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Laser powder bed fusion (L-PBF) allows the production of metal lattice cellular structures with tailored mechan-
ical properties. In order to generate the specific structural behavior it is of utmost importance to understand the
response of the unit cells when different load conditions are considered. In this article the mechanical response of
diamond based cellular structures has been investigated focusing on the impact of geometrical inaccuracy gen-
erated by the manufacturing process on the elastic anisotropy of the mentioned unit cell. The p-CT analysis of
the structures shows that the manufacturing deviations occur in certain orientations that depend highly on the
building direction and proximity to nodes. The measured imperfection types were implemented in a finite ele-
ment model in order to predict their single and combined effects in the elastic directional response. The results
indicate that the L-PBF process can induce a significant change of elastic anisotropy in the diamond unit cells, in-
cluding a substantial variation of the optimal orientation for minimal compliance. Methods are presented to cal-
culate this anisotropy such that it can be taken into account when designing and using such lattice structures in
real-life applications with multi-axial load conditions.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Metal additive manufacturing (AM) refers to the production of me-
tallic components in a layer by layer fashion from a specific computer-
aided design (CAD) model. Among the AM processes the laser powder
bed fusion (L-PBF) process uses a focused and computer controlled
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laser beam to selectively melt metal powder. This technique offers an
attractive method for producing complex near net-shape geometries
with an efficient material use [1]. One of the big advantages of using
this AM technique is the possibility to produce parts with almost unlim-
ited freedom in terms of geometrical design. This allows the integration
of lattice structures in the design phase to target specific mechanical
properties in designated locations while reducing the total weight of
the component. Apart from their load bearing applications, lattice struc-
tures are also used in other fields for energy absorption, heat transfer
devices, vibration attenuation or as cellular catalysts, among others
[2-4].

Lattice structures are defined in this work as a class of cellular solids
formed by beam like members named struts that connect nodes [5-7].
The struts are arranged in a fixed topology to generate the unit cell
(UC) that is replicated in the 3D space to fill the volume of the structure.

According to Maxwell's stability criterion, UCs can be classified in
stretching dominated and in bending dominated structures [8]. This
paper will focus on the diamond unit cell, which is a bending dominated
structure. The mechanical properties of lattice structures depend on
several factors: (i) the type, size and topology of the UC; (ii) the relative
density of the lattice structure defined as the quantity of material in the
volume of the lattice structure; (iii) the parent material used for the pro-
duction; and (iv) the material porosity and surface quality. Moreover,
during recent years, in order to better integrate cellular lattice struc-
tures in load bearing applications, several authors have introduced the
importance of understanding the UC elastic anisotropy behavior and
the effect of load directions on static and dynamic properties of lattice
structures [9-13].

In addition, some inherent geometrical imperfections may occur
during the manufacturing process leading to deviations from the ideal
structure. This phenomena can be more pronounced when the struts di-
mensions (length and/or diameter) approach the laser spot diameter
[14]. Therefore it is essential to evaluate the impact of these geometrical
imperfections on the structural response of the final component.

Several authors investigated the impact of geometrical imperfection
on mechanical properties of metal lattice structures [15-17]. Dallago
et al. [18] used micro X-ray computer tomography to measure and clas-
sify the types of morphological imperfections in terms of deviation from
the CAD model of regular cubic Ti6Al4V cellular lattices. The authors
highlighted that struts with a small angle with respect to the building
platform are systematically affected by dross formation that increases
the struts thickness and offsets the center of gravity of the cross-
sections from the imaginary axis that connects the two nodes introduc-
ing a sort of “waviness”. The data gathered from pt — CT were used to
build different FE models with increasing level of complexity. From
these simulations, Dallago et al. concluded that the higher thickness of
the as-produced struts increased the overall stiffness of the cellular
structure while the bending actions introduced by the waviness re-
duced the elastic stiffness. A comparable study with similar conclusions
was made by Lei et al. [19] in which X-ray micro-computed tomography
(1 — CT) was employed to extract the geometrical deviations and to
quantify the statistical distribution of strut diameter of two different
unit cells, i.e. the BCC and the BCCZ produced with AlSi10Mg. The recon-
structed models were used to analyze the impact of the distribution of
the imperfections on the structure's response. Lozanovski et al. [20]
followed a similar procedure to design very detailed geometrical
models that included shape variation and “waviness” obtained from p
— (T scans.

