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1. Abstract

1. Abstract

Along two decades, wide research has been carried out within the characterisation of the
mechanical properties of cellular or lattice structures made by additive manufacturing. Being
one of the most complex geometries, lattice structures have been extensively studied in
compression condition. However, tensile characterization is rarely addressed because of the
difficulties related to the definition of a suitable design. The present study aims to expand the
knowledge about these structures produced with metallic powders, evaluating their tensile
behaviour. Two different customised lattices structures are designed. The specimen is
designed according to the BS EN ISO 6892 — 1 standard and using a graded geometry from full
solid bulk to the lattice within the strain gauge length. Specific samples are designed and
produced using both electron beam (EB-PBF) and laser powder bed fusion (L-PBF) technology
and the different materials Ti6Al4V and AISilOMg, respectively. Moreover, the L-PBF
structures are printed with two different building orientations and four different internal
struts angulation, to evaluate the influence of defects such as porosity and dross formation.
Finally, to perform a more complete characterization, four batches of specimens intended for
compression have been produced with two different scanning technique of EB-PBF, using the
same lattice designs adopted for tensile tests. The main mechanical properties are compared
with the Ashby and Gibson’s model. The experiments show that L-PBF-manufactured samples
were subjected to a stress concentration near the transition area that cannot be removed,
even when stress relief is performed. As a results, these specimens have almost no plastic
deformation. Instead, EB-PBF-manufactured tensile samples meet the expectations, providing
a localised failure within the gauge length and showing also interesting mechanical properties.
The experimental data obtained are used to implement a simulation model created with Ansys

Mechanical APDL.
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1. Sommario

Nel corso di due decenni & stata condotta un'ampia ricerca nell'ambito della caratterizzazione
delle proprieta meccaniche di strutture cellulari o reticolari realizzate mediante produzione
additiva. Essendo alcune delle geometrie piu complesse realizzabili, le strutture reticolari sono
state ampiamente studiate in condizioni di compressione. Tuttavia, la caratterizzazione a
trazione viene raramente affrontata a causa delle difficolta legate alla definizione di una
geometria idonea. Il presente studio si propone di ampliare le conoscenze su queste strutture
prodotte con polveri metalliche, valutandone il comportamento a trazione. Sono state
progettate due diverse strutture reticolari personalizzate. Il provino & progettato secondo lo
standard BS EN ISO 6892 — 1 e utilizza una geometria graduata dalla parte solida
completamente piena estremale alla zona lattice centrale del tratto utile del provino.
Campioni specifici sono stati progettati e prodotti utilizzando sia la tecnologia del fascio di
elettroni (EB-PBF) che quella della fusione laser a letto di polvere (L-PBF) e due diversi
materiali, rispettivamente Ti6Al4V e AlISi10Mg. Inoltre, le strutture L-PBF sono stampate con
due diversi orientamenti di stampa e quattro diverse angolazioni delle struts interne, per
valutare l'influenza di difetti come porosita e formazione di scorie. Per effettuare una
caratterizzazione pil completa, sono stati prodotti quattro lotti di provini destinati alla
compressione con due diverse tecniche di scansione di EB-PBF, utilizzando gli stessi disegni
dei lattice adottati per le prove di trazione. Le principali proprieta meccaniche vengono infine
confrontate con il modello Ashby e Gibson. Gli esperimenti mostrano che i campioni prodotti
con L-PBF sono stati sottoposti a una concentrazione di stress vicino all'area di transizione che
non puo essere rimossa, anche se viene eseguita una operazione di distensione e rimozione
degli stress residui. Di conseguenza, questi campioni non hanno quasi nessuna deformazione
plastica. Invece, i campioni di trazione fabbricati con EB-PBF soddisfano le aspettative,
fornendo un cedimento localizzato all'interno del tratto utile misurabile e mostrando anche
interessanti proprieta meccaniche. | dati sperimentali ottenuti sono stati utilizzati per

implementare un modello di simulazione realizzato con Ansys Mechanical APDL.



2. Literature Review

2. Literature Review

The following chapter of scientific literature review is the starting point of this thesis. The main
previous research about lattice structure was studied, especially those regarding their
importance in relation to their properties and possible applications. The analyses were
addressed to highlight the mechanical characteristics of these structures and how they can
vary according to the relative density, the type of cell and the dimensions. The goal is to assess
the considerations common to all research material and therefore of general validity, as well
as eventually highlight the problems encountered during their characterization. Furthermore,
| tried to find a solution for defining a more accurate and rigorous method to evaluate the
mechanical properties. It is important to specify that currently it does not exist any standard
defined by the scientific community about the characterization of the mechanical behaviour

of lattice structures, especially for the tensile one.

2.1 Cellular Solids

Cellular solids are reticular structures consisting of a set of struts or surfaces interconnected
with each other, which form the sides or faces of an elementary cell [1]. In nature there are

examples of these types of structure, such as the hexagonal cells of beehives.

Thanks to their interesting characteristics, they have been studied for decades in engineering
and other branches of science. The main studied factors that can affect the mechanical
properties are the following: cell size and geometry, type of connections present, relative

density, material used, construction methodology, relative density [2].
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Cellular solids structures can be classified according to the spatial arrangement of the cells

into stochastic and non-stochastic [3]. Figure 1 shows a schematic classification.

Cellular Solids

4 N\
Stochastic Non Stochastic
|\ J
I
I I
4 N\ 4 N\ 4 N\
Foam Three-
(Open/Closed Bi-dimensional . .
dimensional
cell)
|\ J |\ J |\ J
I I
4 N\ 4 N\
Random Periodic Conformal
|\ J |\ J

Figure 1: Cellular Solids classification

The first category includes foams, with random distribution of the cells, due to the production
process: gas is inserted inside a molten material and during solidification the gas is trapped,
arranging itself in an irregular manner within the volume. The cells can be open or closed.

These materials often exhibit excellent thermal or acoustic insulation properties.

The second category can be divided into two-dimensional or three-dimensional structures. To
the former belongs the hexagonal honeycomb structures. Instead, the latter are further
classified into three types based on the arrangement of the cells: random, periodic, and
conformal. The first type is represented by elementary cells with variable shapes and sizes,
commonly associated with the name "Voronoi". The second typology is represented by cells

arranged regularly in the volume, with a rigid pattern. In this case the external shape of the

10
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structure does not define the internal volumetric arrangement and therefore the cells at the
edges could be incomplete. The cells adopted can be made up of simple Platonic solids, of
complex shapes defined through TPMS (Triply Periodic Minimal Surface) algorithms or of
customized shapes according to specific conditions based on topological optimization

algorithms. Figure 2 shows some possible types of elementary cells.

CAD-BASED @ K

(a)

TPMS (IMPLICIT)

TOPOLOGICAL
OPTIMISATION

Figure 2: Different elementary cells [4]

Lastly, conformal typology is characterized by the deformation of the lattice inside the

structure as a function of the external shape.

The periodic three-dimensional structures represent what are commonly referred to as the

3D Lattice Structures.

Thanks to the many possibilities of diversification, three-dimensional cellular structures can
have important properties: high surface / volume ratio (useful for high-performance heat
exchangers), energy absorption capacity during shocks, osseointegration, acoustic insulation,

lightness, uniform tension state.

11
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2.1.1 Stress-strain model

The studies carried out showed a direct correlation between the properties of the lattice and
its relative density p* [3], which is the ratio between the effective volume occupied by the
lattice and the total volume of the solid that encloses it. By acting on the geometry of the
lattice or on the production process, it is possible to modify the properties even at a point

level.

The behaviour of the structures have been largely investigated under compressive loads,
identifying two possible prevailing modes of behaviour, bending-dominated or stretch-
dominated [3]. In the simplest cases it is possible to predict it, during a compression load
application, by simply checking the degree of connectivity of the structure according to the

Maxwell criterion®.

In both modes it is possible to define three phases. If the prevailing behaviour is the stretch-
dominated one, from the curve (see Fig. 3) a first elastic section is identified until yielding is
reached, followed by a decrease in strength until the level of stress stabilizes for a wide range
of deformation. In the final phase, the structure has completely collapsed on itself and can no
longer compress. Therefore, there is a considerable increase in stress in the face of a low
variation in strain. In this case, the lattice assumes properties more and more close to those

of the bulk solid.

! Maxwell's stability criterion, formulated in 1864, defines a parameter M dependent on the
connections of the cell nodes, such that when it varies with respect to the null value, it is possible to
attribute a correlation with the degrees of freedom assumed by the structure itself. For M < 0 the cell
is labile and has a prevalent bending behaviour when subjected to a load, for M = 0 it has a prevalent
tensile behaviour, while for M > 0 the cell is over-constrained and presents internal stresses even if
not subjected to any load.

12
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onset of plasticity, densification
buckling

or crushing

post-yield softening

stress, O

densification
- strain &, I
modulus £ \ !

strain, €

Figure 3: Lattice energy absorption under compression, stretch-dominated [3]

If the prevailing behaviour is bending-dominated (Fig. 4), the yielding occurs at a much lower
value than in the previous case, then there is a long range at constant stress, called Plateau

(this behaviour is often what engineers are looking for).

densification

© ..
s onset of plasticity,
O buckling
= ’ plateau stress
or crushing /
/ '
]
1
densification 1
i 1
5 strain &y .
modulus £ \ 1
I
strain, €

Figure 4: Lattice energy absorption under compression, bending-dominated [3]

13
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The bending behaviour is typical of open cell or random structures, while the stretching
behaviour is common for closed cell or periodic structures. The presence of the plateau phase
is very useful if we consider the possibility of absorbing a large amount of energy at an almost
constant load. The stress level at which the plateau settles depends on the relative density of
the structure and on the rate of deformation. Therefore, the lower the relative density, the

greater the plateau range at a lower stress value [1].

The model proposed by Gibson and Ashby was also compared with experimental data from
tested lattice created through additive technologies such as Selective Laser Melting,
emphasizing some discrepancies between the results predicted using the model and the

actual properties. All of this, it is caused by several factors:

e The residual stresses induced by the powder melting process can produce

deformations at lower stress levels than those obtained from the model [5]

e Precisely identifying the actual geometry of the struts is complicated, so it is not so
easy to calculate stresses. Furthermore, some lattice can assume both linear and non-
linear elastic behaviour under compression and this complicates the calculation of the

elastic modulus [6]

e Some components often contain trapped or partially sintered powders that increase
the overall volume but do not contribute to the increase in strength, distorting the

property values obtained from the calculations [7]

Ultimately, the model remains approximately valid, at least regarding all the studies carried
out in compression, as it still provides a good estimation (during initial design phase of a
component) of the behaviour of the lattice, defining a direct positive power relationship
between the structure properties and their corresponding relative density. However,
regarding the properties that can be evaluated for tensile tests on reticular structures, it is not
yet possible to correctly define the results or compare them with the Gibson-Ashby model, as
most of the research carried out are based on compression-only experiments to identify
mechanical properties. This is largely due to the fact that defining an experimental design of

the specimens suitable for tensile testing is very difficult [8].

