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Abstract

Electron beam melting (EBM) process is an additive manufacturing process largely used to produce complex metallic com-
ponents made of high-performance materials for aerospace and medical applications. Especially, lattice structures made
by Ti—6A1-4V have represented a hot topic for the industrial sectors because of having a great potential to combine lower
weights and higher performances that can also be tailored by subsequent heat treatments. However, the little knowledge
about the mechanical behaviour of the lattice structures is limiting their applications. The present work aims to provide a
comprehensive review of the studies on the mechanical behaviour of the lattice structures made of Ti-6Al-4V. The main
steps to produce an EBM part were considered as guidelines to review the literature on the lattice performance: (1) design,
(2) process and (3) post-heat treatment. Thereafter, the correlation between the geometrical features of the lattice structure
and their mechanical behaviour is discussed. In addition, the correlation among the mechanical performance of the lattice
structures and the process precision, surface roughness and working temperature are also reviewed. An investigation on the
studies about the properties of heat-treated lattice structure is also conducted.

Keywords Electron beam melting (EBM) - Additive manufacturing (AM) - Lattice structures - Ti-6Al-4V - Mechanical
properties - Heat treatment

1 Introduction transforms to a body-centred cubic structure # (BCC) which
is stable at high temperatures. Ti—-6A1-4V is a a + j Tita-
nium alloy; due to the presence of S-stabilizing elements

such as Vanadium, the transformation is unfinished at room

The study on Titanium (Ti) alloys started 40 years ago,
mainly for the aerospace sector because of the high spe-

cific properties of these alloys [1-3]. However, Ti alloys are
today considered extremely important for their high corro-
sion resistance and high biocompatibility for human tissue.
The melting point of pure Ti is around 1670 °C in which
a hexagonal structure a (HCP), stable at low temperature,
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temperature, resulting in a mixture of @ and f phases [4-6].
It is reported that when the alloy cool down from a com-
plete § phase, at a temperature around 995 °C, which is also
recognized as the f-transus temperature, the transformation
from f to a starts [7]. The kinetics of this transformation
defines the final phase composition of the alloy, and accord-
ingly the final properties of the resulted alloy [1]. During
the rapid cooling from the temperatures above the B-transus
temperature, the  phase transforms to a metastable a‘ mar-
tensite phase through a diffusionless transformation [1]. It is
indeed reported that this diffusionless transformation results
in the formation of fine colonies of laths [3].

Focusing on the Ti—-6A1-4V alloy, it has been found that
a balance of the a and f phases is the best way to enhance
the mechanical properties [8]. Regarding the production
of Ti—-6A1-4YV, it is found that the traditional melting tech-
niques like casting suffer from several limitations, such
as the necessity to remove high-density inclusions (HDI)
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and low-density inclusions (LDI) to provide composition
homogeneity [8]. Moreover, this alloy exhibits high surface
oxidation, especially at high temperatures [1]. In the last
few years, the scientific community focused on new ways to
fabricate the components made of Titanium alloy to reduce
the number of aforementioned defects. In particular, additive
manufacturing (AM) has shown great potential to be used as
one of the most promising fabrication techniques to produce
Titanium components [9—11].

AM technologies are defined as “process of joining mate-
rials to make objects from 3D model data, usually layer upon
layer, as opposed to subtractive manufacturing methodolo-
gies” [12, 13]. This kind of approach allows the production
of parts with free design constraint enabling the construction
of integrated components, lightweight structures or topologi-
cally optimized geometries [14, 15]. Metal AM techniques
can be divided into powder bed fusion (PBF) techniques
[16-19] and directed energy deposition (DED) techniques
[20, 21]. With respect to the PBF systems, DED process has
been used not only to produce metallic components [22] but
also has been employed to repair the high value parts [23].
PBF systems are systems in which “thermal energy selec-
tively fuses regions of a powder bed” [12, 24]. The main
advantages of this kind of approach are the ability to build
workpiece with complex details and assure a good dimen-
sional control, due to the excellent resolution of these sys-
tems [9]. The most common PBF techniques in the industrial
field are laser PBF (L-PBF), also known as selective laser
melting (SLM), and electron beam melting (EBM) [25].
Among the metal AM processes, EBM has been already
used for mass production for aerospace and medical appli-
cations [26, 27]. EBM is able to build complex geometry
workpieces with high precision [28-30]. Different materials
such as stainless steel [31], tool steel [32], Ni-based superal-
loys [19], Ti alloys [28, 33] and intermetallics like TiAl [28,
34], particularly for the aerospace, automotive and medical
[35] sectors, can be processed via EBM [34]. Among the Ti
alloys, today, Ti-6A1-4V alloy is one of the most promising
alloys that can be processed via the EBM process.