On the other hand, Liu [21] and Xiao [22] simulated the mechanical
properties of octet truss, rhombic dodecahedron and ideal rhombi-
cuboctahedron along different directions, accounting for manufacturing
deviations with respect to the ideal geometry. Liu and Xiao concluded
that the manufacturing induced deviations had an important effect on
the anisotropy of the studied lattices structures. Nevertheless, tests
were performed with a fixed orientation between the load and the
unit cell.

Wauthle et al. [9] were among the first researchers to investigate the
elastic anisotropy of the cubic diamond UC produced with L-PBF in
Ti6Al4V. However, due to the high level of internal defects generated
during the manufacturing process i.e. pores and lack of fusion defects,
the authors were not able to conclude on the effective anisotropic be-
havior of the diamond UC. Cutolo et al. [11] investigated the same
topic highlighting a high level of elastic anisotropy of the diamond UC
by testing the same lattice structure along different load directions.
However, none of the above-mentioned studies included an investiga-
tion on the effect of the different morphological imperfections on the
anisotropic behavior of the lattice structure.

The objective of the present study is to understand both the individ-
ual and combined impact of the different types of geometrical devia-
tions on the elastic anisotropy response of Ti6Al4V diamond UC
produced by L-PBF. In order to do so, a detailed analysis of the inherent
geometrical imperfections was carried out. The morphology of the as
produced lattice structures was reconstructed via u — CT and different
manufacturing imperfection types were classified in terms of deviation
from the CAD model. The novelty of this research is that the deviation
types were analyzed by considering their statistical distribution along
the strut axis. From statistical analysis of u — CT data, different beam
FE models were created, with different levels of complexity to isolate
the impact of the different types of geometrical deviations on the anisot-
ropy of the diamond unit cells.

An overview of the methodology used to generate the different FE
models is presented in Fig. 1. Experimental results obtained by Cutolo
et al. that were reported in [11] show that the produced diamond
based lattice structures have different anisotropy behavior with respect
to the idealized UC model. The numerical results of this study are in line
with the previous work by Cutolo et al., and indicate that the variation in
the anisotropic response can be mainly attributed to the offset of the
center of gravity of the struts cross-sections with respect to the ideal
strut axis.

2. Materials and methods
2.1. Manufacturing

The samples considered in this investigation have been described in
the recent work from Cutolo et al. [11] in which a diamond unit cell has
been used for the creation of Ti6AI4V lattice structures to investigate the
effect of load direction on the mechanical properties of diamond based
cellular structures. A diamond unit cell can be described as an assembly
of struts and nodes with an angle of 109.48 deg between each pair of
struts connecting one node. From a manufacturing point of view, the
main advantage of using this unit cell is that the strut angles with the
build platform of the L-PBF machine is always 35.26 deg. This angle is
high enough to guarantee a production of these struts via L-PBF without
using support structures.

The studied samples were prisms with a square cross-section and
with a side D of 10mm and height H of 15mm. A unit cell size of 1Tmm
was used with a prescribed relative density of 25%. The authors divided
the samples in three batches according to the orientation between the
load direction and UC orientation, i.e. [001], [111] and [011] as shown
in Fig. 2. The orientation of all the diamond unit cells (Xy, Yy, Zy) with
respect to the L-PBF base plate (X;, Y;) was chosen constant and equal
for all samples, such that indeed all unit cell struts of all samples were
at the same angle of 35.26 with respect to this base plate (Xj, Y;). This
guarantees equal unit cell quality and morphology for all samples. The
orientation of the samples surrounding all unit cells (i.e. the lattice
structures, Xs, Ys, Zs) with respect to the L-PBF base plate (X;, Y;) was
varied as indicated in Fig. 2 to enable different load directions with re-
spect to the unit cell orientation, and the obtained manufactured sam-
ples are shown in Fig. 3. A detailed description of sample design,
production and testing is reported in [11].
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[11].

2.2. Analysis of manufactured structures

From each batch, two samples were analyzed with a Nikon XT H225
ST CT-system to evaluate the morphological differences between the
CAD geometry and the produced samples. A W target and 1mm Cu filter
were used during the scanning and the machine was set to a voltage of
[135 — 165]kV and a current of [5070]uA. The voxel size was 12um. p —
CT data were exported in terms of stacked images parallel to the Xs, Ys
plane of the samples with a frequency of 84 images per millimeter
along the Zs direction.