14
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2.1.2 Manufacturability and limits

By means of additive manufacturing (AM) technologies, the production of lattice structures
has certainly obtained an additional development with respect to the other traditional

techniques. Although, it is important to specify that there exist limitations.

To fully understand the next paragraph, it is necessary to define the two manufacturing
processes involved in this thesis. Both technologies work melting particles of a powder bed,
the main differences are the heat sources used. In L-PBF? a laser is used, while in EB-PBF? an
electron beam is used. The powders are melted layer by layer, proceeding along the vertical
direction: after a powder layer is completed, a new one is spread above, and it is rolled on to
continue the process. The L-PBF process takes place inside a closed chamber, usually filled
with an inert gas such as Nz or Ar. In addition, the build chamber is pressurized. To minimize
the cooling rate, if desired, it is possible to use a substrate plate heating (200-500°C).
Otherwise, in EB-PBF the powder bed is kept at high temperatures (>870K) and long cooling
times are required after the completion of the build job. With this last process, higher surface

roughness is obtained [9].

This type of structure requires the presence of supports based on the orientation of the
component in the machine, that are useful for promoting heat dissipation during the
construction process, as well as playing a purely structural role. Furthermore, supports are
necessary to avoid the collapse of overhanging surfaces [10]. Supports presence can only be
avoided for fully self-supporting models, which are designed to be built with only a few specific
orientations. During the design phase, it is necessary to consider the difficulties induced by
the removal of the supports, such as excessive deformation of the component. In addition,

the pieces must be separated from the printing plate, generally by means of wire EDM, since

2 L-PBF: Laser Powder Bed Fusion
3 EB-PBF: Electron Beam Powder Bed Fusion

15



2. Literature Review

the use of mechanical processes could induce a break during the cutting phase, especially in

the case of fragile structures such as lattice ones.

The characteristics of the process dictate the need to remove un-melted powders from the
print volume. Removal can be completely manual with the aid of simple brushes or more
commonly combined with the use of vacuum cleaners. In addition, a subsequent surface
treatment may be necessary for surfaces that have a functional role [11]. Lattice structures
generally tend to trap a large amount of powder, therefore it will be mandatory to use shot
blasting machines, by means of which particles and air are shot at high pressure to release the
powders from the component. During this phase, care must be taken to avoid damage to the

finer struts.

Depending on the production technology adopted, it will be advisable to perform a stress
relieving treatment of the components to reduce residual stresses, as these could cause

distortion or even fracture of the very thin struts.

All manufacturing and process limitations must be considered when designing the
components. One problem to consider is the difference in actual volume between the CAD
model and a printed lattice structure, especially where there are elements with very small
thickness. The studies carried out by Suard [12] show a correlation between the effective
diameter of the thin elements and their orientation, the distribution of porosity and the
process parameters. According to these studies, it is possible to create a model for the
evaluation of the component properties more detailed, by defining an equivalent diameter

(shown in Fig. 5) that considers the elasticity and variability of the dimensions.

During the design phase, you should be aware about the inherent limitations of the process
adopted: that is because not all types of lattices can be built with any additive technique. It is
necessary to consider the minimum angles between the various elements of the cells, as well
as their distance to avoid the melting of an excess of unwanted powder. In relation to what
kind of machine is used, it is possible to obtain a different level of detail and create thin struts.
It is important to consider this, for the definition of the shape and the size of the elementary

cells.
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Figure 5: Equivalent diameter evaluation [12]

2.2 Compression studies

As above mentioned, compression tests are the most used to characterize lattice structures
[13], since in most of the applications, such as biomedical [8], they are subjected to this type
of load. In that case, the compression behaviour emulates the load on the prosthesis due to
the weight of the human body [14]. Additionally, the loads induced by the human body are
cyclic and therefore attention has been dedicated also to the fatigue life of the designed

structures [15].

For the compression tests, ISO 13314 is the reference standard. However, this standard is
applicable only to ductile trabecular materials (porosity greater than 50%) characterized by a
behaviour with the presence of the plateau region. The cross section of the specimen used

can be circular or even rectangular [16]. Each specimen size must be at least 10 times larger
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than the pore size and not less than 10 mm; the ratio between the length of the specimen and
the characteristic dimension of the cross section must range between 1 and 2. The pore size

must be monitored and measured in the cross section.

In the literature research studies many different lattice structures have been analysed such
as: octet-truss [12], body-centered cubic[17], truncated octahedron [17], hexagon [17], FCC
[22], FCCz [23], hollow spherical [17], gyroid [29], primitive [35], diamond [20], etc. In Figure
6 is reported an example of different cell types analysed in the same research: these samples
have the same external measures and they have been printing along the same direction, which
certainly limits the comprehension of how different cell geometries can affect mechanical
properties in an orthotropic view. In literature, both L-PBF [17][18] and EB-PBF [12][19]
technologies have been investigated. That also involved the use of different material such as
titanium alloys [19][20][21][30][34], aluminium [17][22][23], steel [18][24][25][26][29] and
chromium[27][33].

Body-Centered Cubic Truncated Octahedron Hexagon

Lattice Structure

Building direction

Unit Cell

height: 4.2 mm height: 4.7 mm height: 2.5 mm
width: 4.2 mm width: 4.7 mm width: 5.0 mm

Figure 6: Different lattice specimens [17]

Studies were also focused on the process optimisation [28] and the effect of the dimensions

of the elementary cell[26]. Table 1 resumes the mainly results reported in literature.
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The geometry of the cell affects the characteristics of the component, for example the
face-centered cubic cell with vertical struts (FCCZ) has a higher resistance and elastic
modulus than the hollow spherical one. This makes the first type undoubtedly superior
from the structural point of view [17]

Face-centered or body-centered cubic cells with vertical struts are absolutely those
with the highest resistance and modulus values [18]

The definition of the cell geometry by means of topological optimization often allows
to obtain higher resistances [23]

For some type of cell, the orientation according to a specific direction generates better
mechanical properties, this is the case of the use of the gyroid with orientations of 0
degrees® and 90 degrees’ [24]

The process parameters affect the mechanical characteristics (see Fig. 7) of the lattice,

in fact a higher laser power generally corresponds to a higher resistance [25]
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Figure 7: Stress-strain curves of different lattice specimens produced using different process parameters [25]

An increase in relative density led to better mechanical performances [29]
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e Alarger cell size generates a decrease in compression load and effective modulus [30]

e L-PBF processes involve complications such as unwanted porosity, defect formation,
dross formation and partially sintered powders, as well as residual stresses. Some heat
treatments can partially reduce these problems, but generally the resistance of the
component is reduced and the ductility increases[17], while in the case of chemical
processes (chemical milling/etching) the mechanical properties are not affected [31]

e Graded lattice structures have a greater energy absorption capacity [32], furthermore

plateau range is slightly reduced but its stress value is higher

In general, the used load cells ranged from 5 to 400 kN, indicating that the mechanical
properties can vary significantly according to materials, geometries, relative density and
printing orientations. The moving crossbar speed is kept generally low to obtain a low strain
rate as described by the ISO 13314 standard. It is possible to highlight an increasing trend of
the Young’s modulus, the Ultimate Compressive Strength and the absorbed energy with the
corresponding increase of the density. This behaviour is in line with the prediction of Gibson-
Ashby model, but a modification of the exponent of the power law is necessary to correctly

express the compressive behaviour of lattice structures [19].

As already stated above, in case of lattice subjected to compression, the emerging main
feature is the absorption of energy, which makes this an excellent structure for impact

application.
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2.3 Tensile studies

International standards for tensile tests of cellular and porous structures are still missing.
Some of the test parameters, such as the low crossbar speed, are easily set by taking the Iso
13314 standard as an example, but the main problems remain the specimen geometry and
the deformation measurement. Since the transition between the cellular and the full-solid
sections is not defined, the test results can be obtained with varying degrees of reliability. Due
to the limited data, the static behaviour is generally studied taking into account only the two
principal manufacturing orientations (i.e. parallel and orthogonal to the building
platform)[33]. Lattice structures, having many cavities, make it difficult to use extensometers,
whether they are contact or laser/video. The tensile properties, as well as the compressive
ones, are strongly affected by the variation of the main factors that define the lattice
geometry: cell size and type, printing orientation and post-processing. Each of these factors

are discussed separately below.

2.3.1 Cell geometry

Many cell geometries have been studied and subjected to tensile tests, leading to several

results:

e Koehnen et al. [18]performed on the same two geometries (FCCz and hollow spherical)
both compression and tensile tests. The results are similar, since FCCz shows always
higher performances. The tensile behaviour is investigated with the help of DIC
analysis, revealing strain localization at the nodes perpendicular to the tensile
direction (see Fig. 8). For the hollow spherical one, the strains are homogeneously
distributed over multiple series of nodes with different distance from the centre. This
leads to a global weakening of the specimen. On the contrary, for FCCz specimen, only

the centered row of nodes is extremely stressed.
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Figure 8: Tensile test curves and DIC analysis [17]

e Lutey et al. [34] compared the BCC, the simple cubic and the crossing rod geometries.
They observed that under tensile load the latter showed the highest strength and
stiffness

e Kessler et al. [35] also reported a comparison between truss structure, octahedral and
BCC geometries, leading to higher tensile strength for the first

e Hajinys et al. [36] compared four different structures (simple cubic, BCC, tetragon
vertex and tetragon edge), each one with three different strut diameter (0.5, 0.7 and
1 mm) and evaluate the stiffness of them. The tetragon edge geometry shows the
highest ultimate tensile strength, at least two times superior then the others. With the
increasing of the struts diameter, the necessary force needed to break the specimen

increase too for every geometry

Following the above, surely it is possible to assert that several lattice geometries influence in

different manner the mechanical properties of specimens that own the same external shape.
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Generally, the geometry which performs better under compression load is the same as the

one that has higher resistance for tensile tests.

