to the normalized effective compressive Young’s
modulus along the Z direction (building direction) with respect
to the one of the as-designed lattice with nominal base material
properties. In Fig. 6, point N and M correspond to the lattice
with nominal properties and with as-manufactured material
properties, respectively.

Figure 6 shows that the as-manufactured defects measured
with AFM induce an increase of 105.5% over the nominal
value. Points A, B, C, and D represent the boundaries of the
domain and correspond to as-designed defects. (A) corre-
sponds to the softening of the diagonal struts and of the nodes
(70% of the nominal value). (B) visualizes the stiffening (130%
of the nominal value) of the diagonal struts and the softening of
the nodes (70% of the nominal value). (C) shows both
amplified imperfections (130% of the nominal value). (D)
shows material softening (70% of the nominal value) of the
diagonal struts and material stiffening (130% of the nominal
value) of the nodes. If both imperfections are amplified by 130%,
the Young’s modulus is predicted to increase by 115.3% of the
nominal value; however, when they are decreased to 70%, the
Young’s modulus reduces to 59.5% of its nominal value.

The contour also shows that the stiffening of the diagonal
struts to 130% of the nominal value and the softening of the nodes
to 70% of the nominal value lead to a higher Young’s modulus
(86.4% of the nominal value) than for the stiffening of the nodes
and the softening of the diagonal struts (84.4% of the nominal
value). The increased stiffness of the nodes can impact the effective
compressive Young’s modulus due to the bending induced by the
node radius to strut thickness ratio. In fact, if the lattice is purely
stretching dominated, the increase of the stiffness of the node has

minor effect on the Young’s modulus [22].

Impact of morphological imperfections at the
nodes

It is well recognized that strut imperfections influence the

mechanical properties of lattice materials [29, 39, 40, 41, 42, 43,
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Increase of the Young's modulus of the diagonal strut
>

E,/E, (%
2/Ez [ 0)“

i-_', A~ e i -:-';
g 13085 o g
o P 110 ]
:E = 1151 @ © 8 M 110 Y100 | 3
=} = | =
- | &= 100 o' 105— %0 =
4 __‘:5_‘ i i
=1l e RN & 1 3
£’ ":hi'.' b 100 80 2
2 85/ & - 2
& : 70 o
:; = =] s
- & 5 &
5 7o %5 # By Weo |2
E 70 85 100 115 130 o

i fug (%)

=
Increase of the Young's modulus of the diagonal strut

Figure 6: Contour plot for the normalized compressive Young's modulus of
the lattice at nominal relative density. The x-axis and the y-axis represent the
mean value of the Young's modulus of the diagonal strut and of the node
normalized with respect to their nominal values. Points A, B, C, and D are
representative points at the boundaries of the domain corresponding to as-
designed material property imperfections. Point N represents the as-designed
sample with nominal Young’s modulus of the diagonal struts and of the nodes
which are used as baseline for the normalization of the imperfect material
properties. Point M represents the lattice with as manufactured material
properties.

44, 45, 46, 47, 48, 49]. However, the sensitivity to mass
agglomerations at the nodes has not been elucidated yet. At
a given relative density, mass agglomerations correspond to
redistributing the mass in the lattice and compensating the
nodes oversizing by decreasing the thickness of the struts. Here,
we examine the role of the node radius to strut to thickness
ratio (r/t) at given values of relative density. For given struts
thickness and nodes radius, the relative density can be

expressed as:

p=1/1 (4(4rr /3 — 20 (r = |12 — 02577

+18.812(L/\/572|r2 70.25#’}“5)) : (1)

where p, 1, ¢, L are the relative density, the node radius, the
struts thickness, and the unit cell length, respectively. In our
analysis, the relevant material property is equal to its nominal
value (E = 114 GPa).

Figure 7 shows the sensitivity of the compressive Young’s
modulus along the Z direction (see Fig. 1) to the mass
agglomeration at the nodes (7/t) and to the relative density.
On the x-axis is the normalized r/t with respect to its nominal
value (r/t)y that corresponds to no mass agglomerations and
the relative density appears on the y-axis. Values of % higher
than 100% infer a node oversizing. The color legend corre-
sponds to the normalized Young’s modulus with respect to

Young’s modulus of the nominal lattice.
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Figure 7: Contour plot for the normalized compressive Young's modulus of
the lattice with nominal base material property (114 GPa). The x-axis and the y-
axis represent the severity of mass agglomeration at the nodes and the relative
density, respectively. Point N represents the nominal lattice without mass
agglomerations and with a nominal relative density. Point M corresponds to
the lattice with as-manufactured node oversizing and relative density.

