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Abstract: Additively printed mechanical metamaterial structures optimize material, energy and
waste, producing more sustainable products. Their introduction in the production workflow depends
on having proper tools for accurately predicting their performance. However, the additive manufac-
turing process incorporates significant defects which result in an important change of the effective
properties of the metamaterial cell. Finite element predictions using perfect geometries and nominal
base material properties result in important errors which may require excessive uncertainty-related
safety design margins. This work presents a methodology to introduce the effect of the most common
defects in finite element models to compute the effective mechanical response of different metamateri-
als printed by Selective Laser Melting. It is shown that even at elastic infinitesimal strains, the defects
produce an important change in the effective mechanical capabilities of the metamaterial, which also
depend on the type of the metamaterial cell studied and on the type and magnitude of defects. With
the proposed methodology, which incorporates the distribution of defects in the finite element model,
the predicted mechanical properties of the metamaterial better match the experimental ones. It is
shown that the initial discrepancies in the order of 100% are reduced to an order of 5%.
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1. Introduction

Additive manufacturing (AM) eliminates manufacturing constraints [1] and brings
flexibility and new design opportunities with relevant improvements in sustainability [2,3].
For example, it involves substantially less material, may use recyclable AM-grade powder,
and it reduces weight in transport with subsequent energy savings. Furthermore, it suits
consumer needs, avoiding large batches and storage space while facilitating locally manu-
factured, on-demand, spare parts [2]. Main features of AM in different fields, including
sustainability aspects, may be found in [4,5]. AM is increasingly being used also in more
complex fields like biomedicine, tissue engineering or regenerative medicine, allowing
the creation of synthetic structures that are motivated in, and are geometrically similar to,
existing natural structures in the human body [6-8]. Regarding the mechanical properties,
we often seek mechanical equivalence more than geometrical equivalence, so a proper quan-
tification of the influence of manufacturing defects in mechanical properties is also crucial
in these cases. Mechanical metamaterials are usually 3D printed and play an inherent role
not only in the optimal design of components for performance and sustainability, but also
in applications like intelligent metamaterials [9,10] and energy harvesting [11,12], among
others. Mechanical metamaterials are commonly structured in lattices, which are small
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repetitive structures (the unit cell) at a smaller scale than the main component. In this work,
we focus on metamaterials for mechanical and structural applications [13] manufactured
by Selective Laser Melting (SLM).

Though there is no universally accepted definition of metamaterial, metamaterials
are considered artificial or engineered “materials” with properties that are rarely present
in conventional materials [14-17]. There are applications of metamaterials for electronics,
electromagnetism, sensor devices, optics or heat transmission [18-23]. Mechanical metama-
terials are usually designed from the geometric repetition of a unit cell in the different
directions of the space, creating more complex structures [24-26], such as honeycomb
sandwiches and plates or other hierarchical structures [27-30]. Mechanical metamateri-
als present new or extreme mechanical properties [31,32], like extreme stiffness/density
ratios [33-36], customizable and tunable auxetic behavior [37-39], high specific plastic
dissipation or fracture propagation improvements [40—43]. These are also dependent on
the different metamaterial scales addressed (macro-/micro-/nano-structures) [44—47].

Computational methods like computed-aided design and engineering have long been
used in the production industry [48]. Mechanical metamaterial structures are typically
manufactured by 3D printing, departing from 3D computational virtual models using
computer-aided design (CAD) programs and generating printing files [49-51] (typically
STL). Much more than in other manufacturing methods [52] , various studies have shown
that the manufacturing process of a mechanical metamaterial influences its final mechanical
properties, deviating from the pretended ones [53]. If the structure of the manufactured
material is analyzed at both the micro and macro scales, the formation of a series of defects
can be observed, such as, for example, porosity or incomplete fusion holes, defects of the
microstructure that affect its mechanical properties [54-57], and geometric deviations from
the intended topology [58,59]. These defects depend on factors such as the selected base
printing material, the chosen additive manufacturing technique, or the selected parameters
in the printing process [60,61].