2.3.2 Cell’s parameters

Many authors evaluated the mechanical properties varying a combination of parameters such

as the cell and the strut dimensions:

e Maskery et al. [37] examined the elastic modulus and UTS of lattice parts with different
size of BCC cell but fixed density. Specimens with the smaller cell size shows the highest
stiffness

e Alsalla H. [38] performed several tests on gyroid lattice specimens with three different
cell size (2, 4 and 6 mm). With the increase of cell dimension, it is shown a decrease of
relative density (from 98.75% to 90%) in addition to the obvious decrease of global
density. The struts with the smallest size present less porosity. Stress-strain curves

show higher UTS for smaller size but at the same time a lower elongation (see Fig. 9)

In the previous research, the influence of different struts size, maintaining unaltered the cell
type, was not evaluated. This is probably because decreasing strut size commonly leads to
worse mechanical properties, according to relative density - based theory. There is no reason

to explore further.
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M Density of Lattice
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Figure 9: Density and stress values for different gyroid cell size [38]
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2.3.3 Post processing

A few works studied how post-processing could modify tensile mechanical properties of

specimens:

Brenne et al. [39] highlighted that heat-treated samples presents higher tensile
strength and can hold higher stresses even at early stages of deformation. With respect
to the as-built condition, the annealing process improved a little the ductility of the
sample as it is possible to see in Fig.10, regarding the absence of a steep decrease after

highest force point
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Figure 10: Deformation behaviour under tension of TI-6Al-4V lattice specimens before and after heat treatment [39]

Furthermore, the heat-treated condition (1050°C for 2 hours) enables the struts to
improve their load carrying capacity by align them along the tensile direction. These
results are common during test compression and four-point-bending test. The energy
absorption, especially under the latter test, is improved. In case of cyclic loading, the
fatigue life remarkably increases, and the site of failure can be predicted with the aid of

DIC analysis (see Fig. 11).
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Figure 11: DIC analysis on tensile test [39]

e Kelly et al. [40] observed that surface treatments like rotopolishing and SILC cleaning
could increase the Young’s modulus and normalized the fatigue strength. Test were
performed on Ti-6Al-4V samples with SLM, providing flexibility for medical bone

implants application. The UTS directly increases with lower roughness, like is shown in

Fig. 12
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Figure 12: Fatigue strength normalized by UTS, compared to surface roughness [40]

2.3.4 Building orientation

Building orientation has been examined in many studies, nevertheless without any kind of
consideration regarding every single possible arrangement in the printing volume. This is due
to the fabrication process limits. It is not possible to print a specimen in every spatial

orientation not even for a full-solid. This condition is even worse for lattice specimen.
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Established this, several authors carried out tensile test for two ordinary orientations:

horizontal (z-axis) and vertical (xy-plane).

e Alsalla et al. [41] examined scrupulously the influence of different orientations on
density, Young’s modulus and tensile strength. Several gyroid specimens were
produced with fixed process parameters. The results point out that the vertical print

direction leads to 1.5 times higher stress values, as shown in Fig. 13
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Figure 13: Stress-strain curves for different printing orientation [41]

e Barbas et al. [42] investigated on porous specimen (53% with pore size from 860 to
1500 um) of Titanium alloy made by SLM. Under tensile tests, vertical printed samples

presented higher stiffness and resistance

From literature, the vertical orientation samples seem to have best performances with respect
to the horizontal one, but there is a lack of knowledge concerning all the other orientations.
An interesting orientation to examine might be 45° because it shows higher resistance then

vertical one for full-solid specimen [43].

27



2. Literature Review

2.3.5 Specimen geometry

Most researchers produced cylindrical specimens or parallelepipeds. No one ever tried to
respect the external shape of other standards that can be reasonable similar, for example

those relating to metals at room temperature.

Overall, research has followed a similar experimental method consisting of:
e The central section of the specimen has almost in any studies an overall area that is
greater or equal to that of the extremities. In Fig. 14 it is possible to see some tested
samples by K6hnen et al. [17] and Barbas et al. [42]. The main reason for this choice

is the easiest way to use grips and extensometers of the respective tensile machines

of the researchers

f2cc,z lattice structure

Figure 14: Tensile specimen geometry from literature [17] [42]

e In most of the research[37][38][40][41][42], the inner lattice area has a very limited
length compared to that of the entire specimen. In two studies [44][45] this length is
less than one forth of the overall specimen length.

e Maskery et al. [45] is the only one study that considered a Standard that could be used

to make the tensile test results comparable to other with full-solid specimen. Following
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the I1SO 68921:2009, they designed two different BCC sample with 5 mm and 7 mm
gauge width (see Fig. 15)

(c) (d)

Figure 15: Different cell size for ISO 68921 [46]

For each width type, they produced different specimen with different cell size. The
printing process parameters were optimized to avoid anisotropy factors that cannot
be predicted. Besides this, the stress relieving was applied. Stress — strain curves are

shown in Figure 16. The porosity does not present a significant variation for the two

cell types.
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Figure 16: Stress-strain curves for BCC specimen [46]
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Using this ISO standard leads to a fracture localization around the middle section of
the useful area of the specimen, but this result depended only on the small width of
this area. Substantially the results are driven and do not have much reliability: the thin
struts geometry induces a great load distribution over a small cross-sectional area. The
main failure mode is the initial fracture of an individual strut followed by the others in
the same plane. The specimen section should be greater with a larger number of struts
to be considered valid in relation to a wider case series. Furthermore, also in this study,
the gauge length is very reduced (less than 1/3 of the overall length).

e In two studies [47][48] the lattice cell is so small that the effect of the relative density
is confused with that of the porosity; for a better understanding a cross-section SEM
image is reported in Fig. 17. In these cases, the specimens are externally covered with
a solid layer of a few millimetres and the cell geometry is inaccurate. The mechanical
properties follow the trend of the density variation in the same way they would do

with a full-solid specimen with a ductile behaviour.

Figure 17: SEM image of a complete fracture morphology, Honeycomb lattice specimen [48]

e At the best of the author’s knowledge, only Soul et al. research [49] focused on the
fatigue behaviour of specimens with a diamond cell lattice of 45% relative density.

Furthermore, this study reported the information obtained from different lattice
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orientation depending on the cells spatial distribution and not on the printing

direction. According to the orientation, different fracture modes are obtained

Thanks to several results it is possible to assert that the external shape plays a significant role
in the definition of the mechanical properties. To be sure that the tensile tests are carried out
correctly, it is important that the extremities areas of the specimen are firmly hooked to the
machine grips. The geometry must allow for minimal misalignment during the tests, avoiding
a misinterpretation of the results. These are not the only recommendations, as it will be

discussed in the next paragraph.

2.3.6 Failure area

Almost each tensile test performed on various specimens by different researchers localized
the failure of the samples near the transition area from full-solid to lattice structure at the
extremes. In this region there is a drastic change of density and a significant concentration of
stresses. Thus, thanks to the increase of the intensification factor that regards the actual cross-
section, the failure occurs even if the specimen has not yet showed the elongation predicted
from its ductility. This latter can be evaluated with a good approximation, by starting from its

bulk material mechanical properties.

e Several authors [35][36][37][38][39][40][42] obtained failure at the extremes; this is a
problem because it depends on the drastic change of relative density at the transition
from the extremes to the inner lattice area where the section in no longer completely
filled. In this way there is no possibilities to evaluate the actual properties of the lattice
structure. This behaviour is not easily predictable using a simulation software because
it is very difficult to validate the material model without any experimental data. The
advisable procedure is to firstly detect the properties of a geometry close to the one
desired, obtained from subsequent optimizations. Then, thanks to this knowledge, it
will be easier to avoid the problem. Most of the specimen failure are similar to what is

shown in Figure 18
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Figure 18: Gyroid specimen failure at the extremes [41]

Dricker et al. [50] proposed an optimization in the load introduction geometry,
defining a custom lattice structure with Python script that automatically generates the
model. This geometry has the characteristic to gradually introduce load over the
specimen. Relative density change from the extremes to the centre because of a
variation of the struts diameter. A parametric model was defined inside Abaqus to be
analysed with nonlinear FEM simulation. The material model was calibrated thanks to
the properties evaluated from the experiments made on printed samples, tested for
tensile, compression and single-edge-notch bending (SENB). A representation of the
designed geometry is shown in Figure 19. The measurements for tensile test were
performed with DIC, applying a white aerosol paint over the specimen, and recording

the test with the cameras of GOM Aramis 4M system.
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Figure 19: Geometry and failure of specimen with gradual increase of struts diameter [50]

This last research is particularly considered for this thesis work as it is the only one that tried
to overcome the density transition problem, taking all the advantages of programming codes

and a simulation software.
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2.4 Literature review conclusion

The major findings of this literature review can be summarised as follows:

There is no correct standard that can be used to achieve consistent results with respect

to lattice feasible applications, but it is possible to create an ad-hoc geometry that fits

a non-lattice standard, for example ISOs referring to metals at room temperature

The mechanical properties mainly depend on several factors:

o

o

(@]

cell size: a lower cell size involves a higher stiffness

cell geometry: Gyroid, FCC and BCC are the most resistant geometries
building orientation: vertical orientation leads to better performances and
fewer defects, but for technologies like SLM the specimen geometry must be
suitable for this printing direction

post-processing: almost every post-processing treatment tend to weaken the
specimens

specimen geometry: it must be designed a geometry to avoid stress

intensification far from specimen centre

In each cases the properties vary in according to global and relative density. An

increase of the ultimate tensile strength always involves a decrease of maximum

elongation

The only accurate method to measure the deformations of complex lattice seems to

be Direct Image Correlation, even if the complete measuring systems are expensive. In

almost all cases it is not possible to use extensometers due to lattice geometry. The

only remaining solution is to consider the displacement of the test machine crossbar

with respect to the initial distance between the grips

To perform tensile tests, it is desirable to avoid failure across density transition areas.

The best method to achieve this result seem to be to gradually vary diameter of the

struts. The smoother it is, the better the sample resist to load exploiting the whole

lattice structure capacity.
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3. Materials and method

3.1 Specimen design

In this chapter the procedure followed to obtain the best geometry to be analysed and
manufactured, considering all the possible limits will be discussed. To create a model that can
be easily modified, the 3D CAD software Solidworks by Dassault Systémes was used. Thanks
to it, it is possible to export files in STL format, that is the one read by printing machines.

During the design phase process and printing space optimization was also considered.