During the EBM process, an electron beam (EB) with a
high power selectively melts the metallic powder. Arcam
AB, developed the first EBM system which mainly consists
of two main elements: the column in the upper part of the
system, and the work chamber in the lower part of the sys-
tem [36]. The EB is produced by a tungsten filament [37]
or a LaBg crystal located in the column in which an anodic
potential of 60 kV is applied. The electrons are accelerated
up to 10-40% the speed of light [38], and they are guided
from the top gun towards the working chamber. The EB is
controlled by three sets of coils, also called electromagnetic
lenses [39]. The first set of coils (astigmatic lenses) controls
the shape and the deflection of the electron beam, the second
set (focus lenses) controls the focus of the beam, and the last
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set (deflection lenses) controls the size of the beam [40].
Despite having a small mass, the accelerated electrons have
a remarkable amount of kinetic energy, that is converted to
heat when the electrons impact the powder bed. This energy
ensures the melting of the metallic particles [41].

During the process, the working chamber is maintained
under vacuum to avoid the deflection of the electrons due to
its interaction with the air molecules. To assure these con-
ditions, EBM systems are equipped with a turbo-molecular
pump [41]. The typical residual gas pressures are 10~ Pa in
the working chamber and 1073 Pa in the column [28]. Unlike
the other PBF process, the EBM process starts with a pre-
heating of the powder bed using a defocused EB, high beam
current and speed values. The preheating phase sinters the
powder bed and facilitates the heat conduction. The typical
preheating temperature for Ti—-6Al-4V alloy is found to be
around 650-700 °C [7, 42]. The EBM process is considered
as a hot process. In fact, due to the presence of preheating
before the melting phase and the vacuum environment, the
working temperature in the chamber is approximately equal
to the preheating temperature. This aspect ensures small
thermal shrinkages and a medium grade of sintering between
the particles that results in a specific strength of powder bed
[43]. For these reasons, a small number of supports, mainly
to distribute uniformly the amount of heat provided during
the melting phase, are required to produce the metallic com-
ponents through the EBM process. After the melting phase,
an additional step, called post-heating, takes place [44].
In this step, the layer can be either cooled down or further
heated depending on the total amount of energy supplied
during the previous steps. Thereafter, the start plate is low-
ered, and the powder is spread out by the raking system [44],
and the process is repeated up to the part is completed. When
the construction of the component is finished, the whole
part cools down inside the EBM chamber, under a helium
flux [45]. After removing the workpiece from the working
chamber, the part is entirely covered with a soft agglomer-
ate powder called breakaway powder [45]. To remove this
material from the part, a blasting process is required, and to
avoid any contamination and accordingly be able to reuse
the sintered powder, the same powder processed in the EBM
process is employed for the blasting operation [46].

The typical size of residual porosity in the as-built parts
processed via EBM is found to be smaller than 100 pm [47].
The presence of these pores can be related to the residual gas
porosity in the particles from the gas atomization process,
lack of fusion and tunnel defects [47]. In some case and
depends on the final application, it is required to perform a
post-heat treatment like hot isostatic pressing (HIP) to close
those residual porosities and improve the definitive charac-
teristics of the part [47-51]. In fact, it should be noticed that
the reduction of such defects allows an improvement in the
fatigue and compression behaviour of the parts [47].
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During the EBM process, three main stages can be con-
sidered for the Ti—-6A1-4V transformation as shown in Fig. 1
[7]. The first stage is characterized by a high cooling rate
and leads a diffusionless transformation that transforms the
p phase in a‘ martensite. During the second stage, several
diffusional transformations change the microstructure into
a mixture of fine @+ f phases at a constant temperature of
about 650-700 °C [7, 42]. At these temperatures, the diffu-
sion causes the decomposition of the martensite phase a‘. In
the third and last step, the diffusion leads to the microstruc-
ture coarsening, with a final microstructure of « + f phases
with a specific laths size of about 1.4 pm [7].

Differently from the EBM, L-PBF techniques do not per-
form preheating; thus, the temperature after the scanning
phase drops immediately up to the ambient temperature. In
these conditions, a diffusionless transformation takes place
and results in the formation of the martensitic phase. Dif-
ferently from the EBM process, at the room temperature,
the diffusion of the light elements does not occur owing
to the kinetic reasons involving in the diffusion process
[52]. Therefore, the decomposition of a‘ does not occur
and the final microstructure is characterized by the fine a*-
martensite [53].