The origin of defects affecting the effective mechanical properties of a 3D printed
metamaterial are classified into four categories [62-65]:

1.  Three-dimensional printing equipment. In a typical Selective Laser Melting (SLM) or
powder bed fusion (PBF) procedure, the main elements of the equipment are the laser,
the base plate, the powder deposition mechanism and the printing chamber. Defects
can be associated with any of them. Regarding the laser, poor calibration can induce
several types of defects in the piece such as, for example, unmelted parts, porosity, or
low precision [66]. Regarding the relevance of the base plate, defects usually appear
due to insufficient thickness in that plate, causing poor heat dissipation between
the component and the base plate. In this case, apart from geometric defects, the
defects can also consist of cracks of delaminations [67]. The SLM process operates
in an inert gas atmosphere, such as argon and nitrogen, needing a chamber. Factors
such as the rate of gas filling or even its trajectory may contribute to the appearance
of defects that also affect the geometric precision of the piece or the porosity of
the printed material [68]. The powder deposition mechanism also contributes to the
defects. For example, an uneven deposition of the powder layers causes a bad physical
interaction between the laser beam and the material, resulting again in defects, such
as porosity [69].

2. Manufacturing sequence interactions. The interaction between the newly deposited
powder, the molten powder and the laser beam affects the creation of defects that
influence the finish of the piece. These interactions determine the energy density
transferred to the material, defined as the applied energy per unit volume to a material
during a PBF process. For an SLM process, the energy density E is defined by the

following equation [70]:
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where P is the laser power (W), V is the scan speed (mm/s), h is the span spacing
(mm), and ¢ is the layer thickness (mm). There is a relationship between the energy
density and the final density of the piece. For this reason, combinations between them,
allowing final pieces with an adequate density and qualities, are considered [56,71].

3. Deposition materials. The quality of the powders during the manufacturing process
is an important factor for the final result of the obtained solid part, affecting both
its precision and its quality. The flowability of powder and its apparent density
(volumetric density) are two of the characteristics that have a major influence in the
final quality. Fewer defects are obtained when spherical and smooth particles are
used in the process, with an approximate size of 10-45 um in SLM [72].

4. Orientation and preparation of specimen. Two aspects have a crucial impact on the
quality and performance of the resulting pieces [73,74]: the printing direction, the
specimen orientation, and the auxiliary supports. Orientation has importance in the
final properties and in the anisotropy of these properties. Orientation also affects
how heat flows towards the base plate. Supports have also this function, along with
reducing residual stresses that are created in some parts of the piece.

2. Types of Defects Modeled

Defects can be classified according to their type as shown in [59,62,75-78]: (1) geo-
metric and dimensional deviations, (2) superficial quality defects as balling or surface
oxidation, (3) microstructural porosity or heterogeneity, and (4) mesoscopic mechanical
alterations, such as holes, porosity or low strength [76].

In this work geometrical and dimensional deviations, as well as porosity are addressed.
Defects are modeled by statistically altering the positions of nodes and performing altera-
tions of thickness (conicity defects). Porosity and micromechanical defects are introduced
through equivalent moduli and a related phenomenological law. The proposed procedure
to introduce these defects follows.

2.1. Undulations

This type of defect causes a geometric inaccuracy between the CAD model and the final
printed model. This inaccuracy is due to the fact that there is a shrinkage and a deformation
in the axes of the printed material, which normally can take place in the XY plane (bed
plane), or in the building direction, the Z direction [79,80]. The shrinkage is usually greater
in the Z direction than in the XY plane, and there is also relatively less shrinkage when
the nominal dimensions of the piece are larger [81-83]. In SLM processes, two types of
shrinkage are distinguished: the thermal shrinkage, that is due to the cyclical heating that
the part undergoes during the manufacturing process, and the sintering shrinkage due to
material densification [84-87]. Some of the parameters that control this type of defect are
the laser power, the scan speed, and the temperature of the bed between the part and the
base plate, among others [76,81,88].

2.2. Conicity in the Edges of the Lattice

When a sample is printed, the deposition of the material substrate on it is non-
homogeneous, where a greater amount of material at the corners of the edges with respect
to their central areas is observed [89]. Imperfections appear in the material due to its
non-homogeneity and the impurities affecting the microstructure of the printed mater-
ial [59,90]. Non-homogeneity may be associated with impurities during the process, the
different characteristics of the size of the powder, and the crystallographic textures [65].
Among the many parameters that can contribute to the appearance of this defect is the
high-temperature gradient between the laser beam and the deposited powder in relatively
short times, causing significant effects in the printed part [70]. Other parameters to consider
are the deposition of the powder or its solidification [62,76,91].
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2.3. Porosity

This defect consists of voids that appear in some areas of the molten material: on
the surface of the piece, between the adjacent layers, or inside a layer. The most frequent
location is within layers. Pores may have different sizes, spatial distributions and shapes.
Porosity is a critical defect to study because it affects both the performance of the piece
(fatigue) and the appearance of cracks in the component [62,65,92]. Many parameters
influence porosity during manufacturing, such as the energy density or powder size: the
higher the energy density and the smaller the powder size, the lower the resulting porosity. This
happens because both factors favor a better sintering and adhesion of the metal powder [76,93].