3.1.1 Standard reference

The first step was the definition about which could be the optimal standard, since the aim of
this thesis is to give results as unequivocal as possible. Furthermore, considering the
geometries used in the previous research, with a limited gauge length and thus an easier way
to obtain the failure in the inner area, it is important the make an improvement that will led
to more technical analyses. At the end the selected one was the ISO 6892-1:2019 (see Fig. 20).
Thanks to this choice, the specimen length of about 150 mm can fit correctly into the printing
volume, and it was possible to insert more than one row of specimens, both vertical and
horizontal. In this way, the printing space is optimized, and the waste of materials and time is
minimized. Furthermore, this standard allowed to create a geometry which was neither too
small nor too big. Considering the dimensions that the cells of a lattice could have had, this
standard was optimal to be able to choose different types of structures that could adapt to it

and let the geometry easily editable during the design phase.
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Figure 20: 1SO 6892-1:2019 thin type specimen [51]

In Table 2 the measurements of the specimen are explained, the shown values are expressed

in millimetres.

Table 2: Specimen dimensions

Lo Preferred gauge length 50+0.5

Lc Length of narrow parallel-sided portions 751

Lt Overall length 150 £ 1.25

bo Width at narrow portion 125+1

Width at ends 18+0.2

ao Preferred thickness <3

r Radius 12.5+0.5
Initial distance between grips 87.5+0.2

This specific standard is utilized for thin specimens, under 3 mm of thickness, but in this case,

it would have been impossible to respect these limitations. To define a geometry, a multiple

dimension of the preferred thickness was chosen for the lattice cell size, which is 6 mm. Other

sizes were also initially considered, but at the end this one was the best to be working it, due

to printing problem with thinner structures. Moreover, it allowed to design specimens with

different internal struts angulation. All the motivations will be exposed in the next paragraphs.
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3.1.2 Optimal design

The first assumption is that the specimen must contain a lattice structure at least inside the
gauge length. Inside this area, it is desirable to obtain the failure because it is possible to

record more accurate data if the extensometer is used.

For metal printing, especially for L-PBF, it is not so easy to reproduce any lattice geometry.
During the design phase, it must be considered that in the production of parts with angles
lower than 45°, the presence of supports is preferably required. The supports can
counterbalance the recoater force and dissipate heat if necessary. With lower angles there is
the risk of breaking some struts causing part failure or noticeably increasing the downskin
surface roughness. This last phenomenon is known as dross formation. However, thanks to
the optimization of some parameters, it is possible to avoid them, relying on the desired
geometry. Viale et al. [52] studied the optimal set of parameters to obtain the best overhang
surfaces quality for inclined specimens. A similar but simplified work has been done in this

thesis, considering the inclined struts internal to the lattice structure.

Even with the use of optimal parameters, not every lattice type could be printed, for example
some TPMS cells like Schwarz-P have shown a high probability to collapse during the print or
immediately after when the specimens must be separated from the platform. Initially, the
simplest lattice structures were considered, but the majority of them, based on cubic cell,

presented horizontal struts, not printable without supports.

In this phase it is not important to choose the lattice type, because the first objective is to
define the external geometry, but since it was still necessary to represent the lattice with the

CAD instrument, some basic considerations have been conducted.

Referring to the scientific literature analysed in the previous chapter, the body-centered-cubic
(BCC) unit cell seemed to be a proper choice. In literature, it shows often very high resistance
[34][35][36][37] compared to the others, and it is easy to design. This choice is based on the

following considerations:

e Lattice structures are generally weak, especially if there are a few rows of unit cells (it

must be considered the middle of the tensile specimen)
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e Avoiding supports is desirable, because their removal is always a complicated process
and could cause parts breaking

e The best printing orientations are vertical and horizontal and producing an inclined
specimen would lead to the increase of supports

e Since these specimens will be tested for tensile resistance, they must be as strong as

possible

Once the lattice type was initially defined, the actual challenge was to create a geometry in
which the failure can be localised in the gauge length, because of stresses intensification. In
this first phase Solidworks Simulation Tool (Dynamic simulation) was used to obtain an initial
approximation of the most stressed point localization. Various possible solutions have been

evaluated and will be discussed below:

1. Firstly, it was thought to create a completely lattice structure:
This specimen could present the advantage of having stresses uniformly
distributed along the specimen through the struts, thanks to the absence of a full
solid component. However, it presents three main problems:
o Many lattice struts would be uncompleted near the fillet radius area,

being in this way useless for the load transmission (see Fig. 21)

Figure 21: Fillet radius area

o The external parts where the grips closes could collapse under the grips

clamping force because they’re weaker than a full solid part
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o The absence of a flat surface at the extremes of the specimen could cause

a sliding of the grips or a misalignment, invalidating the measured data
2. To solve the problems of the previous possible design, a solution was devised:

o To avoid the presence of uncompleted struts, the fillet radius area could
be replaced with a geometry that follows the unit cell. For example, struts
at 45° for BCC cell

o To avoid slippage or deformation at the extremes, support holes (one or

two for each gripping side) could be introduced

In Figure 22 it is presented an initial model for this design. Even in this case, there

are some relevant problems:

o This design absolutely don’t agree whit the selected standard
o The presence of the holes could increase the possibilities of an internal
collapse out of the gauge length area, the one in which we desire to

obtain the failure

Figure 22: Initial possible design for tensile specimen

3. Another possibility was considered: create simple joining elements between the full
solid area and the lattice in the centre of the specimen. A representation of this design
is reported in Figure 23.a. Unfortunately, this design didn’t allow to transmit uniformly

the stresses near the fillet radius area, as it is possible to see in Figure 23.b, containing
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the dynamic simulation carried out on the structure. The area immediately adjacent

the joining element is extremely stressed and leads to failure.

0.014(m)
]

0,0025 00075

Figure 23.a: Specimen with joining elements Figure 23.b: Dynamic simulation of the structure

4. Finally, considering the Driicker [35] work and the previous improvable models, an
appropriate specimen design was created (see Fig. 24): the main idea is to generate a
perfect density gradation from the extremes to the internal lattice, to reduce stresses
near the transition area. A simple dynamic simulation returned positive results for this
last design. The first adopted lattice was BCC, because of its previously discussed
characteristics. As it is possible to see, the geometry differs from the selected ISO
Standard, near the transition area. This modification was necessary to improve the
resistance of the gradually increased struts diameter. Inside the gauge length there are

no diameter variations.

Figure 24: Graduated specimen design with BCC lattice

40



3. Materials and method

3.1.3 Cell Design

In this thesis work, the main objective is to fully characterize lattice structure, not only
relatively to tensile behaviour, but also for compressive behaviour, to compare results with
those present in literature. The Body-Cubic-Centered (BCC) unit cell was chosen as the starting
point of the lattice structure design. The cell size is 6 mm with a truss width of 1.7 mm. The
struts are arranged inside a cube, connecting the vertices along the four space diagonals
intersecting each other in the centre of gravity, joined with a fillet radius of 0.4 mm along the
Z direction. This modification is necessary to avoid supports. Therefore, the cell is symmetric
only with respect to Z and Y planes. Each strut is inclined at 45°. In Fig. 25 the BCC cell unit is

shown.

Figure 25: BCC unit cell: side view (left) and isometric view (right)

The cubic geometry of the unit cell has been kept unchanged to avoid losing the desired
mechanical characteristics. However, this design choice entailed having to increase the
specimen thickness. This was not the only one adaption made to the standard ISO 6892 for

the BCC lattice structure: the reference specimen fillet radius area has been converted
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considering the struts’ diagonal planes not to be interrupted. The relative density gradient was
obtained increasing gradually the struts’ thickness inside the four cells located around the
cross - section changing area. The struts’ thickness has been increased continuously between
adjacent cells, starting from the base value of 1.7 mm up to more than 4 mm, obtaining a

completely fully dense cell towards the specimen extremities.

Another unit cell has been designed to avoid the fillet radius area modification of the standard
reference specimen geometry. This elementary cell has been named DROP, since it has a drop
shape cavity inside a parallelepiped volume. In this case, the geometry has been selected to
accommodate a more convenient surface roughness, following the guidelines of optimal
design for additive manufacturing. The cell height is 7.2 mm while the side of the square base
is still 6 mm. The minimum width of 0.94 mm is in correspondence of the central area. The
internal walls are inclined at 45°; in the next chapter we will refer to this angle when
considering the internal struts. The cell volume has been reduced by subtracting a cylindrical
column of 1.7 mm diameter passing in the centre of gravity along the Z direction. The relative
density transition has been imposed with the same criteria over four cells around the cross-

section change area. In Fig. 26 the DROP cell unit is shown.

Figure 26: DROP unit cell: side view (left) and isometric view (right)
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3.1.4 Tensile specimens

To characterize adequately the lattice structure behaviour through tensile tests, it was
appropriate to create a set of different specimens. Two major types have been designed, with
the respective lattice unit cells BCC and DROP. The first specimen has been already showed in

a previous paragraph. The second specimen is shown in Figure 27.

Figure 27: Graded specimen design with DROP lattice

In this case, the specimen was designed to keep the fillet radius area strictly respecting the
ISO standard geometry. In this way, it is possible to evaluate the different behaviour at the
transition area when the geometry is curved and when it is an angled bevel. These two types
of lattices own an important feature: both can be printed vertically and horizontally, as they

are self-supporting and do not need of any kind of external supports.

To be sure to have the most complete data collection as possible for tensile tests, the intention

was to print the specimens both with EB-PBF end L-PBF machines.
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For SLM, a set of four specimen types with different internal angled - struts were
designed. In this set, the internal struts are inclined by 30°, 35°, 40° and 45°. This
diversification allowed us to obtain information on the printability of thin struts and
on the incidence of defects, especially the dross-formation and the porosity. In Figure

28 (BCC) and 29 (DROP) the eight different specimens are shown.

Figure 28: BCC different angled specimen designs Figure 29: DROP different angled specimen designs

The intent was to print them both horizontally and vertically and highlight the
differences. This also could be a test for the printability of different angled lattice
structure that does not strictly follows the optimal design for additive

recommendations.

For EBM, only the two 45° specimens (the most stable and probably resistant) were
selected to be vertically printed; no one was selected for horizontal printing. Later, it
was chosen to print in addition a bulk ISO 6892 specimen, to validate some data which
could be useful for creating a predictive simulation model. Figure 30 shows the ISO

standard specimen design.
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Figure 30: Bulk ISO 6892 specimen design

3.1.5 Compression specimens

In this study, since the variety of problems encountered with SLM printing, after discussed in

the “Results” chapter, the compression specimens are designed only for EBM process.