Regarding the EBM process, several studies have
been focused on the characterization of the as-built bulk
Ti—6Al-4V alloy produced via EBM process and its micro-
structure modifications by post-heat treatments on bulk
material [49, 50, 54]. Apart from the bulk materials pro-
duced by the EBM process, micro-architectured or so-called
cellular structures could also attract more attention mainly
owing to their unique characteristics [55]. In the last few
years, these structures have been largely studied, due to the
possibility to achieve a design with a unique combination
of properties [56] such as mechanical, thermal and acoustic
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Fig.1 Thermal evolution in the EBM process [7]

properties [57]. As an example, topology optimization
design technique has been used to tune the coefficient of
thermal expansion (CTE) for the design of high-performance
heat exchangers [58]. Among the cellular structures, foams
and random topology structures have shown an excellent
impact resistance [59]. Differently from the foams, lattice
structures belong to the family of cellular materials that
do not have an stochastic structure. A lattice structure was
defined by Fleck et al. [56] like a cellular, reticulated, truss,
mesh arrays or lattice structure made up of a large number
of uniform lattice elements and generated by tessellating a
unit cell, comprised of just a few lattice elements, through-
out the space. A lattice cell consists of a certain number of
struts, also called lattice struts, that are jointed in one or
more nodes. Therefore, a lattice strut is a link between two
nodes. In general, different unit cells can be designed by
using different lattice struts between the nodes [55]. The
dimensional characteristic of the unit cell is named as the
unit cell size. On the other hand, the peculiar dimensions of
the struts are the strut size, which represents its diameter,
and the strut length, namely the distance between two nodes
linked by a strut.

The construction of the lattice structures through the tra-
ditional techniques was found to be expensive because of
the necessity of the numerous cutting and welding phases
required [60]. Hence, EBM technology, which is a layer-
wise manufacturing process, is considered as one of the most
attractive technologies to produce these kinds of structures
without supports and using a nesting strategy [55]. A con-
siderable amount of literature has been published on the fab-
rication and characterization of the lattice structure made of
Ti—6A1-4V or Ti—-6A1-4V ELI, and it has shown that these
components exhibit high specific properties such as specific
strength [61], oxidation resistance [61, 62] and biocompat-
ibility for human tissues [62—64]. According to the existing
literature, it should be noted that the final characteristics of
this kind of structures depend on the design and process [58,
65, 66]. For this reason, several efforts have been carried
out to understand and characterize the Ti—-6Al-4V lattice
structures made by the EBM process [67-73]. The aim of
this work is a systematic and comprehensive review of the
current state of the art on the mechanical characterization of
the Ti—6Al—4V lattice structures produced via the EBM pro-
cess. To provide this comprehensive overview, the literature
was reviewed according to the factors that mainly affect the
mechanical behaviour of the lattice structures. Afterwards,
the effective aspects were categorized considering the EBM
process at the centre of the characterization.

All in all, the main steps to produce an EBM part were
considered as guidelines to review the literature on the lat-
tice performance: (1) design, (2) process and (3) post-heat
treatment. For the aforementioned reasons, the paper was
organized as follows. At first, the effect of the design of the
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lattice structure on its mechanical properties was reviewed.
Then, the effect of relative density obtained by different lat-
tice design was discussed, as well as the models to forecast
the lattice properties. Thereafter, the effect of the precision
of the EBM process on the lattice structure was investigated,
especially looking for the deviation between the design and
the actual structure. At the end, the role of heat treatments
on the mechanical properties of the Ti-6Al-4V lattice struc-
tures was analysed.

2 Mechanical Behaviour of Ti-6Al-4V Lattice
Structures made by EBM

The properties of cellular materials extend the range of
available features for the design of new components.
Figure 2 shows the variation of the range of design proper-
ties reported by Ashby and Gibson [55]. Moving from solids
to foams, the presence of air gaps inside the material causes
a reduction of density, conductivity, Young’s modulus and
strength. Ashby identified three main factors that influence
the properties of cellular materials: (1) material of which is
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strength [55]
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made, (2) cell topology and shape and (3) relative density [74].
The first factor affects the mechanical, thermal and electrical
properties. Cell topology and shape are relevant to the behav-
iour distinction between bending and stretching-dominated
structures [75]. The relative density, which is the ratio between
the density of cellular material p~ and the density of the bulk
material p,, is the parameter that defines the general properties
of the cellular structures [55].