The morphological information extraction was performed using ;1 —
CT scan data from the [111] oriented specimens. In this case, the
resulting stacked images are perpendicular to 4 struts per unit cell
(Fig. 2-e). The topology of the diamond unit cell and the fixed

orientation of the unit cell with respect to the L-PBF build-platform, en-
sure strut-to-strut homogeneity in terms of morphology for all the spec-
imens and thus the same distribution of imperfections can be
considered.

For every sliced image, Image] software was used to extract the area
and the center of gravity of each strut cross-section, as well as the best
ellipse fit with the dimensions and orientation of the major and minor
axes with respect to the Xs and Ys axes, as shown in Fig. 4. These data
were processed with Matlab to isolate the morphology of every single
strut by means of the following procedure:

« each strut was identified by the position of its center of gravity;
* a deviation tolerance from the center of gravity was used to create a
region of interest;
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Fig. 4. (a) Stacked image from 1 — CT scan, (b) detection of each cross-section, (c) best ellipse fit for every cross-section.

« all the strut cross-sections whose center of gravity reside in the de-
fined region of interest were assigned to a single strut.

In this way, it was possible to isolate the evolution of the cross-
section along the length of every strut. Three representative strut
cross-sectional area distributions are presented in Fig. 5a.

Furthermore, in order to perform the statistical analysis, the isolated
struts were transposed to a common reference system, as it is shown in
Fig. 4-b for three representative struts. The use of this procedure
allowed the analysis of the morphological evolution of more than
1000 struts along the strut axis with a robust and systematical
procedure.

By using this procedure it was possible to isolate three morphologi-
cal imperfection categories:

* Cross-section area: difference between the nominal cross-section and
actual cross-sectional area

« Shape of the cross-section: cross-section deviation from the theoreti-
cal circular shape

« Offset from axis: distance between the center of gravity of the scanned
cross-section and the axis of the designed strut

2.3. Finite Element modeling and homogenization

In order to study each type of deviation and their combined ef-
fects on the diamond UC anisotropic behavior, several finite element
models were built. These models consist of beam elements gener-
ated using Abaqus 2019 (Dassault Systems). The material was
modelled as linear elastic with typical AM Ti6Al4V properties: a
Young's modulus of 113GPa and Poisson's ratio of 0.342 were con-
sidered. Each strut was modelled with 35 Timoshenko first order
beam elements, to be consistent with the resolution of the p — CT
scan. From the distributions of the deviations along the struts, the
mean values were used to model the deviation according to its po-
sition along the strut.

For each position along the strut axis the mean values of the imper-
fection distribution (i.e. variation in cross-section shape, area and offset)
were extracted. These values were used to model beam elements along
the strut axis. This process allowed the generation of strut FE models
that reproduce the mean value trends of geometrical inaccuracy. How-
ever, the variability of the data was not considered in modeling (and
thus also not in the simulations), and therefore all the lattice structure
models were built using the same strut FE model.
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Fig. 5. (a) Absolute position of three struts (b) Relative positioning of struts along their axis.

The FE strut models were used to create 10x10x10 diamond unit
cells with unit cell size of 1mm. Considering the type of imperfections,
different models were built in order to assess both the isolated and com-
bined effects of each type of deviation:

Nominal: Circular and constant cross-sections, obtained as average of
all mean values at each position along the strut.

Variable Circular Cross-Section (VCCS): Circular cross-sections with
variable area as measured in the u — CT.

Constant Ellipse Cross-Section (CECS): Elliptical cross-section with
constant area along the strut. The area corresponds to the average
area of the ellipses.

Constant Circular Offset Cross-Section (CCOCS): Circular and constant
cross-sections as in Nominal model, in which every beam has an offset
with respect to the theoretical strut axis.

Variable Ellipse Cross-Section (VECS): Variable elliptical cross-section
with values obtained from pt — CT scan.

Variable Elliptical Offset Cross-Section (VEOCS): Elliptical cross-
sections distribution as measured by the u — CT scan, combined
with the offset distribution from the strut axis. This model includes
the combined effects of all measured imperfections (see Fig. 6).