The samples are developed with two different shapes for keeping the unit cell geometry

unaltered:

e The BCC sample has a cubic shape (Fig. 31) with a side of 18 mm

Figure 31: BCC compression sample
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e The DROP sample has a lightly parallelepipedal shape (Fig. 32) with an external cross

section of 18 x 18 mm and a height of 21 mm

Figure 32: Drop compression sample

Given the fact that specimens will be printed in metal, the presence of bulk parts at the
extremities is not necessary. The samples shape by its own provides a uniform distribution of

the load during the compression test.

Unlike some previous research, in this study we do not vary the size of the struts diameter or
the unit cell. All of this because this changing would be beyond the main objective of the thesis

and moreover it would lead to conducting an enormous quantity of tests.
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3.3 Manufacturing and testing

In this chapter, the production methods are explained in detail and the machines are briefly
described. Thus, the reasons that have led to the choice of the materials and their own

important characteristics are stated.

3.3.1 Materials

Initially, the intent was to use the same material, Ti-6Al-4V, for both printing technologies. In
this manner a further comparison it was possible, nevertheless some problems have been

highlighted and it was decided to opt for two different materials.

With SLM technology, there are many critical challenges associated with Ti64. Due to the high
cooling rates, the microstructure of the as-built components is mainly composed by o’
martensite [56]. Because of this, Ti64 parts processed with SLM often have high UTS but very
poor ductility [57]. Furthermore, these components can present more microstructural defects,
like porosity and balling, that affects the fatigue performances [58]. Moreover, the high-
cooling process, can significantly influence the crack growth behaviour, creating fractures

even on job, especially for thin structures [58].

For the reasons just enounced, the selected material for SLM printing was AlISi1l0Mg, which
allows to have excellent properties and that it has already been tested multiple times in many
previous research. Ti64 is used instead of EBM, as it is a hot chamber process, in which there
are no residual stress problems. The powders used are those supplied by both machine
manufacturers, respectively EOS and GE Additive. Below their data sheet are exposed in Table

3 and Table 4.
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Table 3: Ti-6Al-4V Data sheet

Table 4: Al-Si-10Mg Data sheet

Properties Value Properties Value
Yield Strength 950 MPa In Horizo?;s;:Direction
uTsS 1020 MPa Tensile Strength 460 + 20 MPa
Elongation 14% Yield Strength 270+ 10 MPa
Reduction of Area 40% Modulus of Elasticity 75+ 10 MPa
Fatigue Strenght @600 MPa > 10,000,000 cyc. Elongation (9+2)%
Rockwell Hardness 33 HRC In Vertical Direction (2):
Modulus of Elasticity 120 GPa Tensile Strength 460 £ 20 MPa
Specific Density approx. 4400 kg/mA3 Yield Strength 240+ 10 MPa
Apparent Density approx. 2500 kg/mA3 Modulus of Elasticity 70 £ 10 MPa
Meltin Point Range 1500°C to 1670 °C Elongation (6£2)%
Boiling Point 3287°C Brinell Hardness 5.37+0.27
Appearence Silver-Grey Fatigue Strength in Z approx 97 £ 7 MPa

3.3.2 Production

To guarantee the most explanatory analysis and gaining a collection with enough data, for
each different design, a set of five replicas is produced. No heat treatment is performed. As
said previously, the SLM specimens are fabricated vertically and horizontally. There were
some problems during the printing of BCC specimens, which are discussed later, in the final
chapter. Due to the impossibility of print them, only the DROP specimens with different struts
angle are printed. All the replicas are produced using the minimum number of supports
required, i.e., only at the platform. A stress relieving process is performed to minimize the
residual stresses and subsequently they are removed from the platform with wire EDM

process. This procedure, obviously, made the horizontal specimens more warped (See Figure

33).
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Figure 33: warped specimen produced with SLM horizontally

For EBM, in addition to the 45° BCC and DROP specimens, a Bulk specimen is produced
following the ISO 6892 standard definition. All three types are printed only along z-axis. There
is no need to use wire EDM in this case. For both machines, the build job is prepared using
Materialise Magics, arranging the specimens with the most possible uniform distribution and
considering the temperature gradient that could be formed during the job. When it was
possible, the samples are located symmetrically with respect to all axes and to the centre of

the platform.

For SLM the specimens are produced in multiple jobs because of printing problems and
despite this, the printing of five samples failed. In Figure 34 the set of 45° sample is shown to

notice the print quality.

For EBM only two jobs are performed, one for the tensile specimens and the other for the
compression ones. No printing problem is encountered for the first job. All the compression
specimens are printed with two different scanning technique, to which until now, we will refer
as NET and MELT. The first technique is characterized by the passage of the electron beam

only on the contour lines. These ones consist of concentric lines that starting from the external
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contour of the geometry sliced and spaced apart by a length equal to the hatch distance. By
doing so, it might be possible that the beam did not completely hit the whole selected section.
The MELT technique, instead, allows the beam to cover the internal area in addition to the
contours. The DROP compression samples obtained with MELT technique present some

defects, and some broken struts, the others were intact.

Figure 34: 45° struts angled Drop specimens obtain with SLM

3.3.3 Machines and testing

The experimental work took place in the IAM@POLITO laboratories at “Politecnico di Torino”.
Numerous additive machineries are supplied here. For this thesis, two main machines have

been used:

e EOS GmbH, EOSINT M270 Metal, based on DMLS technology (LPBF process). Ideal for
direct, cost — effective production of high-quality metal products [53]. It has a printing

volume of 250 mm x 250 mm x 250 mm with a 200W Yb-fibre laser
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e GE Additive, Arcam A2X, based on EBM process. It is well suited for high productivity
with a multibeam technology and large build volume of 200 mm x 200 mm x 380 mm

[54]. This metal printer uses a 3 kW electron beam.

For the characterization of the specimens for tensile and compression behaviour, EASYDUR
AURA 10T machine is used [55]. This is an Italian universal testing machine, useful for tensile,
compression, flexion, and shear tests. It uses EASYQS software, that is direct and easily

interpretable, leading a maximum load of 100 kN. The machines are shown in Fig. 35.

Figure 35: Machines used for the thesis; from left: EOSINT M270, ARCAM A2X, EASYDUR AURA 10T

3.3.3.1 Tensile tests

Axial tensile test was performed at room temperature with a strain velocity of 2 mm/min, up
to the complete failure of the specimens. For all SLM samples, the extensometer is not used,
and the elongation is simply recorded considering the displacement of the upper crosshead
with respect to the other at the bottom. In this case, the reference length is set to 97.26 mm,
which is the initial narrower distance between the closed grippers. For EBM samples, the
extensometer is used, and the gauge length is set to 50 mm. The load and the elongation data
are acquired with a rate of 500 Hz by the machine software and a text file containing all the
data was exported for each test. For evaluating the stress — strain curves, the minimum

nominal cross section is considered, calculated with the CAD software. In this work, this area
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is named Sp, the initial reference distance is called Lo, the load is renamed as F, the measured

displacement is 6 and the equations used to calculate stresses ( 0 ) and strains ( € ) are reported

below:
g = 1
SO ( )
= 2
& ; ( )

As already described above, the lattice structures have never been fully characterized by
traction. For this reason, considering the few examples present in the literature, due to the
fragility of the thin struts, presumably the curve will not present an evident yielding point.

Probably the curve will have a very similar trend to that shown below in the Figure 36.
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Figure 36: common stress — strain curve [61]

The maximum recorded stress represents the UTS, and the maximum strain is the elongation

at failure A% of the structure. To evaluate the tensile Young Modulus the Equation 3 is used:

62 - 61
E = —Sz _— 3)

For this equation, two points must be selected inside the linear elastic region of the curve. If

possible, the yield stress will be evaluated considering the RP02, referring to the ISO standard.
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3.3.3.2 Compression tests

Compression tests have been performed at room temperature with a speed rate of 2 mm/min
which are stopped only when densification is clearly noticeable. Gibson and Ashby [1] already
studied the compressive behaviour of cellular solids, observing a recurring trend characterized
by three main stages, which are already described in detail in the Review chapter. The

compressive trend is shown in Figure 37.
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Figure 37: scheme of a compressive trend of a lattice structure from experimental results [62]

It is possible to highlight which is the effective failure point of the structure. The first failure
point corresponds to the UCS* of the lattice, where the strain reaches his elongation at failure
A%*. In the definition of the used abbreviations, the asterisk indicates the reference to the
first point of failure. After this point, a series of increases and decreases in strength follow one
another, while the structure compresses on itself until the densification finally occurs. For the

evaluation about stresses and strains, the Equations 4 and 5 are used:
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o'_——o (4)
= — 5
£ = - ()

The area subtended until the UCS* by the curve represents the absorbed energy per volume

unit. To calculate the absorbed energy W*, the integral formula reported in Equation 6 is used:
A%*
w* = f SdeV* (6)
0

In this latter equation, the value of V* represents the volume of the structure, which is easily
obtained dividing the mass of the samples for the density of the material. Moreover, the
nominal volume of the structure can be obtained thanks to the CAD software. In the same

manner as the tensile test, the Elastic Modulus E” is evaluated with the Equation 7:

,_ 02— 8
E ——82_ o (7)
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3.4 Simulation model calibration

Besides the experimental observations also finite element analyses (FEA) are conducted to
investigate the deformation behaviour of the tensile specimens in detail. This work was done
for the EBM samples since they are all printed in one job with the same parameters and
conditions, including the BULK batch. The FEA is performed using Ansys Workbench
Mechanical APDL. Many studies in literature [63][64][65][66] highlighted how the elastic
modulus can vary of less than 1% with respect to different printing orientations. Since the EBM
specimens were all printed in the same spatial direction, the BULK specimens data were used
for the generation of the TI-6Al-4V material model with isotropic elasticity. First, the average
property curve of the five tested replicas are obtained by using interpolation on MATLAB. To
create the model, the true stress together with the true strain results have been calculated.
To simulate the gripping phenomenon and the tensile load, many reference nodes of the
planes around the full-solid extremities are used to apply the boundary conditions,
corresponding to the actual grips location. A scheme of the model is reported below in Figure
38, where the yellow planes incorporate all the nodes with a displacement vector and the blue

ones corresponds to the fixed support.