In another work, Deshpande et al. [75] introduced the clas-
sification of cellular materials according to their collapse
response under the load. This classification distinguished the
structures into bending-dominated or stretching-dominated. In
bending-dominated structures, the behaviour of the cellular
material is based on the rotational stiffness and strength of
nodes and struts [56]. In fact, it is found that foams exhibit
most likely a bending-dominated behaviour, while the lattice
can be both stretching-dominated and bending-dominated
materials [75]. The macroscopic behaviour of a lattice struc-
ture, therefore, depends on the axial stiffness and strength of
the struts [56]. Maxwell studied the equilibrium and stiffness
of the frames [76] and provided a criterion to discern stretching
and bending-dominated structures, which have been already
validated by the studies of Deshpande et al. [75]. According to
this criterion, in a 2D rhombic structure if a longitudinal beam
is inserted, the vertical stiffness of the frame is given by the
axial stiffness of the longitudinal beam itself [76].

Murr et al. [61] studied cellular structures with a specific
aim to investigate their mechanical properties and micro-
structure in the as-built condition. In their work, the micro-
structure of the foams and lattice structures were studied
in deep by means of scanning electron microscopy (SEM)
analysis. The outcomes showed a high quantity of the a°
martensite, given by the rapid solidification which is taken
place in the cellular solids. Indeed, it is revealed that the
presence of large air gaps between the struts results in a very
high cooling rate and thus rapid solidification.

Recently, Murr et al. [73] evaluated the differences
between the microstructure a fully dense and foam speci-
mens. In comparison with their previous work [61], the
aim of this current work was to investigate the differences
between cellular solids and bulk specimens [73]. As can
be seen in Fig. 3, the microstructure of the bulk material is
characterized by a coarse mixture of a and f phases, whereas
the foam shows a finer microstructure with a presence of o
martensite. Moreover, they confirmed that the topology of
the material has a big impact on the final phase composition
of cellular structured part [73].

2.1 Compressive Behaviour of the Lattice Structure:
Experimental and Numerical Models

The first model to describe the performance of a generic cel-
lular material as a function of its relative density is proposed
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Fig.3 Optical micrographs showing different microstructures for a a bulk material, b a foam [73]

by Ashby and Gibson [55]. Considering the mechanical per-
formance under compressive load, one of the most important
properties to estimate is the compressive Young’s modulus
of the material. Therefore, the following equation which is
proposed by Ashby and Gibson can be employed to evaluate
this mechanical characteristic of the material [55]:

% * 2
~=c <”—) M)

s Ps
where E and p are the Young’s modulus and the density of
material, respectively. The star labelled values are referred
to the cellular material, while the ones sub-s is referred to
the bulk material. Moreover, it should be noted that C, is a
constant in this relationship. However, in the lattice struc-
tures, despite an slight effect of the cell size on the C, value,
C, is usually assumed to be equal to 1 [55, 59, 64]. Another
important property is the Ultimate Compressive Strength
(UCS), which can be evaluated through the following
relationship:

UCS* —C n e 2)
ucs, ~ °\ p,

where Cj is an empirical constant which should be deter-
mined experimentally. Murr et al. [61] assumed a Cs value
equal to 1.5, while in another work, this value is reported
2.2, which is almost 50% higher than the assumption of
Cheng et al. [66]. These variations in the Cs values can be
explained by using different cell types in their works.

In another research, Murr et al. [61] showed that while
the foam behaviour is well described by its relative density,
the lattice properties are also influenced by the topology and
dimensions of the unit cell.

Differently, Cheng et al. [66] investigated the differences
between the mechanical properties of lattice and foams.

They, indeed, evaluated the compressive behaviour of two
cellular solids with two different topologies: a foam and
a lattice structure with rhombic dodecahedron shape. It is
revealed that, in the case of lattice sample, a brittle fracture
with crush bands at an angle of approximately 45° was taken
place, whereas in the foam sample the failures occurred at
random angles. The specific strength of lattice structures has
been found to be higher than the foams with the same spe-
cific stiffness. This result occurs due to the microstructural
difference between the foams and lattice samples. Indeed, as
mentioned earlier, lattice structures characterized by fine a*
martensite, while foams show a coarser o+ § microstructure.