Points N, A, B, and C in Fig. 7 are the boundaries of the
domain. (N) represents the nominal unit cell without node
oversizing and with a nominal relative density (p = 0.27). (A)
visualizes an amplified node oversizing (400% of the nominal
value) at a nominal relative density (p = 0.27). (B) shows an
amplified node oversizing (400% of the nominal value) at
increased relative density (200% of the nominal value). (C)
shows the lattice without node oversizing at an increased
relative density (200% of the nominal value). M corresponds
to the as-manufactured lattice with a node oversizing
(r/t)y = 2 and relative density py = 0.34.

At a fixed relative density equal to the nominal value, when
the node oversizing is amplified by 400% of the nominal value,
the Young’s modulus is predicted to decrease to 78% of the
value corresponding to the lattice without node oversizing.
However, when the node radius to strut thickness ratio is
amplified by the same amount (400%) at a higher relative
density (200% of the nominal value), the Young’s modulus is
predicted to decrease to 73% of the value corresponding to the
lattice without node oversizing. The result shows that the
impact of node oversizing is more important at high values of
relative density than at lower. Mass distribution, therefore,
becomes crucial at low porosity than at high porosity. Further-
more, the result indicates that at high relative density, the
effective Young’s modulus does depend not only on the relative
density [50] but also on mass distribution (#/t). This is mainly
due to the additional bending that is induced by the mass
agglomerations at the nodes, a factor that contributes to switch
the behaviour of the structure from a pure stretching to

a combination of stretching and bending behaviour.

© Materials Research Society 2020

Impact of strut imperfections

Here, we examine the impact of strut waviness 1, and strut
thickness variation o, on the compressive Young’s modulus
along the Z direction (see Fig. 1) of the octet truss lattice. In our
analysis, we prescribe the relative density at 0.27 by ensuring
a compensation of strut thickness, i.e., when the horizontal
struts are oversized (undersized), the diagonal struts are
undersized or (oversized). Figure 8 shows five distinctive
points. (N) corresponds to the nominal lattice, (A) the as-
designed lattice without strut thickness variation and with
amplified strut waviness (200% of the manufacturing value),
(B) as-designed lattice with amplified strut thickness variation
(200% of the manufacturing value) and amplified strut wavi-
ness (200% of the manufacturing value), (C) as-designed lattice
without strut waviness and with an amplified strut thickness
variation (200% of the manufacturing value), and (M) the as-
manufactured lattice with as-manufactured strut thickness
variation and strut waviness.

The x-axis and y-axis represent the severity of strut
waviness and strut thickness variation, respectively, which are
normalized with respect to the as-manufactured ones. The
color legend corresponds to the normalized Young’s modulus
with respect to the nominal Young’s modulus of the nominal
lattice. The presence of as-manufactured defects leads to
a decrease of 76.4% of the nominal value. If both imperfections
are amplified by 200%, the Young’s modulus reduces to 50% of
the one of the nominal lattice. When taken independently,
a 200% amplification of each defect has a different impact.
Strut waviness penalizes more (67% of the one of the nominal
lattice) than strut thickness variation (75% of the nominal
value) because strut waviness induces additional bending in

a stretching dominated structure [39].

This work has shown the impact of defect type and magnitude
on the mechanical properties of Ti-6Al-4V octet truss lattices.
Because these defects typically appear combined in an as-built
architecture, here, we discuss their individual and combined
effect on their mechanical performance. Figure 9 shows
a comparison of the compressive Young’s modulus obtained
experimentally and numerically by integrating single as-man-
ufactured defects and their combination in the imperfect
models along with the normalized deviation with respect to
the experimental result.