Figure 38: BULK specimen simulation model with applied constraints
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Moreover, two nodes 50 mm apart are selected symmetrically from the centre of the
specimen to simulate the measurement of the extensometer. The simulation done on the bulk
specimen itself served to calibrate the model and to obtain data to define the multilinear
isotropic hardening layout. To obtain a perfect match between the simulated curve and the
experimental one, three iterations were performed: the curve points obtained from the first
simulation were interpolated with the actual experimental curve and then with the following
simulations consecutively, obtaining in that way a correct representation of the mechanical

properties. In Figure 39 is reported the final multilinear hardening model of the material.
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Figure 39: Multilinear isotropic model data for Ti64

The calibrated material model is than applied to the lattice structure models. To reduce the
simulation time, planar symmetries were imposed on BCC and DROP specimens geometry.
The simulation is performed by exploiting the Static Structural analysis system of Ansys
Workbench, setting a rigid constraint at one end of the specimen and a linear displacement
vector on the opposite side (the displacement increase linearly with the simulation time). A
mesh of tetrahedral elements is generated, by using an aggressive mechanical quality check
and an adaptive sizing command, to ensure the avoidance of mesh errors in the transition
zone, since it is the most critical one. The mesh dimension for the BULK specimen has a

maximum size of 7 mm as the geometry does not have portions thinner than this measure.

56



3. Materials and method

Contrariwise, the lattice specimens have many thin struts, and it was considered appropriate
to use a mesh size at least equal to half of the strut if possible. For the BCC structure a mesh
of a 0.6 maximum dimension was selected. Figure 40 shows a portion of the specimen model

with the generated mesh.

Figure 40: BCC specimen model meshed body
Below in Figure 41 is reported a scheme of the applied symmetry and conditions on the BCC

structure model.

Figure 41: BCC simulation model with constraints applied
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For the DROP specimen model, considering some particularly thin points of the structure, an
adaptive mesh with a maximum dimension of 0.25 mm was generated, to obtain more
accurate results without making the calculation process too heavy and avoiding spending
many hours to carry out the simulation. An image representing the mesh of this specimen

model is reported below in Figure 42.
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Figure 42: DROP specimen model meshed body

The analysis is set on quasi — static behaviour to get more accurate results. Since the material
model is time — independent, the explicit dynamic solver is used to improve computational
efficiency and additionally the mass scaling option is enabled. From the simulation results it
was possible to extrapolate the displacement (in millimetres) of the simulate extensometer
nodes and the average reaction force of the nodes belonging to the faces subjected to
constraints. The adaptive mesh refinement was set to obtain the mesh and output
convergence together. The mesh convergence option allow the software to automatically
modify the mesh size of the most critical area making iterative simulations until it gets the
best output values. The max refinement loops and depth were set to three iterations. Thus, a
“convergence” tab was applied to the equivalent stress allowing a maximum value change of
2%. All the obtained data are processed thanks to MATLAB software to derive the simulated
force — displacement curve, comparable with the experimental ones, without the influence of

the effective cross — section measurement.
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4. Results and discussion

In this chapter, all the obtained data from testing procedures are exposed and analysed. As
already mentioned, not all specimens have been tested, because some of them broke during
the printing process or during the removal procedure. In the next paragraphs all the problem-

-related causes and the choices done during the evaluation of the data are explained in detail.

4.1 Tensile mechanical behaviour of EBM specimens

The tensile specimens produced with EBM did not need a stress relief treatment, hence they
are tested in as-build condition. As previously discussed, there are no previous tensile studies
on lattice performed according to a standard, so the results differ enormously between one
research to another. Despite these discrepancies, the general observed trend is similar to that

of any other ductile metal full-dense specimen.

The first step is to analyse the replicas data obtained for every specimen type batch. The
following graphs show the acquired load — displacement values, without any further
reworking. Stress and strain values will be shown subsequently, considering the calculation

procedure explained in Chapter 3.

e The BULK specimen curves are reported below in Fig. 43. Both in the elastic and the
plastic region, the curves overlap without significant discrepancies. However, it can be
noted that the value of the displacement at break varies within a 1 mm range, a rather

high value, equal to 25-30% of the total measured extension.
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This spread phenomenon can be explained by misalignment occurred during the test
and considering the presence of small defects of some layers, detectable with the

naked eye on the external surface, which may have affected the tensile resistance.
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Figure 43: BULK specimen load — displacement curves

The BULK specimen presents mechanical characteristics that are not perfectly in
agreement with those listed in the powder data sheet. The UTS and the RP02 turns out
to be about 20% lower, with the average values of 796.17 + 5.2 and 749.85 + 5.84
correspondingly. This situation is perfectly explicable considering that the machine
parameters set up for this job are not the same used by the company that released the
property declaration table. For completeness, the images of the fractured specimens

are shown below in Fig. 44.
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Figure 44: fractured BULK specimens after tensile testing

For what concern the experimental testing of the BCC lattice specimens, the acquired
load — displacement plots are reported below in Fig. 45. Also in this case, the curves
hare very similar to each other, overlapping almost completely and having almost the
same mechanical characteristics. The only exception concerns the sample C3, which
was subjected to a considerable slipping of one extremity. This specimen, in fact, was
put in uniform tension only after the beginning of the test, at the point where the
machine crossbar had already moved the other extremity by 0.3 mm. It can be seen
from the corresponding plot that the curve becomes linear (elastic region) starting
from that displacement value. Therefore, that specimen shows an overall
displacement at break value greater than all the others. Regarding the other curves,
the detectable non-uniformities among the displacement at break values agree with
the variability of porosity, especially within the thinnest struts, and with the presence

of small layers defects and misalignment during the tests.
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Figure 45: BCC specimen load — displacement curves

All the failures were located within the useful narrowed section portion. The failure
always occurred along a plane perpendicular to the printing direction, at the points
with the smallest cross - section values (equivalent to So 14.88 mm?), as expected. One

of the fractured specimens is shown In Fig. 46 with two different view angulations.

Figure 46: fractured BCC specimen after tensile testing

62



4. Results and discussion

It is worth noting that looking at the struts, during the test, there was no evidence of
shrinkage, however this evaluation is not so trivial since the small size considered: the

BCC struts diameter measures 1.7 mm.

e The load — displacement curves obtained from the experimental testing of the DROP

lattice specimens are reported below in Figure 47.
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Figure 47: DROP specimen load — displacement curves

The curves do not show perfectly homogeneous behaviours, due to some
misalignments. There are two specimens showing anomalies. The sample D3
underwent two misalignments which occurred during the test around the point
corresponding to a displacement of 0.15 mm and 0.3 mm, in which it is possible to
observe a curve side-shifted movement. This issue affected the maximum detected
force value and the displacement at break value, greater than the others, but not
excessively. The sample D5, instead, underwent a misalignment at the beginning of the
test, distorting the starting point of the linear elastic region, leading to a lower
displacement at break value. All the other detectable non-uniformities among the
curves agree with the restrained variability of properties and small defects of different

samples. The failure locations occurred within the useful narrowed section portion
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only three times out of five, the others occurred close to the end of the density gradual
variation area. Although the geometry of these specimens was studied ad hoc to cause
a failure inside the gauge length, the influence of porosity and the concentration of
micro-defects within the thinner struts of the transition area may have weakened
them. Each fracture area presented a distribution along a plane perpendicular to the
printing direction, at the points with the smallest cross - section values (equivalent to
S0 6.5 mm?). The failure occurred immediately after reaching the maximum force value
(and so the UTS). No evidence of struts shrinkage was detected, considering the
complexity of observing such a small structure: the struts diameter measures less than
1 mm. One of the fractured specimens is shown In Fig. 48 with two different view

angulations.

Figure 48: fractured DROP specimens after tensile testing

The second step is to analyse the behaviour of the two structures BCC and DROP and

comparing their curves whit the Bulk specimen one.

Figure 49 shows the comparison of the three specimen types, including five replicas each,
produced with EBM. In general, these specimens showed a great repeatability of the results.
As it is possible to observe immediately, the properties are very different from each type. The
young modulus of the BCC specimen is considerably lower than the Bulk one, unlike the DROP
sample, which has a closer value. Contrariwise, the elongation at break of the BCC specimen

is more than five times higher than the DROP one. These two aspects are very significant: the
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lattice type may affect the elasticity of the structure in an extremely different manner, and
although it is apparently more deformable, it does not necessarily have a higher elongation
than the Bulk specimen. In this case, the brittleness of the material played a key role. The
DROP specimen breaks almost without plastic deformation, but it has a tensile strength
comparable to the Bulk one, while the BCC sample has about half the resistance. As it is

possible to see looking at the curves, one BCC sample presents a different behaviour, due to

a slippage.
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Figure 49: BCC, Drop and Bulk specimen EBM tensile curves

As specified in the paragraph 3.3.4, the main properties have been evaluated by considering
the nominal minimum cross section So, calculated from the CAD file. Table 5 shows the average

values of the mechanical properties for each specimen type.
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Table 5: Average properties of each different EBM tensile specimen

Structure RP02 [MPa] UTS [MPa] E [GPa] A% Porosity* [%]
BULK 749.85+584  796.17 £5.2 127.7+7.7 7.16 £1.01 -
DROP 686.61+8.62 706.97+14.1 140+ 16.8 0.89+0.75 53.84%

BCC 241.19+2.06 351.49+3.13 19.8+4 5.37+0.17 62.14%

In Table 5, the porosity is calculated considering the ratio between the nominal empty volume

of the CAD model and the overall volume of the lattice unit cell.

It is worth noting that the young modulus of the DROP specimen has a higher value than the
Bulk modulus, this might seem an unusual feature for a lattice sample. However, it must be
reminded that all calculated values are based on the assumption that the equivalent cross-
section is the absolute minimum one over the entire gauge length. However, the section value
changes considerably according to the point of the specimen observed. If the maximum
detectable value of the cross-section were used instead, it would be observed an elastic
modulus lower than the BULK one. Neither choice can be considered right, but only a decision
to keep in mind while reading the data. Considering the definition of the Young’s Modulus,
that is a measure of the resistance to elastic deformation, it can be stated that the lattice
entire specimens have a lower resistance, in fact, they plastically deform faster. A further
aspect of uncertainty concerns the interpolation of the curves, especially as regards the
modulus between the BULK and the BCC specimens which have very close values (less than

10% difference).

The obtained data, unfortunately, based on only two types of unit cells, cannot be used to
create a predictive linear or non-linear relationship as it was already done in the past for the
compression behaviour [1]. The only possible consideration is that by increasing the overall
porosity of a lattice structure, i.e., decreasing the relative density, leads to lower UTS. The

behaviour in the elastic region strictly depends on the lattice design.