3. Methodology to Model Defects in the Lattice

Defects may be experimentally analyzed and statistically quantified using different
techniques [94-99]. This section describes a proposal to incorporate them into finite ele-
ment modeling.

In particular, as just study examples, the methodology to incorporate defects in the
model using three different cell types is described here, see Figure 1. The characteristics of
each cell type are given in Table 1. These cells, repeated in space, constitute the metamaterial
of which testing beams are made. These beams are subjected to a three-point bending test
and a four-point bending test, using the Standard Test Method for Flexural Properties of
Sandwich Constructions (C393), which follows the ASTM rules [100,101].

TO

Core CBAR elements: 140,288
Skins CQUAD4 elements: 9408
Nodes: 14,2026

oT

Core CBAR elements: 102,400
Fcc Skins CQUAD4 elements: 9408
Core CBAR elements: 60,048 Nodes: 98,107
Skins CQUAD4 elements: 9408
Nodes: 61,051

Figure 1. Unit cells of the metamaterials used in this study and finite element models for sandwich
beam cores. From left to right: face-center cubic (FCC), octet truss (OT) and truncated octahedron
(TO) cells and their respective beams.

The side of the confining cube for each cell shown in Figure 1 is approximately 7 mm
and equal for the three. The dimensions of the metamaterial core of the composite beams
are 28 x 28 x 300 mm, which means that each core has 4 cells in width, 4 cells in height
and 42 cells in length.

For the tests, the beams are simply supported with a span of 300 mm. The loads are
applied at the center of the span for the three-point bending test (3Pb). For the four-point
bending test (4Pb), two equal loads are located at a quarter of the span from each support,
see Figure 2. The testing layout follows the ASTM C393 requirements [100]. This standard
provides requirements about the section and the span/height ratio of the beam, which
needs specific consideration, considering that the beam is composed of metamaterial cells.
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Figure 2. Considered load cases for the composite metamaterial beams: 3Pb (left) and 4Pb (right)
bending tests in the yz plane.

Table 1. Characteristics of the unit cells chosen.

Cell (See Figure 3) Subelement Section Cell Height E

Section Type (mm?) (mm) (GPa)
Face center cubic (FCC) Square 0.7 x 0.7 7 70 0.33
Octet truss (OT) Square 0.7 x 0.7 7 70 0.33
Truncated octahedron (TO) Square 0.7 x 0.7 7 70 0.33

Height cell \(/8\5/

Square section
(dimensions)

z

Figure 3. Dimensions of a typical metamaterial unit cell: face-center cubic (FCC) cell.

The final design of the finite element model with the commercial code Patran/Nas-
tran [102-104] is performed pursuing a behavior of the composite sandwich beam balanced
between the stiffness contribution of the cladding skins (where the bending axial forces dom-
inate) and the stiffness contribution of the core (where the bending shear forces dominate).
To this end, compliance with the standard described in the test method ASTMC393 is pre-
served. An example of the models with 28 x 28 x 300 mm dimensions (i.e., 4 x 4 x 42 cells)
is shown in Figure 4, in this case with truncated octahedrons.

Shell elements (CQUADA4-Nastran)

Beam elements (CBEAM-Nastran)

Figure 4. The 3D finite element model for composed beam and octahedron lattice in Patran—Nastran.

At the top and bottom of the beam, a shell with a thickness of 5 mm is placed to
ensure a proper transmission of the point loads throughout the composite beam and to the
metamaterial core. The thickness of the shell is determined to avoid punching and to allow
the distribution of the supporting loads. Furthermore, the resulting final displacement field
does not present localized deformations in any part of the model, but at the same time, the
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mechanical role of the shell in the global bending stiffness is also marginal. In the finite
element model, the shell is modeled with a Nastran CQUAD4 element, and it is linked to
the metamaterial beams through the “glued contact” of Nastran [102-104] by means of a
set of permanent multipoint constraints which avoid the separation between skins and core
during the deformation (Figure 5).

¢ \ Shell elements (CQUAD4-Nastran)

Beam elements (CBEAM-Nastran)

Figure 5. The 3D finite element model of the metamaterial composite beam using TO cells, including
details of the multipoint constraints interface (named glued contact in Patran-Nastran) and element types.