The nominal model induces a 58% relative deviation with
respect to the experimental data. When imperfections are
introduced in the imperfect model, they can induce either
a decrease or an increase of Young’s modulus, an outcome
dictated by the type of defect appearing either in the
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Figure 8: Contour plot for normalized Young's modulus of the lattice with
nominal material property £ = 114 GPa for a nominal relative density. The x-
axis and the y-axis represent the severity of strut waviness and strut thickness
variation, respectively. Point N represents the nominal lattice. Point M
represents the lattice with as-manufactured parameters that are used as
a baseline for parameter normalization.

morphology or in the base-material. The material property
defects here investigated induce 60% relative deviation with
respect to the experimental result. On the other hand, in
a decreasing order, strut waviness followed by strut thickness
variation, and node oversizing are the single defects that induce
the smallest relative errors, quantified in percentage as 50%,
52%, and 54%, respectively.

The highest decrease of relative deviation from the exper-
imental result is obtained when all morphological defects are
combined in the imperfect models (40% deviation). This is
followed by the combination of material property and morpho-
logical defects, and the combination of strut imperfections with
a decrease in deviation of 43%, and 44%, respectively. This result
shows that capturing the statistical representation of defects in
imperfect models increases the accuracy of the model predictions.

Although this work studies the impact of two sets of defects
(material property and morphological defects), the role of other
sets of defects could be explored. For instance, the presence of
porosity will most likely decrease the mechanical properties.
However, the quantification of their extent clearly depends on
the precision of the measurement tool. Bonded particles, which
increase the mass of the lattice but do not contribute to the
load-carrying capacity of the lattice, contribute also to a per-
formance decrease.

The general methodology here presented for defect quan-
tification and generation of imperfect models allows to predict
the mechanical behavior of structures built with PBF processes.
It thus represents a valuable tool to guide the design of
structural components for given applications, such as bone

replacement implants.

© Materials Research Society 2020

Imperfections induced by SLM were investigated in Ti-6Al-4V
octet truss lattice materials. The conclusions that can be drawn

from our experimental and numerical study are as follows:

(1) Surface defects mainly appeared in the form of bonded
particles. With an average size of 40 pum, they affected the
surface quality of the fabricated parts.

(2) Microstructural defects in the form of pores, cracks, and
poor bonding defects were observed mainly in the struts.
Significant local variations of the texture were observed
within the lattice. The texture was found to depend on the
strut orientation, and a strong texture was obtained at
nodes in the (0001) plane where the MUD reached 14.78.

(3) A method involving AFM enabled to obtain a statistical
distribution of material property defects, thereby showing
important spatial variations of material properties within
the lattice. The nodes possessed the highest average
Young’s modulus, which was approximately 13% higher
than the one of the horizontal struts and 6% higher than
that of the diagonal struts. Apart from the horizontal struts,
SLM induced higher material properties than the nominal
values provided by the manufacturer.

(4) Combined as-manufactured morphological defects
induced a decrease of Young’s modulus to 70% of the
one of the nominal lattice, whereas as-manufactured
material property defects induced an increase of Young’s
modulus to 105.5% of the nominal value.

(5) The impact of node oversizing was assessed more
important at high than at low values of relative
density, with 73% decrease of Young’s modulus at
p = 0.54 in comparison with 78% decrease of Young’s
modulus at p = 0.27 for a node oversizing r/t = 4.

(6) In decreasing order, the strut waviness, the strut thickness
variation, and the node oversizing were single defects that
reduced Young’s modulus to 84.63%, 88%, and 91% of the
one of the nominal lattice, respectively. When all
morphological defects were integrated, the Young’s
modulus decreased to 70% of the nominal value, which
corresponded to the lowest relative deviation from
experiments (40%). This result shows that adequate
statistical distributions of as-manufactured defects in the
models can provide a more accurate assessment of the

realistic behavior of as-built lattice materials.

Mechanical testing

10 manufactured replicates corresponding to the design

point M were tested in the linear regime in compression on
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a 50 kN servo-electric machine with a constant strain rate equal to
001 s~ ' to obtain their compressive elastic modulus along the
building direction [Fig. 1(b)] as following ISO-13314 standard. An
extensometer mounted on the samples measured the strain.