The effects of the different imperfections on UC anisotropy were
studied by homogenizing each FE model. This technique consists of
treating each structure as if it was a homogeneous material and getting
its equivalent mechanical properties. Periodic Boundary Conditions
(PBC) are applied in order to analyze the behavior of the structures as
if they were part of an infinite medium. In the PBC, the displacement

Fig. 6. VEOCS diamond unit cell model, with cross-sections scaled at 0.5.

of nodes in opposite faces of a representative volume element is
constrained by relating the degrees of freedom to the mean macroscopic
displacement (a detailed explanation can be found in [23]). Thus, effec-
tive elastic constants of the Eq. (1) can be obtained for each FE model ac-
cording to Hooke's law for anisotropic bodies [24].

|i01j| [Cn C16:| {81:|
o=[Ce=| : | =+ =~ : (1)
lor Ce1 - Cos] &6

A plugin developed by Omairey [23] was used to obtain the effective
elastic constants of the simulated structures. This plugin applies six in-
dependent stress states, and for each case the resulting macroscopic
strain tensor is obtained for the structure under PBC. As an example,
for a normal macroscopic stress in direction 1, o = [0;00000]", and
the resultant macroscopic strain matrix & = [&, &,£3€4655]", the follow-
ing elastic constants can be obtained for an orthotropic material:

(0F] & &3
Ei=— Vi =——= Vi3 = —— 2
1= 12 & 13 & (2)

For shear stresses, if stress 0 = [000000g]” is applied, the shear
modulus can be obtained as in Eq. (3), and the applied stresses and
the equations are adjusted for each stress state and orientation.

_U9s
G = o 3)

Once the stiffness matrix [C] is obtained for each FE model it is pos-
sible to evaluate the following ratios that can be used to compare the
different levels of anisotropy:

Young'smodulus ratio = ? (4)
1
- . Vi3
Poisson’s coefficient ratio = D (5)
12
Shear modulus ratio = S5 (6)
G2
Anisotropy coefficient1 = Ay; = ci#zc (7)
2 +(33—2023
. . . 4Ces
Anisotropy coefficient2 = Ay, = (8)

Ci1 +C—2Cp

The anisotropy coefficients are a variation of the Zener ratio. Their
use allows the evaluation of non-cubic stiffness tensors. In the context
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of this research, the anisotropy coefficients are used to compare levels of
isotropy in different planes. Thus, in this case, coefficient values of 1 are
a necessary but not sufficient condition for isotropy. For actual isotropy
Gi = G must also hold for i, j = 1,2,3.

3. Results and discussion
3.1. Metrological analysis

In a previous work, Cutolo et al. [11] defined a novel sample prepa-
ration method with particular focus on orienting the unit cell coordinate
system, the sample coordinate system and the L-PBF reference system.
The authors fixed the UC coordinate system parallel to the L-PBF refer-
ence system. By changing the orientation of the samples with respect
to the L-PBF base plate, the authors were able to investigate the aniso-
tropic behavior of the diamond UC. Fixing the orientation of the dia-
mond UC with respect to the L-PBF reference system ensures that
each strut axis forms the same angle of 35.26 deg with the build plat-
form and, consequently, a high level of strut-to-strut consistency in
terms of strut dimensions is guaranteed. This has been confirmed by
the results of the metrological analysis performed on the 4 — CT data.
Therefore, it can be assumed that all the struts in each unit cell of the lat-
tice structure exhibits the same mechanical response.

Each strut has been isolated from the reconstructed model and sec-
tioned with 35 planes perpendicular to the strut axis. From the cross-
sectional analysis, several properties were extracted regarding the mor-
phological differences with respect to the idealized strut.

The histograms in Fig. 7 show the distributions of morphological
characteristics of the struts over 3 successive slices. A representation
of the location of each cross-section along an ideal strut is also given
in the figures: Slice 1 corresponds to the closest slice to the node, slice
8 is about the quarter of the strut length, and slice 15 is close to the cen-
ter of the strut. Fig. 7a shows the very large difference in the cross-
sectional area distribution along the different sections of the strut.
Apart from the changes in the mean value, the data dispersion is also
very different depending on the cross-section along the strut. As a result
the data distribution type is not uniform and it would not be accurate to
adjust all the cross-sectional area values to a single probability
distribution.

Fig. 7b shows the eccentricity distribution across three sections. The
eccentricity is the normalized distance between the center and the focus

of an ellipse, and is defined as follows: ecc = Va2—b*/a, with a and b
being the major and minor semi-axes, respectively. For a circle, the
focus and the center are the same (ecc = 0), which is the case of the de-
signed lattice structure. Therefore, eccentricity indicates how close an
ellipse is to circularity, and can be used to assess the struts cross-
section shape quality.
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Fig. 8. Distribution of cross-section eccentricity along the strut.

Even if the cross-sectional area distributions of sections 8 and 15 are
similar, Fig. 7b indicates that the eccentricity distributions have signifi-
cant differences, which means that even in the regions where the area
values are relatively stable, the shape of the cross-section changes.