The metamaterial subelements (bar elements) are modeled as 3D beams. To determine
the equivalent section of such elements, the approach is to consider beams resulting in the
same relative density p for the three metamaterial types. This relative density is the ratio
between the solid volume and the total volume of the sample. Following this approach, the
width and height of the square cross section of the beams used to reproduce each cell are
0.4 mm for the FCC, 0.35 mm for the OT and 0.5 mm for the TO. Those values give the same
relative density of p = 0.1 for the beams composed of any of the three cells studied. Another
case studied is p = 0.5, for which beam dimensions are 1.0 mm for the FCC, 0.65 mm for
the OT and 0.9 mm for the TO. All the tests were performed with the two relative densities
(0.1 and 0.5), and no special sensibility was found regarding the increment of stresses due
to the defects introduced. Thus, in other to avoid repetition of the results, the plots shown
for the theoretical cases are the ones with p = 0.1. The mechanical properties used for the
lattice beams without defects are E = 70 GPa and v = 0.33 [105,106].

In the 3Pb bending test, the total load applied is 2800 N (P), which is shared between
the cells along the width of the top middle section. For the 4Pb bending test, two loading
points of 1400 N are located at a quarter from each support, see Figure 6. The supports are
restricted, ensuring an isostatic configuration of the loaded beam.

Figure 6. Idealized drawing showing the three imperfections implemented in the finite element
models: undulations (left), conicity in the edges of the lattice (middle), and porosity gradient (right).



Sustainability 2024, 16, 1167

7 of 20

3.1. Defects Considered and Their Simulation

Figure 6 shows a sketch of the defects considered in the lattice bars. The effect of the
imperfections in the metamaterial is characterized by the change in the stress tensor at a
similar loading state. For this analysis, the material is considered linear elastic, neglecting
microplasticity effects. Specific details of the modeling for each defect case follow.

3.1.1. Lattice Bar Undulations

For characterizing these non-homogeneities in a simple manner, each edge is divided
into six macro elements, obtaining a symmetrical distribution of the material for each
edge of the unit cells, see Figure 6. Each macroelement has 4 regular equal beam elements
with the purpose of uncoupling the finite element mesh size from the refining in the
defect description for general purposes. To model these edges, 24 elements reproduce the
bending and shear of a beam with sufficient accuracy regardless of the length-to-thickness
ratio. Note that Nastran’s “CBEAM” elements are of the Timoshenko type, including
residual bending flexibility [107-110]. The choice of this type of element for the simulations
is due to the facility of modeling with this finite element and the lower computational
cost required in its numerical solutions, instead of the more common models, where the
material is discretized with volumetric tetrahedral or hexahedral finite elements [111-113],
which requires a complex and arduous elaboration and with a higher computational cost
as well. On the other hand, because we aim at conclusions for a practical procedure, the
choice of 6 macroelements is to balance between the proper description of defects, and a
reasonable computational cost for possible complex structures. Fewer macroelements will
be clearly insufficient for a proper description of the effects, and more macroelements will
unnecessarily increase the computational cost in large complex structures, where the use of
one finite element per macroelement is advisable to avoid large computational costs. Of
course, a very fine and detailed description of the defects is possible for the cases in this
paper, but the conclusions then may not be applicable to the gross descriptions needed in
typical complex structures.

For the case of modeling bar undulations, each designed model in CAD has small
variations of the position of its nodes to simulate the conditions when it is 3D printed,
differing from the canonical model, see Figure 6. To model the defect in the algorithm,
any node of the mesh, initially located in a spatial direction (x,y, z) in the original CAD
design can modify its position in the three directions. To this end, a distribution to increase
or decrease for each direction a maximum allowed magnitude (x = Ax,y + Ay, z = Az) is
defined. Additionally, the parameter p indicates the density of nodes with the position
altered. If p = 1, the nodes of the mesh have suffered statistically random variations in
the position of their nodes with respect to their initial position. If p = 0.5, then it would
indicate that only half of the nodes have changed their initial positions. Modified nodes are
randomly selected.

3.1.2. Conicity in the Edges of the Lattice

For this case, similar meshes as for the previous case are used. Following experimental
observations over the geometry of the printed cells [7,114], where bars exhibit a nonconstant
section area, the elements located in the corners of the edge are assigned the greatest amount
of material, the macro elements in the central area have half the amount of that material,
and the connection elements between the corner and the central area are modeled with
75% of the material assigned to the corner. This defect in the algorithm is implemented as
a variation in the section of all edges of the unit cells that constitute the testing beam, as
shown in Figure 7.
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Figure 7. Discretized beam elements showing a depiction of the conicity imperfection implemented
(nonconstant section area).

3.1.3. Porosity Gradient

To implement this defect, two hypotheses are considered. In the first one, the pores are
uniformly distributed within each edge, which causes a decrease in the Young’s modulus on
the original base material. In the second one, there is an additional variation in the Young
modulus along the edge. This modulus is randomly distributed along some metamaterial
edges [114,115].