4 This value is considered as the complementary of the relative density; it is not considered for the BULK specimens
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4. Results and discussion

4.2 Tensile mechanical behaviour of SLM specimens

In this case, the produced samples are differentiated in two ways:

e Vertically (Z-axis) or horizontally (XY-plane) printed. The first letter of the samples
nomenclature on the graphs indicates the direction: V for vertical and H for horizontal ones

e Different angle of the lattice struts (30°, 35°, 40° or 45°). The number that indicates the
struts angulation is reported after the first letter. Eventually a second number from 1to 5

indicates each single specimen

As already mentioned, only the DROP specimens have been successfully printed and tested,
with a total of 34 samples. Below are shown the curves for every batch of tested specimens in

Figures from 50 to 57. The first four figures show the horizontal specimens, while the last four

show the vertical ones.
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Figure 51: Stress-strain curve of SLM XY-plane 35-deg specimens
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Figure 52: Stress-strain curve of SLM XY-plane 40-deg specimens Figure 53: Stress-strain curve of SLM XY-plane 45-deg specimens
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To better highlight the trend of these samples, in Figure 58 and 59 the average curves of

every batch are shown.
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Figure 58: Stress-strain curve of SLM XY-plane specimens
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Figure 59: Stress-strain curve of SLM Z-axis specimens

These lattice structures, due to the manufacturing process, possess a transient zone where

stresses concentrate even if a stress relief treatment is applied. Thus, the linear elastic region

is prevalent. Moreover, the anisotropy of the mechanical behaviour can be evidenced:

e Plastic deformation is almost absent in XY-plane specimens. They broke as soon as they

reached the UTS

e Z-axis printed samples presents lower stress values but almost the same average

elongation at break

e UTS values are considerably dispersed when compared with those obtained with EBM

process

Tensile test results for both vertically and horizontally printed samples are reported below in

Table 6.
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Table 6: Average tensile test results for SLM specimens

Structure Z-AXIS
RPO1 [MPA] UTS [MPA] E [GPa] A%
30° 288.69 + 8.15 420.69 +6.31 43.85+2.41 1.04 +0.09
35° 270 £7.98 400.31 +5.47 42.08 +3.85 1.03 £0.05
40° 249.51+7.59 372.82£5.23 39.8+0.96 1.01 £ 0.05
45° 235.6516.01 322.46 £13.14 37.14+2.65 0.93+£0.09
Structure XY-PLANE
RPO1 [MPA] UTS [MPA] E [GPa] A%
30° MISSING 475.98 42.28 0.96
35° MISSING 466.75 £ 23.12 41.76 +2.64 1.00+0.12
40° MISSING 457.72+ 17.59 39.04+1.79 1.08 £+ 0.04
45° MISSING 360.97 £21.03 36.17+1.01 0.92 £0.06

It is important to highlight that the 30° XY-plane batch results have been evaluated on one
single specimen as the others broke during the removal process. The plastic deformation
region of the curves is so limited that it is impossible to calculate RP02. Hence, for the Z-axis

batch, RPO1 was calculated, while for the other batch not even this property was evaluable.

The mechanical properties depending on the different angle of the lattice struts can change
significantly: the 30° struts allow to have better properties among all. In this case, for XY-plane
samples, that have the higher strength values, the UTS is about the 87% of the Bulk one
(specified on data sheet), and the elastic modulus about the 57%. The elongation at break for

every sample is about 10 + 15 % of the Bulk property.

For both SLM batches, the failure point is randomly distributed in the reduced section area,

but most of the time outside the gauge length. In this case, the preliminary dynamic simulation
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performed on the CAD model could not foresee this behaviour. The 45° XY-plane broken

specimens are showed in Figure 60.

Figure 60: Broken 45° XY-plane SLM specimen

It is worth noting that for SLM process, it was impossible to print correctly all the BCC
specimens, as they failed during the job itself or the removal procedure. All the BCC samples
broke in the transition zone from full dense area to lattice area, even if a smooth density
gradation was present. The DROP samples succeed to print but only after many attempts by
varying the process parameters. In any case, with considerable difficulties during their
removal. All the horizontally printed specimens were deformed during the removal assuming
a curved shape. Four of the five horizontally printed 30°-struts specimens and one 40°-strut
vertically printed specimen failed during the removal with wire EDM procedure. This problem

has been carefully analysed: hardness tests have been performed on those failed specimens,
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since there were doubts about their behaviour, related to residual stresses. The detected
hardness values were compliant and not higher than expected after the annealing process,
confirming a correct stress relieving. The most likely reason for the failures is that this specific
graded design, due to the process characteristics, leads to a stress concentration near the
transition zone, especially inside the lower cross-section area. This type of stresses cannot be
individuated by carrying out a simple software simulation because they depend on the process
parameters combination that can differ according to the technology, the machine used, and

the geometry of the parts printed.

4.3 Compressive mechanical behaviour of EBM specimens

As discussed before, the compressive behaviour of a generic lattice structure is characterized

by three main stages:

1) Elastic region: the stress increases until the first main collapse
2) Progressive collapse of the layers
3) Densification: the lattice assumes the same behaviour of the bulk material as it is too

much compressed and loses his initial deformation properties

The trends obtained in the present work are not all perfectly in agreement with the
compressive mechanism proposed by Gibson and Ashby [1] or with those observed in the

literature. The Figure 61 shows the curves for every batch of tested specimens.

72



4. Results and discussion

950

850
800

700
650 |
600 |
& 550 |
= 500 +
@ |
@ 450
@ 400
350 |

250 |
200
150
100 |
50

1600
1500
1400
1300
1200
1100
1000

900

800

Stress [MPa]

700
600
500
400
300
200

sample a
sample b
sample c
sample d
sample e
I L L L L L
0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain
(a) BCC samples produced with MELT scanning
T —— — — — T
sample a
sample b
sample ¢
sample d
sample @
L | I L 1
0.05 0.1 0.15 0.2 0.25
Strain

(c) DROP samples produced with MELT scanning

Stress [MPa]

03

1600

1500 }
1400 f
1300 }
1200

1100
1000

900
800

700

600 |
500 f
400
300 f

200
100

sample a
sample b
sample ¢ |
sample d
sample e

0.1 0.2 0.3 0.4 0.5 06 0.7
Strain

(b) BCC samples produced with NET scanning

sample a
sample b
sample ¢
sample d
sample e
L ! L L
0.05 0.1 0.15 0.2 0.25 0.3
Strain

(d) DROP samples produced with NET scanning

Figure 61: Stress — strain plot of compression test performed on EBM specimens

Figure 61 shows four different cases; the first two (cases a and b) represents the curves of the

BCC specimen produced with two different scanning technique, MELT and NET, previously

explained. The last two trends (cases ¢ and d) show the experimental results of the DROP

samples. As it is possible to see, only the trends of the BCC specimens are exactly as expected.

This depends on the different failure mechanism of the two lattice types:

The BCC lattice breaks gradually starting from the top where the load is applied; each plane

of unit cells collapses on itself around the point where the cross-section is smaller. At the

same time the entire structure slightly expands but manages to resist and does not present
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the typical 45° failure. This behaviour is not attributable to auxetic properties, because the
Poisson’s ratio is positive. During the compression, some of the external thinner struts are
projected outward at high speed. Figure 62 shows a schematic representation of the

breaking mechanism.

Figure 62: Failure behaviour of BCC compression specimen

e The DROP lattice breaks down in a completely different manner; when it reaches the first
maximum stress point, the structure abruptly collapses sliding simultaneously along a
horizontal direction. The upper part engages with the lower part interrupting the test.

The joint is made possible due to the sample design. Figure 63 shows this failure

mechanism.

Figure 63: Failure behaviour of DROP compression specimen
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The most important aspects regarding the compression test results are the following:

1)

2)

3)

4)

5)

6)

MELT scanning methodology leads to more dispersed results than NET

For BCC specimens the failure of the NET structure occurs at a stress 15% lower than

the MELT one but at almost half of the strain

For the DROP specimens, the failure of the NET structure occurs at an average stress
and strain 5 + 15% higher than the MELT one

DROP samples are more than two times stronger than BCC and reach a similar
elongation

The elastic modulus differs by approximately 5% between the two scanning methods.

For the respective specimens, higher values are obtained with the NET method

The fractures of both specimens are on a plane and not at 45°. It must be considered
that these lattices, compared to the classics tested in the literature, are coarse and
along the unit cell there is a considerable cross — section variation (even an order of

magnitude)

Each DROP compression specimens printed with MELT scanning technique presents at least

one broken strut already in the as-built condition, as visible in Figure 64.

Figure 64: EBM MELT DROP compression specimen with broken struts
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It is important to consider that, the points where the structure fractured are extremely thin
and the program that controls the printing process, it may have problems trying to define their
internal geometry for the beam passage on the section. The broken struts are randomly
distributed, but always on the outer contour, where the beam made fewer passes and

therefore did not have the opportunity to properly melt all the powder.

As said in the paragraph 3.3.3, the main properties of the samples have been evaluated
considering the nominal minimum cross-section. The average properties values for each batch

are listed in Table 7.

Table 7: Compression specimens average properties

Structure UCS* [MPa] E* [MPa] A%* W* [MJ]
BCC MELT 481.04 + 46.3 4988 + 1126 21.7+2.21 1270+ 112.16
BCC NET 414.17 £ 20.26 5255 + 587 1243+1.71 605.3 + 66.4
DROP MELT 1194.34 + 306.2 18213 + 2678 14.34+4.94 3132 + 1475
DROP NET 1248.1 + 166.6 19040 + 1748 16.53+1.21 4232+ 615

One important consideration can be made immediately, by simply looking at Table 7. The
distribution is highly skewed. Table 8 shows the ratio between the standard deviation and the

mean of the values for each batch. This ratio is reported as a percentage.

Table 8: Standard deviation above mean ratio for compression tests

BCC MELT 6.72% 15.87% 7.99% 6.68%
BCC NET 3.66% 7.25% 9.88% 7.93%
DROP MELT 16.94% 9.57% 23.52% 34.57%
DROP NET 9.04% 6.60% 4.83% 11.10%
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It is worth noting that some data are very scattered (see the bold ones). Ultimately, for the

compression data of the analysed batches, there is not a good repeatability.

From the results collected, it is impossible to define a behaviour predictive law, because the
differentiation is too poor, but the four batch average values can be compared to the Gibson
— Ashby model [1]. This model relates the relative strength and the relative modulus of a
cellular structure with its relative density. The relations are made with the bulk material
values. The model assumes the form of a positive power relationship with a coefficient “C”
that depends on the different unit cells and an exponent “n” which depends on the other hand
on the dominant behaviour of the lattice structure (bending or stretching) (See Equations 8

and 9).