Material property characterization

A JPK atomic force microscope (JPK Nano-wizard@3 Bio-
Science, Berlin, Germany) was used to conduct nano-indenta-
tion test on the polished transverse sections. The surface of the
samples was polished to minimize the surface roughness
(<5 nm). The cut sections were fixed on microscope glass
slides using a double-sided tape. Non-contact high resonance
(NCHR) cantilevers (Nanotools USA LLC, Henderson, NV)
with a resonance frequency of 330 kHz, nominal spring
constant of 40 N/m, and integrated spherical tip of radius
50 nm (+10%) were used for imaging.

A handcrafted natural diamond Nano indenting tip
(DNISP-HS; Bruker, Mannheim, Germany) with a defined
spherical tip of radius R = 50 nm * 10% and a spring
constant of 600 N/m was used to indent the surface of the
samples. The indentation depth & was selected to be less than
10 nm to avoid inelastic deformations. The deflection sensitiv-
ity of the piezo module was established by probing the surface
of the glass. The stiffness of the cantilever was calibrated before
the tests. The slope of the retracting curve was fit to
§ =dF/d8 = 2EVR3/(1 — V?) to yield the elastic modulus
E. The deformation of the sample relative to its thickness and
relative to the radius of the probe was very small. Poisson’s
ratio v was selected as 0.342. Data analysis was performed with
the JPK data processing software. Relevant indentation data are

summarized in Table SII in the Supplementary material.

Characterization of morphological defects

The morphological characterization consists in finding the
center-axis and the varying thickness of the struts, and the
nodes radii. The CT-reconstructed lattice [Fig. 1(c)] was
discretized with a surface mesh. Then, the horizontal struts,

the diagonal struts, and the nodes were isolated to find their

© Materials Research Society 2020

I Experiment
I AH on nominal geometry

I AH on imperfect model with node oversi

ing
I AH on imperfect model with strut thickness variation
AH on imperfect model with strut waviness
AH on imperfect model with both strut imperfections
B AH on imperfect model with both strut imperfections and node oversizing
Il AH on imperfect model with material property defects
0 AH on imperfect model with material property and morphological defects

(b)

morphological characteristics [Fig. 1(d)]. To determine the
strut thickness variation [Fig. 1(e)], a series of planes were
designed to intersect the strut. On the intersection plane, the
cross-section radius and center were fitted using the least
squares method [51]. The center-axis is then determined by
joining the cross-sections centers [Fig. 1(e)]. The center-axis
deviation corresponds to the deviation of the determined
center-axis from the ideal one. The node radius [Fig. 1(f)] is
extracted by determining the radius r of the sphere with
a volume that is equal to that of the mass agglomeration:
r=3v/ (41t))1/ 3, where V is the volume of the isolated mass
agglomeration at the node. To obtain an accurate statistical
distribution of defects, at least 150 nodes, 150 horizontal struts,
and 150 diagonal struts were randomly isolated from the

samples and were analyzed using the described method.

Numerical methods

Two sets of finite element models were constructed using the
commercial software package ABAQUS (Dassault Systemes
Simulia Corp, France):

(i) Statistical models: The probability distributions of the
measured defects built in the experimental methods were
used as an input to build multiple statistical models, each
with statistical values of the defects sampled at random
(Fig. 1). To model strut imperfections [Fig. 1(e)], each strut
was divided into 5 sections characterized by a varying
thickness with statistical distribution parameters (i, G,)
and an offset from the nominal center-axis position with
statistical distribution parameters (L., G,). A sphere was
modeled at the intersection of the struts representing the
mass agglomeration at the node with statistical parameters
(Mn> ©n) [Fig. 1(f)]. Three sets of isotropic material
properties with statistical values obtained from AFM
analysis were dispersed with respect to the location of node
(13), horizontal struts (uf), and diagonal struts (ug). A
Python-ABAQUS script was used to introduce the
distributed sets of morphological and material property
defects into the numerical models.
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(ii) As-designed models: The second set of models integrate
as-designed defects and were used to unveil the impact
of each type and magnitude of defect on the mechanical
properties of the octet truss lattice.

Because of the low slenderness of the struts that constitute
our models, ten-node tetrahedral elements (C3D,,) were used
to mesh the parts. To reduce the computation time required by
the full discretized lattice, periodic boundary conditions were
assumed on a single unit cell. Asymptotic homogenization was
performed on the representative volume element to find the

effective compressive Young’s modulus [52].
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