3.1.4. Computational Modeling Sequence

The computational modeling scheme for introducing defects is given in Figure 8. First,
we use Patran to build the initial canonical model, including the geometry, properties,
boundary conditions and loads. The program generates an output file (.bdf). This file is
modified using a Python script that inserts the mentioned defects (separately or all together
depending on the purpose of the analysis). Subsequently, the modified file (.bdf modified)
is executed on Nastran [102,103], generating the solution file (.f06). This file is introduced in
another Python script for post-processing, selecting the average and the maximum stresses.
Finally, the results for the 1 tested samples are compiled, allowing for the representation of
the stresses for each type of unit cell used in the beam.

PATRAN PYTHON NASTRAN PYTHON PYTHON
l (defects) (solver) (post-processing) (graphics)
Model |—>| .bdf —l -bdf i f06 | Maximun | Results
modified stress
geometry nodal displacements for each for n tested
element properties porosity considered defect samples with the
boundary conditions conicity same defect
loads

Figure 8. Scheme of the computational modeling sequence.

4. Sensitivity Analysis

In this section, the results of the three-point and four-point virtual bending tests are
presented to analyze the sensitivity through the maximum stress variation in the three
metamaterial cell types: FCC (face-centered cubic), OT (octet truss) and TO (truncated
octahedron). Tests are performed for both geometrically linear and non-linear cases, but
since the results for the non-linear cases differ little from the linear ones, only the results of
the linear cases are shown.



Sustainability 2024, 16, 1167

9 of 20

4.1. Position of the Nodes

Figure 9a shows the results obtained when modeling this type of defect from the
amount of nodal deviation. It is observed that, whereas the TO unit cell is the cell that
sustains larger stress due to its geometric configuration, it is also the least affected by this
imperfection since the maximum stress obtained is almost insensitive to it, with only a
slight deviation between the 3Pb and the 4Pb bending tests.

1000 1000
750 750
= =
g &
2 2
P 500 2 500
[ ()
B R o £ prmm=TT=TTTT=TT=======T e
n n
250 250
e ———— -
0 0
0 6-102 0.12 0.18 0 15 30 45
Deviation (mm) Elements with imperfections (%)
e OT' 3P s FCC 3P s TO 3P et OT' 3P e FCC 3P s TO 3P
=== OT 4P === FCC 4P === TO 4P === OT 4P === FCC 4P === TO 4P
(a) (b)
1000 1000
750 750
& -
= 2
= 500 ~ 500
§ pre—— z
250 250
=
0 0 ‘ :
55 60 65 70 0 15 30 45
Minimum Young Modulus (GPa) Conicity (%)
e OT' 3P e FCC 3P mem TO 3P et OT' 3P wm FCC 3P e TO 3P
=== OT 4P === FCC 4P === TO 4P === OT 4P === FCC 4P === TO 4P
(c) (d)

Figure 9. Relation of the computed maximum stresses with the type and amount of defect for the
two types of tests. (a) Undulation defects: correlation of the nodal displacement with the stress
for each cell type. (b) Undulation defects: relation of the maximum stress with the percentage of
elements suffering a nodal displacement. (c) Porosity defects: relation of the porosity (i.e., Young
modulus) with the maximum stress . (d) Conicity defects: relation of the maximum stress with the
percentage of reduction of the middle section of the edges (% conicity).

In Figure 9b, the amount of elements affected from the defect is considered, i.e., it
considers the effect when the number of elements with imperfections increases for a fixed
nodal displacement distribution. It is seen that the curves for the FCC and OT unit cells
have, for elements with low concentrations of defects, a slight slope. Both cell curves have
an asymptotic value. For the case of the TO unit cell, the value of the maximum stress is
almost unaffected by the increase in the defect density.
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4.2. Porosity

This defect is modeled by changing the effective elastic modulus of some elements
according to the porosity, see Figure 9c. In the three tested samples (OT, FCC, and TO), the
stresses caused by this defect are almost constant for the two types of bending tests (3Pb and 4Pb).
Whereas an increase in porosity should, in general, increase the maximum stress, the overall
structure is under isostatic loading conditions, and the internal stresses in the metamaterial bars
re-equilibrate, maintaining the overall equivalent stress distribution in the beams; hence, the
maximum stress in the bars near the skins at the most bending-demanded sections and the
maximum stresses in the metamaterial cell bars, due to shear in the sections near the support,
are constant. This defect maintains, almost unaltered, the stress distributions.