Fig. 8 shows the evolution of the eccentricity along the strut axis.
Each boxplot represents the statistical distribution of the eccentricity
at the specific section, and the markers represent the 5th, 25th, 50th,
75th, and 95th percentiles. The eccentricity distributions indicate that
the cross-section is not circular at any section along the strut. Further-
more, the circularity is higher close to the nodes, where the cross-
sectional area deviates more from prescribed values. This means that
the circularity is caused by the manufacturing deviations themselves
rather than by the design.

Fig. 9 shows the probability distribution of the center of gravity off-
set of each cross-section. Contrary to the cross-sectional area, the offset
data distribution types are quite uniform along the strut, although a
clear difference in mean values can be noticed along the strut sections.

In Fig. 10 the cross-sectional area distributions are presented in
terms of boxplots for each section along the strut axis. The most notable
result is that the cross-sectional area decreases towards the middle of
each strut indicating that less material is present in this region. On the
other end, a cross-sectional area increase with a consequent mass in-
crease can be observed approaching the two end nodes. From these
data, it was possible to extract the equivalent radius distribution for
each section. The VCCS strut model was generated using the mean
value of the distributions presented in Fig. 10.

From the morphological analysis of the cross-section it has been no-
ticed that the geometry of the strut cross-section deviates from the de-
signed circular shape and tends to become elliptical. In Fig. 11 the
distribution of the minor and major axis of the best fitting ellipses are
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Fig. 7. Histogram of area distribution (a) and eccentricity (b) in three different sections along the strut.
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presented. Data are presented for each section along the strut axis in
terms of boxplots. Both major and minor axes have a minimum value
close to the center of the strut and higher values are reported for sec-
tions close to the nodes.

Another important feature extracted for each cross-section, was the
orientation of the major and minor axis of the ellipses. From the analysis
of the data it is shown that the major axis of each cross-section is ori-
ented along the building direction. The elongated cross-section along
the building direction indicates that this geometrical difference from
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Fig. 12. Center of gravity deviation with respect the ideal strut axis.

the nominal circular shape is caused by the dross formation occurring
underneath down-facing surfaces. It is also important to note that the
dispersion of the data is much higher in the case of the major axis,
which indicates that the dross formation is not uniform and has a high
variability. The CECS FE model was created by assigning constant ellip-
tical cross-section to the 35 Timoshenko beams for every strut. The
area of the elliptical cross-section is equal to the mean value of the
area distribution of Fig. 10. The VECS FE model was defined by including
the information of Figs. 10 and 11 to account for the combined effect of
the change in cross-section geometry and area along the strut axis.

The offset of the cross-sections follows a sort of wave distribution
along the strut axis as indicated in Fig. 12. The center of gravities are
shown for each section, and the 0 offset is assumed as the mean of 10
slices along the strut with lowest cross-sectional area. These cross-
sections are less affected by the dross formation, and therefore their
center of gravity is closer to the design values. For each strut the center
of gravity offset results positive for the node that is closer to the built
platform, decreasing along the strut longitudinal axis. This produces a
lower strut inclination, leading to an angle between the horizontal
plane and the axis of the strut smaller than 35.26 deg.

Fig. 13 shows the centers of gravity of each strut element projected
on the plane perpendicular to the strut axis. It is interesting to notice
that the drift of the center of gravity lies along a direction that is parallel
to the building direction. With this information the CCOCS FE model was
created consisting of 35 beam elements per strut, with circular cross-
section. The centers of gravity were drifted following the distribution
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(b)

Fig. 11. Distribution of the (a) minor axis and (b) major axis of the elliptical cross-section along the strut axis.
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of mean values shown in Fig. 12. Combining the information of Figs. 10-
12 the VEOCS FE model was generated.

3.2. FE results

The VCCS, CECS and CCOCS strut models were used to generate FE
models of the diamond based lattice structure to evaluate the impact
of a single geometrical imperfection on the anisotropic behavior of the
diamond unit cell. The VECS and VEOCS strut models were used to eval-
uate the combined effect of the geometrical deviations on the aniso-
tropic behavior of the diamond UC.

The homogenization process was performed on all the FE models
generated to evaluate their directional stiffness and anisotropic coeffi-
cients from Eq. (2). Results of this analysis for different directions (i.e.
[100], [001], [110], [011] and [111]) are reported in Fig. 14. Moreover,
in order to visually express the impact of the different imperfections on
the anisotropic behavior of the diamond unit cell, the homogenized
Young's moduli were also plotted as 3 dimensional surfaces. These repre-
sentations were used to clearly identify the strong and weak directions.