Z-c(g) ®)
==& ©)

Considering a bending dominated lattice structure, the proposed exponents “n” is 3/2 for the
Equation 8 and 2 for the Equation 9. In this work, the properties of the bulk specimen are not
tested, but the elastic compressive modulus Es is reported in the material data sheet. The UCSs
is assumed to be equal to 1000 MPa. By doing so, it is possible to use both the equations. For
the metallic cellular structure, the model predicts the coefficients “C” range of [0.1 — 4] and
[0.1 — 1] respectively for the two relationships [67]. Figure 65 shows the bi-logarithmic
diagrams in which the experimental results and the extreme limits of the proposed model are

presented. In this diagram the power laws limits are the two straight lines.
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Figure 65: comparison of experimental data with the prediction of Gibson-Ashby model

As itis clearly visible, the results agree with the model, since the data points are located within

the range, inside the coloured area. The two dots at the bottom represent the MELT and NET

batches of the BCC specimens. The upper ones are the DROP samples results. The nominal

relative density of the BCC sample is 37.86%, while the DROP one is 46.16%. Unfortunately,

this work samples lattices are not comparable with those of other researchers, as they were

created ad hoc.

4.4 EBM lattice compressive and tensile properties

The results obtained for the compressive specimens are more scattered than those obtained

for the tensile ones. It is possible to compare the batches printed with the MELT scanning

technique, for which the detected compressive properties show considerable fluctuations.

The BCC lattice samples show an ultimate compressive strength higher than the ultimate
tensile strength of by an average of 130 MPa, with a deviation almost 15 times higher.
The Young’s modulus from tensile test ranges between 16 and 24 GPa, while in quasi-
static compression it ranges between 4 and 6 GPa, therefore being on average 5 times

smaller.

The DROP lattice samples show an ultimate compressive strength higher than the

ultimate tensile strength of by an average of 490 MPa, with a deviation almost 21 times
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higher. The Young’s modulus from tensile test ranges between 123 and 157 GPa, while in
guasi-static compression it ranges between 16 and 21 GPa, therefore being on average

7.5 times smaller

The obtained results for the specimens printed with the NET scanning technique are
substantially similar. The trends experimentally observed generally agree with the literature
results introduced by Raghavendra et al. [68]. The compressive strength of these lattice
structures are superior to the tensile ones, while the resistance to elastic deformation under

compressive quasi-static loads is smaller, inducing earlier a plastic behaviour.

4.5 EBM and SLM lattice tensile properties

Since the DROP specimen with 45° struts has been produced with both the printing
technologies, a comparison can be made, even if the materials are different. The properties
of the AISi10Mg SLM specimens are significantly lower than those of the bulk material. The
UTS and the Young’s modulus of the Z-axis specimen are equal to 60% of the Bulk. For the Ti-
6Al-4V EBM specimens, the properties are much higher in percentage: the UTS is
approximately the 90% and the elastic modulus is even 17% higher. The peculiarity is that the

elongation at break point in both cases is practically the same.

79



4. Results and discussion

4.6 Simulation model results

The curves obtained by the simulation are reported below, compared to the experimental
ones, shown in Figure 66 and Figure 67, representing the mechanical behaviour of BCC and

DROP specimens.
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Figure 66: BCC simulated vs experimental Force — Displacement curve
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Figure 67: DROP simulated vs experimental Force — Displacement curve
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The curves shown above are deliberately stopped at the minimum value among all the

specimens’ elongation at break. The average experimental curve is calculated only until the

lowest breaking value among all the specimens, since beyond it would no longer represent an

arithmetic mean of five curves.

From the depicted force — displacement curves in Figure 66 and 67, some considerations can

be made:

The different behaviour of the simulated BCC and DROP models can be highlighted,
looking at the orange dashed curves. The two structures show a similar resistance
trend, with a difference of approximately 275 N of the maximum force value.
Noticeable higher displacement at break values are detected for the BCC model with
respect to the DROP one: on average 2.5 mm and 0.44 mm, respectively. It is possible
to recognize the linear elastic region of the two curves, with some approximation, due
to the absence of a clear transition to the plastic behaviour: the BCC elastic region ends
at about 0.2 mm, i.e. 8% of the overall displacement, while the DROP elastic region
ends at about 0.1 mm, i.e. 23% of the overall displacement. Considering the area under
the curve, since it is not a stress-strain curve, no considerations can be made for the
toughness. Summarizing, the BCC model presents a lower extension of the elastic
region with a greater elongation capacity and higher mechanical properties.

It is possible to highlight that the general trends exhibited by the simulated model are
the same showed by the actual specimens if we compare the two lattice structures,
looking at the blue curves. The DROP specimen shows lower performances: it fails
earlier with less than the 20% of the overall displacement of the BCC structure and it
reaches approximately 620 N less (equal to 12%) of maximum force. The plastic
behaviour for the BCC specimen is observed in correspondence of the 14% of the
overall displacement, while for the DROP specimen shows it on 30%.

Each lattice structure simulated results can be compared to the experimental data.
Table 9 resumes the simulated and experimental more significant values, considering
loads and displacements, instead of stresses and strains, avoiding reporting errors

related to the cross-section measure.
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4. Results and discussion

Table 9: Main evaluated results from load-displacement curves - FEM simulation and experimental data comparison

Structure Simulated Experimental Error [%]

Force at the end of the elastic region [N]

DROP 3130 2667 14.8%

BCC 2330 2250 3.4%

Maximum force [N]

DROP 6780 4560 32.7%

BCC 7055 5181 26.5%

Displacement at break [mm]

DROP 0.4647 0.4448 4.8%

BCC 2.5828 2.686 3.9%

As it is possible to observe, the simulated behaviour has higher mechanical properties in
general. Potentially there are some systematic errors that go beyond the performed FEA

consistency. The main influencing factors are the following:

e The model does not consider any kind of presence of defects such as porosity, surface
roughness, partially unmelted powders, actual struts diameter and macro deformations
of the structure

e The simulation, however precise it may be, does not consider the effect that the EBM
process has on a lattice component compared to a solid one. The local properties of the
central structure of the specimen differ from those of the extremes. All of this because
the thermal energy is uniformly distributed over a constant solid section, while its
dissipation is not homogeneous on the lattice sections. These are characterized by the
presence of numerous parts in which the powder must not be melted, but very close to

each other
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4. Results and discussion

Considering that the bulk specimens have been produced in the same job of the lattice ones,
it is reasonable to think that the material properties are very similar for all the three specimen
types. Thus, reading the stress values obtained from the simulations, which does not consider
the actual cross-section measure, we can compare the Bulk UTS with the stress values
obtained from the simulations, knowing that the specimens broke immediately after reaching
their maximum stress. In this way, the presumable force and displacement values at failure
are cautiously obtained. Moreover, the evaluation of the results must consider the
convergence of the simulation parameters. In particular, the simulation curve can be
reasonably stopped at the point where maximum residual forces and maximum stresses both

converge. Figures 68 and 69 shows the stress results from the FEA simulation.

Figure 68: Failure localization for BCC specimen simulation (1/4 of the CAD model)

Figure 69: Failure localization for DROP specimen simulation
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4. Results and discussion

Figure 69 shows the simulation stress results for the DROP specimen. As it is possible to see
the figure clearly indicates the most probable failure points, where the thinner struts have less
than 1 mm of width. The maximum stresses is reached exactly in the fracture initial point
obtained experimentally. Even the BCC specimen failure localization showed in Fig. 68 agrees
with the experimental one. Furthermore, it is possible to extrapolate the displacement at
break values for the two lattice simulations and compare them with the data obtained from
the tensile tests (see Table 5). These results are obtained with an error of less than 5%,

therefore they are very reliable.
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5. Conclusion and future developments

In the present work the design, the production, and the testing of EBM and SLM suitable lattice
specimens for the tensile characterization have been performed. The review of the literature
highlights how well the previous studies have been conducted only in the compression
conditions, while there is a deep lack of knowledge regarding the tensile properties. The
present study focused on this specific characterization, overcoming the lattice design limits,
and managing to follow an ISO standard. After the analysis of the results, several important

observations can be made:

e In general, the gradual variation of the struts diameter is optimal for solving the
problem of the induced weakness on the zone with the density transition. It must be
considered that the specimen geometry has been created manually on Solidworks. A
method to obtain a much more precise gradation could be to write a code interfacing
with a programming language such as Python or C, interfacing with MATLAB or other
software capable of extrapolating a valid geometry, i.e., an STL file

e In the case of the SLM specimens, a phenomenon of stress intensification was
detected, which depends on the process itself and it cannot be overcome even by
means of the stress relieving procedure. A possible solution could be to further
decrease the space occupied by the completely solid part and on the other hand
extending the transition zone

e Thedesigned specimens are based on the BS EN ISO 6892 standard ( E ) almost entirely,
with the exception of the thickness. The design created it might be replicated using
other lattice geometry, so it is possible to assert that a standard definition for tensile
characterization could be formulated and used in another research

e The effect of the different scanning technique, used during the printing process, it

might lead to different mechanical properties
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5. Conclusion and future developments

e According to the lattice geometry it is possible to obtain very diversified properties;
for the EBM specimens, with high ultimate tensile stresses, little deformations are
detected, while for the lower UTS values, close to 40 — 50 % of the bulk material, high
deformations can be reached. This behaviour is very similar to the one produced by an
heat treatment and it should be explored further

e The SLM manufactured specimens have been studied by varying the internal struts
angles and the printing orientation; these different parameters can affect the tensile
stress and the vyield stress with a variation up to 25%, while the variability of the
elongation at break is decidedly lower, with a maximum of 15%. This suggest that the
last property mainly depends on the lattice geometry

e The specimens tested under compression show results that are in good agreement
with the Ashby and Gibson model [1]

e All the specimens broke into the sections with the lower area value, which is the same
used to derive the stress — strain curves, however it is not yet clear whether it is
possible to refer to this area and obtain reliable UTS values. Further studies should be
conducted on this problem, perhaps designing components with the same gradation
of the specimens and evaluating their properties within a real application case

e Unfortunately, the obtained data are not sufficient to be able to hypothesize some
type of predictive law in the tensile field like those already confirmed for the
compression behaviour. In the future it would be interesting to create many more
batches of specimens with different lattice geometries and different cell sizes

e A possible expansion of this work could foresee an analysis of the microstructures, the
hardness and the surface roughness of the specimens produced. Eventually, these data
could be parametrized for the creation of a more efficient simulation model, since the
one based only on CAD files, presents significant discrepancies with respect to the
experimental results, considering the force values. Instead, the displacement data
obtained from the simulation present only less than 5% error in respect to the

experimental values
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