4.3. Conicity

In Figure 9d, we show the obtained results for the samples when we apply the conicity
defect (changes in section). We observe that the results are independent of whether the
samples are tested at 3Pb or 4Pb tests for the FCC and OT unit cells, with slight deviation in
the stress when the same samples are built with TO unit cells. For the three cases studied,
the results show a parabolic-type curve, the parabola being more pronounced in the case of
the OT unit cell where the cell could reach a stress of 900 MPa. This stress exceeds the elastic
limit of the base material, so plastic effects should be introduced and studied at that point.
This increase in stress is associated with the fact that the TO unit cell has a lower shear
stiffness than the rest of the unit cells (OT and FCC), so near the sections with concentrated
loads, the metamaterial cell deformations are larger, so the cell bars suffer relevant shear
and bending, resulting in a higher concentration of stress in the corners of the cell bars. On
the other hand, due to their larger shear stiffness, the TO and FCC cells present more or
less the same behavior for the conicity defect without appreciating great differences in the
stress when the section is reduced. This is attributed to the better shear behavior of the
cells, avoiding bar bending and stress concentrations, allowing better redistribution. Cell
topologies with better shear stiffness are less sensitive to conicity defects because they force
the cell bars to work as truss structures rather than as beams, see Figure 10.

Figure 10. Comparison of the deformation and distortion suffered by two metamaterial cores in the
composite beam: FCC and TO (4Pb test). The depicted displacement is scaled at a maximum of 30%
of the beam span.

5. Experimental Validation

In this section, a comparison of the proposed model with the obtained experimental
data is performed. Experimental data were obtained from [116], a compression test of
the metamaterial cells, whose properties are shown in Table 2. The experimental sample
is a specimen of metamaterial containing the previously described defects, and whose
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imperfections are characterized through the tomographic technique [116-119], using the
same experimental procedure and similar specimen layout as already described in ref-
erence [116,120]. The data herein are for cells consisting of an hexahedron with circular
section bars, where the diameter is varied, reported in [116]. The choice of the cell type for
this section follows from the conclusions of the previous section. The properties of the base
material E and v (Young modulus and Poisson ratio) correspond to the Ti-6Al-4V base
material used as a substrate material in its powder form. This alloy and its variants are
widely used in a wide range of aerospace, industrial and biomedical applications, among
others, for their numerous features, such as high corrosion resistance, light weight and high
strength [121-123].

Table 2. Characteristics of the Ti6Al4V unit cells for different solid fractions s = 15,s = 25 and s = 35
and different the nominal diameters (NDs). Note that the nominal Young modulus E = 114 GPa, the
Poisson ratio v = 0.33 and the height 1 = 1.36 mm are the same for the three cases.

Cell S;;t;‘;“ ND (mm)  E(GPa) v }(1;113;)‘*
Cubic edge (s = 15) Circular 0.33 114 0.33 1.36
Cubic edge (s = 25) Circular 0.42 114 0.33 1.36
Cubic edge (s = 35) Circular 0.53 114 0.33 1.36

Each cell is characterized by an ideal fraction solid denoted with the symbol s. The
metamaterial unit cells are used to build the model of dimensions 7 x 7 x 10 mm shown in
Figure 11. A constant displacement in the Z (vertical) direction is imposed at the top, while
the bottom is simply supported. Each edge of the cell is divided into six macroelements of
a nonconstant-sized area, each of them containing four Timoshenko-type beam elements.
All types of defects as described in the previous section are introduced in the model.
These defects and their real statistical distribution were previously characterized through
tomography geometrical measurements in [116] and the segmentation of the pore fraction
in different parts of the printed metamaterial as described in [120].
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Figure 11. Metamaterial unit cell and tested sample during the virtual compression test.

5.1. Methods: Experimental Determination of Defects
The procedure for the experimental determination of the defects follows.

¢ Diameter and node deviations: Digital scans of the latticed structures [116] are used
to measure the diameter distribution of the beams. Diameters are measured along the
different beams randomly at 50 different locations to extract the statistical distributions.
The same optical images are used to identify the centroids of different sections and
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calculate the geometrical deviation from the ideal central beam line. X,Y and Z
direction deviations are calculated using both XZ and YZ plane photographs. In total,
483 sections are analyzed for the s = 15% solid fraction case, 496 sections for s = 25%,
and 535 sections for s = 35% along 30 different beams for each case as shown in Table 3
(Nodal deviation) and Table 4 (Conicity).

Table 3. Nodal deviation extracted from the data study in [116]. The smaller the deviation range
(um), the greater the density distribution per range (%) for the three s fractions studied. Each column
adds to the total of 100% for each axis.