Fig. 15b plots the homogenized Young's modulus of the Nominal FE
model showing the elastic anisotropy of the ideal diamond unit cell. The
3D surface plot clearly indicates a cubic anisotropic behavior, with shear
directions (i.e.[111] directions) presenting the higher value of the
Young's modulus and the orthonormal directions (i.e. [100], [010] and
[001]) resulting the weaker directions. The principal planes XY and YZ
present the same anisotropy. The high level of anisotropy is also indi-
cated by the anisotropy coefficients Ay3 and Ay».

N Nominal
12 + am vees
[ CECS
10 + [ ccocs
VECS
o || ME—vEOCS

Directional stiffness [GPa]

[100]  [001] [11101 [o1l1] [1{1]

(€Y

These results have been used as reference case and compared with
the outcomes of the homogenization process performed on the other
FE models. The comparisons have been made by means of polar plots
obtained as indicated in Fig. 16: (i) the xy polar plot has been obtained
intersecting the 3D directional stiffness surfaces with an ideal XY plane;
(ii) the YZ polar plot has been obtained intersecting the 3D directional
stiffness surfaces with an ideal YZ plane; (iii) the I€ polar plot obtained
by intersecting the 3D directional stiffness surfaces with the plane
formed by [111] and [110] directions.

3.3. Effect of change of cross-sectional area

The change of the cross-sectional area along the strut axis (Fig. 10)
was used to generate the VCCS lattice structure. The homogenized
Young's modulus surface presents a similar anisotropic behavior com-
pared to the Nominal model. The polar plots shown in the first row of
Table 1 indicate cubic anisotropy with equal stiffness in orthonormal di-
rections and in shear directions. Comparing VCCS and Nominal results it
can be noticed that VCCS presents higher stiffness along all the direc-
tions. The reason for this can be attributed to the fact that the nodes
have bigger cross-section. As indicated by Van Hooreweder et al. [25],
the maximum tensile and compressive stresses develop in regions
close to the nodes of the struts. Higher dimensions of the cross-section
in the nodal regions generate lower value of the nodal tensile and com-
pressive stresses. Therefore, the distribution of the cross-section area
along strut axis (Fig. 10) has a beneficial impact on the overall stiffness
of the structure. Variation of the cross-sectional area also has an impact
on the anisotropy of the diamond UC. As indicated in Fig. 13, the
Young's, Poisson's and Shear ratios remain constant while Ay3 and A;»
are reduced indicating a lower degree of anisotropy.

3.4. Effect of the constant elliptical cross-section

The homogenized Young's modulus surface of the CECS presents
some difference with respect to the Nominal. The CECS doesn't present
cubic anisotropy as the Nominal model. In fact, along the orthonormal
directions different values of the Young's modulus are reported with
[001] being stiffer than [100] direction as shown in Fig. 14a. The polar
plots of the second row of Table 1 show that CECS possesses a lower
stiffness and a lower anisotropy level across the YZ plane. This behavior
is confirmed by the decrease of A,3 coefficient and the increase of A;5.

The Poisson's and the shear ratios shown in Fig. 14b are systemati-
cally lower than the Nominal ones highlighting a shear stiffness transfer
from YZ plane to XY plane.

These stiffness changes are the result of the change in cross-sectional
shape. In fact the orientation of the major axis of the ellipse plays an

35— .
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Fig. 14. (a) Directional stiffness along a particular direction (b) Anisotropic coefficients.
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Fig. 15. (a) Unit cell of Nominal FE model and (b) its directional stiffness.

[111] _da
s
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]
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Fig. 16. Plane identification for (a) XY polar plot, (b) XZ polar plot, (c) m polar plot.

important role to explain this behavior. When the major axis is parallel
to the load direction the structure is able to better absorb the external
loads due to the higher inertia of the cross-section around the minor
axis. On the contrary, if the load direction has the same orientation of
the minor axis, the lower inertia makes the structure weaker.

3.5. Effect of the offset of the cross-section

The change in the position of the cross-section's centers of gravitiy
has a significant impact on the mechanical properties of the lattice
structure. The CCOCS directional stiffness of Fig. 13 and the polar plots
of the third row in Table 1 indicate that this model does not present
cubic anisotropy. The orthonormal directions perform differently with
[001] direction being weaker than [100]. Moreover, the stiffer direction
changes from the shear [111] direction to [110]. More information re-
garding the anisotropic characteristics of the CCOCS model can be ex-
tracted from Fig. 14. First of all, the decrease of A,3 suggests higher
isotropy on XZ and YZ planes whilst the increase of A, indicates a
higher level of anisotropy on XY plane. Secondly, v;3/vy, and G3/G;> ra-
tios suggest a stiffness transfer from plane YZ and XZ to XY plane.

The stiffness surface distribution of CCOCS differences with the nom-
inal model can be attributed to the reduced inclination of the struts axis
with respect to the building direction resulting from the wave distribu-
tion of the cross-sections offsets. According to the local stress method
developed by Van Hooreweder et al. [25] for bending dominated dia-
mond unit cells, the angle between the horizontal plane and the strut
axis determine the stress distribution across the node. For diamond
unit cells this angle is equal to 35.26 deg. A reduction of this angle causes
a change of the distribution of the total load in axial and bending com-
ponents. The axial load is a more efficient way to carry the loads, thus,

the directions which maximize this component have a higher stiffness
and lower bending stresses. The opposite happens for directions with
a higher bending load component with respect to the nominal.

3.6. Combined effects: elliptical variable cross-section

The homogenized Young's modulus for the VECS model are shown
in the fourth row of Table 1. The polar plots follow the same trend as
the CECS indicating that the effect of the change in cross-section geom-
etry largely impact the mechanical behavior of the diamond lattice
structure. On the other hand, a general increase of the stiffness in all
the direction can be observed. This is the result from the variability of
the cross-sectional area.

The combined effect of the variable elliptical cross-section is also af-
fecting the anisotropy coefficient expressed by Eq. (2). The anisotropy
level across XZ and YZ planes decreases with respect to the nominal
model as well as for the CECS model. On the contrary, the anisotropy
level across XY plane increases but not as much as for the CECS model.
This attenuation is due to the different stress distribution along the
strut axis generated by the variation of cross-sectional area.

3.7. Combined effects: offset elliptical variable cross-section

The VEOCS homogenized stiffness presents the combined effect of
the three different deviation typologies as shown in the last row of
Table 1. The maximum directional stiffness is expressed by [110] direc-
tions and the weakest direction being [100] as effect of the offset of the
cross-sections. The orthonormal stiffness are enhanced because of the
effect of the change in cross-sectional area distribution. If compared
with the nominal model, the VEOCS anisotropic behavior results
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Table 1
Comparisons of VCCS, CECS, VECS, CCOCS and VEOCS directional stiffness with the Nominal.
XY plane YZ plane « plane
Nominal [010] Nominal|  [001] Nominal
VCces VCes 12 Veces 12
10 [110] 10 [o11] 10 {111
8
. [100] [010]
[110]
6.32 9.06 11.81
E [GPa]
XY plane YZ plane « plane
12 CECS 12 CECS 12
10 [110] 10 [011] 10 [11]
8 8
r 5 A’ V
) ( [100] [010]
L 5 J —
110]
4.99 7.87 10.75
E [GPa]
XY plane YZ plane 7 plane
Nominal [010] Nominal|  [001] Nominal
ccocs [elelele] 12 [elelele) 12
[110] [011] [111]
10
8
. [100] ) ( [010]
[110]
XY plane YZ plane  plane
Nominal [010] Nominal [001] Nominal
VECS VECS 12 VECS
[110] o [011] 10 111
"IN
[100] [010] .
Y X
[110] HE = e
6.24 9.21 12.18
E [GPa]
XY plane YZ plane 7 plane
al| [010] [001] Nominal
12 VEOCS
1 [110] 10 [011] 10 1] .
8
——
"
[100] [010] .
— Y X
[110] [
6.24 9.43 12.63
E [GPa]

different: the YZ polar plot shows a very low degree of anisotropy, con-
firmed by the low value of A,3; on the other hand, XY and I€ polar plots
indicate a very high anisotropic behavior. These two combined effects
are the result of the lower struts inclination with respect to the horizon-
tal plane superimposed to the change of the cross-sectional geometry.