Density Distribution per Range (%)

Deviation Range (1um) s =0.15 s =0.25 5=0.35

X y z X y z X y z

0-15 81 86 76 86 88 79 91 89 80

15-30 7 5 9 4 4 4 2 2 6

3045 4 3 5 3 2 6 2 1 3

45-60 3 2 4 2 2 4 2 1 4

60-75 2 2 2 2 2 2 1 3 3

7590 2 2 2 2 2 2 2 2 2

90-105 1 0 2 1 0 3 0 2 2

Table 4. Conicity for 12 elements in each edge of the beam extracted from data study in [116]. Each
row is the % of material within the fraction s that has the minimum diameter, for example, 200, and
the maximum, for example, 225. Each column adds the total of the possible for each fraction s (100%).

. I o
Diameter Range (1m) Density Distribution per Range (%)

s=0.15 s=0.25 s =0.35
200225 3 0 0
225-250 6 0 0
250-275 11 0 0
275-300 18 0 0
300-325 30 14 0
325-350 18 2.6 0
350-375 7 42 0
375-400 4 9.2 0
400425 2 234 0.2
425450 1 28.3 2
450-475 0 18.2 4
475-500 0 6.3 6.4
500-525 0 43 22
525-550 0 1.8 29
550-575 0 0.3 24
575-600 0 0 8
600-625 0 0 2.3
625-650 0 0 2.1

e Porosity: X-ray tomographies of the lattice structures are performed in [116] to identify
internal defects. Thirty random beams are reconstructed and analyzed to extract the
porosity fraction of each beam. The homogenized results of each beam are used to
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produce the statistical distribution of the percentage of porosity within the beams, see
Table 5.

Table 5. Pore distribution in the elements extracted from data study in [116]. Each row is the %
of material within the fraction s that has the minimum number of pores, for example, 0, and the
maximum, for example, 1.

Porosity Range (%)

Density Distribution per Range (%)

s =0.15 s=0.25 s =0.35
0-1 54 12.3 79
1-2 8.9 18.6 14.2
2-3 229 25.6 29.6
34 16.5 18.6 18.6
4-5 14.6 14.6 10.4
5-6 8.2 3.2 3.2
67 9.2 1.9 5.8
7-8 5.1 1.5 45
8-9 21 0.8 2.1
9-10 0.9 0.9 0.9
10-11 1.2 0.8 1.3
11-12 2.1 1.2 1.4
12-13 29 0.0 0.1
13-14 0.0 0.0 0.0
14-15 0.0 0.0 0.0
15-16 0.0 0.0 0.0

5.2. Methods: Finite Element Modeling

The finite element modeling techniques for reproducing the experimental test follow:

Error in the position of the nodes: For all the ideal solid fractions s, the parameter p is
set to p = 1 because the experimental data indicate that it can be considered that all
the nodes have changed with respect to their original position in the CAD model, see
Table 3. Therefore, all mesh nodes have been altered.

Conicity in the edges of the lattice: For each ideal solid fraction s, the distribution
of measured diameters is translated to edges of the finite element mesh, see Table 4.
This distribution results in a corresponding distribution of the Young modulus for the
12 elements of each edge, given in Table 6.

Porosity gradient: This defect results in a variation of Young’s modulus E with respect
to the reference value Ej. Given the large variety of pore types, the physical relation-
ship that exists between porosity and moduli is not evident. However, the following
expression is used in this work because of the good correlation obtained [124]:

l-p

E=Eo 7 Vi @)
where p is the fraction of pores in the solid, and f is a shape factor for the pores. In
addition, motivated by the experimental observations, additional assumptions are
made. (1) It is considered that the distribution of pores is uniform within the material,
and (2) it is assumed that the shape of the pores is spherical, so we set f = 1 [124].
However, since only the linear region is being considered, f does not significantly
affect the results [124]. When addressing the nonlinear behavior, f must consider
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plastic evolution and pore shape changes in the material. Table 5 shows the final
distribution of pores that we applied for each ideal solid fraction of material s.

Table 6. Comparison of the experimental Young modulus E(MPa) [116] and the nominal moduli
obtained by the two simulation approaches. The CAD approach refers to the nominal cell, whereas
the X-ray approach corresponds to a cell with the actual topology of the cell obtained from X-
rays. Note the important difference between the design values and the actual experimental values.
Additional defects are still not incorporated.

Cell Experiment Simulation (CAD) Simulation (X-ray)
Cubic edge (s = 15) 3471 £ 57 7193 £ 31 8095 £ 36
Cubic edge (s = 25) 7665 + 691 15,894 + 82 16,488 + 80
Cubic edge (s = 35) 12,546 £ 912 23,798 £ 152 25,471 £ 137

5.3. Results

Two types of finite element models were analyzed. The topology (cell vertex positions)
of one of them was obtained directly from the canonical (design) CAD file. For the other
one, the position of the cell vertices was obtained from X-ray images of a real 3D-printed
specimen (hence including already geometrical position errors and overall shrinkage).
To any of these models, the above-mentioned defects may also be incorporated. The
resulting values for the modulus of elasticity for each ideal solid fraction are collected in
Tables 6 and 7. Table 6 compares the experimental values against the simulation values
from both the initial nominal CAD model, where the defects were incorporated, and the
finite element model with the overall geometry obtained from the X-rays. It can be observed
that there are important differences between the experimental modulus of elasticity and
those obtained from the CAD model with the nominal designed structure and with the
structure topology from X-ray (the actual printed structure).

Table 7 shows the predicted Young moduli when the distributions of defects are
incorporated in the finite element model, departing from the nominal CAD model. It is
observed that the results of the corrected CAD models incorporating the distributions of
defects are much more in agreement with the experimental results than those obtained
from nominal, unmodified CAD models, see Table 7. The remaining differences may be
due to other types of defects not incorporated in this work, or from statistical errors.

Table 7. Young’s moduli E (MPa) for the simulation when defects have been incorporated. Twelve
elements per edge of the cell cube for the tested samples during the compression test.

E . tal Simulation (CAD) Simulation (CAD)
Cell ngeflmf&; ) with Defects with Defects
odutus a (Maximum) (Minimum)
Cubic edge (s = 15) 3471 £ 57 3863.70 3785.29
Cubic edge (s = 25) 7665 =+ 691 7483.22 7305.15
Cubic edge (s = 35) 12,546 + 912 12,152.50 11,873.99

Figure 12 shows the modulus of elasticity versus the ideal solid fraction s. The red dots
represent the experimental data of the printed model, incorporating the defects. The blue
triangles represent the finite element model results (FEM) with the geometry obtained from
the CAD model (Patran), while the gray squares represent the finite element model results,
where the geometry applied on the finite elements is obtained using the data of X-ray
tomography [116]. In both these meshes, the edge defects are not explicitly incorporated.
The black line corresponds to the model without porosity, while the dashed black line and
the gray line correspond to the models with porosity defects introduced. The difference
between the latter lines corresponds to the mesh used, where the finer mesh has 12 elements
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per edge, whereas the coarser mesh has 6 elements per edge. Finally, the green and orange
lines correspond to the rule of mixtures for the modulus of elasticity and the density of the
model. The green line corresponds to the solid modulus of elasticity and the total density,
whereas for the orange line, the same modulus is used, but the density is modified, being
in this case that of the sectional area.

10
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A FEM (CAD) | FEM (X-Ray)

Figure 12. The modulus of elasticity versus each solid ideal fraction s. The figure shows a comparison
of different models with defects (damaged models) and without defects (original model), where the
initial geometry for the finite element model is created with Patran (FEM CAD), and finally the model
with the geometry for the finite elements obtained from X-ray data (FEM X-ray). Also, the results of
the rule of mixtures (cross sectional and volumetric) are represented.

6. Conclusions

Additive manufacturing (AM) eliminates manufacturing constraints, brings flexibility,
usually involves less and recycable material, reduces weight, and facilitates the local, on-
demand manufacturing of parts. Hence, AM is an important technology in industrial
sustainability, and is key in producing optimal components. Mechanical metamaterials
are optimal cell-based designs tailored for specific mechanical demands. However, CAD
metamaterial designs and subsequent finite element models give metamaterial property
predictions that are in large error compared to actually experimental ones. This is due to the
important presence of defects due to the 3D printing of the component. It is of paramount
importance to develop procedures that automatically incorporate those defects in the finite
element models so that the predicted “design” mechanical properties are in agreement
with those of the final printed component.
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In this work, a procedure to introduce the distributions of defects in an initial CAD
undamaged model is presented. First, the influence of each type of defect was studied.
Thereafter, three defect distributions were introduced simultaneously in the CAD model
and compared with the experimental results. The results are promising since, when typical
defect distributions were incorporated in the finite element models, the predicted moduli
were in much smaller error compared to the experimental values.

Much research is still needed to verify that the methodology extends to a large variety
of component types and loading conditions, as well as to other important mechanical
properties, like ductility and life under fatigue loads.
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