3.8. Comparison with experimental results

Table 2 shows the homogenized stiffness evaluated for all the differ-
ent FE models. Considering that the as-produced samples suffer from
the three types of morphological imperfection, i.e. variation of cross-
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Table 2
Comparison of the directional stiffness as predicted by different FE strategies.
100 001 110 011 111
(GPa) (GPa) (GPa) (GPa) (GPa)
Nominal 538 5,38 8,53 8,53 10,60
VCCS 6,32 6,33 9,72 9,70 11,81
CECS 4,98 6,66 10,07 8,02 10,67
CCOCS 5383 4,79 11,20 7,26 9,92
VECS 6,24 7,53 11,10 9,59 12,15
VEOCS 6,24 6,68 12,64 8,45 11,36

sectional area, geometry and center of gravity, the FE model that better
replicates the anisotropic behavior of the lattice structures is the VEOCS.
In fact, the stiffest direction of the VCOCS structure changes from [111]
in the ideal case to [110]. This result is in line with the experimental re-
sults presented in [8] in which [110] oriented structure was reported to
have the highest stiffness.

This behavior is related to the combined effect of the center of grav-
ity offsets and change in cross-sectional shape. These types of imperfec-
tions are mainly developed during the manufacturing process of the
lattice structure due to dross formation underneath unsupported struts.
As a matter of fact, during the L-PBF production of inclined struts, the
laser tends to melt more powder than needed, elongating the strut
cross-sectional shape along the build direction. Struts with small diam-
eters and high diameter/length ratios, as the ones produced by Cutolo
et al,, are more affected by this phenomena. The change in cross-
sectional shape produces also a change of the cross-section center of
gravity with respect to the ideal case.

This phenomenon is not exclusive for Ti6Al4V nor for the diamond
unit cell, and it can affect any lattice structure manufactured by L-PBF.
Therefore, qualitatively similar effects are expected for other materials
and unit cells, which are still to be studied. The procedure explained
in this work can be used for other cases to assess the manufacturing de-
viations and predict their effect in the anisotropy by combining p1 — CT
data and FE simulations.

There are different approaches to overcome the morphological imper-
fections of these lattice structures: manufacturing parameters can be
changed to try to reduce the dross formation in down-facing zones. On
the other hand, the circularity of the cross-section can be improved by de-
signing elliptical struts with reversed major and minor axes, in order to
compensate the dross formation in manufacturing. Similarly, the cross-
sectional area close to the nodes could be reduced in the design phase.

Finally, since these imperfections are more prevalent in small strut
diameters, and with high diameter/length ratios, increasing the unit
cell size while maintaining the relative density can be an option to ob-
tain a lattice structure with equivalent mechanical properties and
smaller deviations. Nonetheless, there are applications that require
very small pore sizes, such as in the biomedical field. In this case, in-
creasing unit cell size is not an option, and therefore, understanding
the anisotropy of the lattice structures with small unit cell size and
manufacturing deviations is of great importance.

4. Conclusions

Manufacturing imperfections have a significant impact on the an-
isotropy of lattice structures produced by L-PBF, and their effect is not
limited to a uniform decrease of the stiffness and strength. These devia-
tions change the elastic response of the lattice structure in a variable
way depending on the load direction, and each of the studied imperfec-
tion types have a specific impact on the directional stiffness of the lattice
structure.

The variation of the cross-sectional area increases the efficiency of
the load carrying capacity for bending dominated lattice structures in
any direction. This is caused by a higher bending load close to the
nodes compared to the central part of the strut. On the other hand,

the elliptical cross-section and the offset of the center of gravity have
very direction dependent effects. The elliptical cross-section is espe-
cially significant in bending dominated lattice structures, since the di-
rectional stiffness change is driven by the higher inertia of the major
axis compared to the minor axis. Regarding the offset of the center of
gravity, the trend of the deviation is uniform enough to consider it as
a change of the orientation of the strut axis and reduction of its angle
with respect to the building plane. This varies the proportion of axial
and bending load compared to the nominal structure. Thus, the anisot-
ropy is affected because of the difference between the axial and bending
stiffness of the beam.

Very clear trends can be observed on every deviation type depend-
ing on their proximity to the nodes. Therefore, it is necessary to take
into account the position of the manufacturing deviations along the
strut in order to explain their effect in the anisotropy. Moreover, these
imperfections are highly dependent on the diameter to length ratio,
unit cell size and relative density, as well as manufacturing parameters,
and the observed trends are more significant when working closer to
manufacturability limits.

The offset of the center of gravity has the most remarkable impact on
the anisotropy because it changes the stiffest direction from [111] to
[110], which can also be observed in experimental data. This has
major implications when using this type of lattice structures in load
bearing applications in which the structure needs to be oriented so as
to minimize compliance.
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