Both Murr et al. [61] and Cheng et al. [66] evaluated
the Young’s modulus of lattice structures at different rela-
tive densities using the resonant frequency method and the
damping analysis. Similar to the Ashby—Gibson model, lat-
tice structures followed a linear law in a logarithmic scale
graph with different exponents. On the other hand, Hernan-
dez-Nava et al. studied the effects of density and feature
size on the mechanical properties of lattice structures [77].
They found that only for specific structures the Ashby—Gib-
son model for the prediction of Young’s modulus and the
compressive strength can be accurate enough to model the
behaviour of the structure [77]. Differently, Mortensen et al.
[78] proposed an analytical approach in which the porous
structure is designed by interpenetrating spheres that simu-
lating the pores where the porosity variations were obtained
just moving the centres of the spheres. Since the topology
of the structure has not been changed, the increase in the
strut size entails an increase also in the Young’s modulus
and the UCS. Similarly to Mortensen et al. [78], Horn et al.
[79] suggested a modification of the Ashby—Gibson model,
specifically for the compressive behaviour of lattice structure
made by rhombic dodecahedron open cells. In their work,
three sets of specimens with different cell sizes were inves-
tigated in order to evaluate the effect of size. The strut size
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was changed to evaluate the effect of relative density and
strut thickness for each batch of samples. Differently from
the previous analysed works, flexural tests were conducted
to evaluate the relative Young’s modulus with respect to
the relative density. From the analysis of the results, it is
revealed that the Ashby—Gibson relationship is a proper
approximation for the experimental behaviour.

Horn et al. [79] also presented two useful charts that
collected a considerable number of experimental data from
literature regarding the mechanical characterization of cel-
lular structures (Fig. 4). Both on the relative modulus of
elasticity (Fig. 4a) and on the relative UCS (Fig. 4b) laws
are similar to Eqgs. (1) and (2) that implied the achievement
of an acceptable forecast. Experimentally, Cansizoglu
et al. [68] evaluated the behaviour under uniaxial compres-
sive conditions (to evaluate the UCS) and flexural condi-
tions (to evaluate Young’s modulus) of the honeycomb
lattice structures with different strut sizes [68]. A linear
law in a logarithmic scale graph between the mechanical
properties and relative density was detected. The same
kind of relationship between the relative density and both
the relative UCS and Young’s modulus was shown to exist
also by Parthasarathy et al. [67]. In their study, a cubic lat-
tice structure was analysed by four sets of specimens with
different pores and strut sizes, with an overall designed
porosity ranging from 60.91 to 75.83%. They stated that
the difference between the Ashby—Gibson model and the
experimental results occurred due to the size of the speci-
mens used for the experiments. In fact, the Ashby—Gibson
model for cellular solids [55] assumed a structure with an
infinite number of pores. Practically, such structure could
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be obtained only reducing the dimensions of the cell that
may be incompatible with the EBM process due to the
process precision [67, 79] and also to the necessity of pow-
der removal from the fine cells [45, 79]. The differences
between theoretical and experimental results could also
be explained by the irregularities and corrugations of the
surface of struts [67] that will be discussed further. To
predict the elastic modulus of porous lattice structures, a
finite element analysis (FEA) model based on the volume
element method (RVE method) [80, 81] was developed by
Parthasarathy et al. [82]. The design of the lattice struc-
tures adopted in the application of the RVE method was
as same as the previous work [67], and the results showed
that for porosities ranging from 28.18 to 78.14%, the rela-
tive elastic modulus progressively decreases (Fig. 5).
The comparison between numerical and experimen-
tal results showed a better prediction of Young’s modulus
at high relative density, meaning a more precise model
response for lattice structure with a low porosity content.
The compression results showed that lattice structures with
graded porosity can be employed in the craniofacial implants
and hip implants [74]. Compressive strength for the dia-
mond lattice structures with graded porosity was evaluated
by van Grunsven et al. [69]. Four sets of the structure were
produced; for three of them, a fixed unit cell side length was
used. Different relative densities were obtained only varying
the strut thickness. The last design was made by three lay-
ers with a height of 2 mm per layer and made of one of the
previous designs to obtain a graded porosity structure. An
increase in both compressive strength and Young’s modulus
with the relative density and the strut thickness was revealed.
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Fig.4 Charts summarizing the relationship between relative density and relative modulus of elasticity a and relative compressive strength b

derived from Ti—6Al-4V cellular structures [79]
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The stress—strain curves of graded lattice specimens are
shown in Fig. 6. The black line indicates the predicted
form of the stress—strain curve calculated upon the data
obtained from the tests conducted on uniform lattice struc-
tures, while the coloured lines indicate the stress—strain
curves obtained for all the three graded specimens. All
curves showed a clear collapse on the individual layer.
A formulation for predicting the Young’s modulus of a
graded lattice structure has been proposed assuming a sim-
ple series of uniform layers of the same thickness. In the
iso-stress conditions that correspond to axial compression,
the rule of the mixture has been applied to calculate the
elastic modulus of the whole structure [69]:

N SN SN O
3E, ' 3E,  3E, 3)

E graded

In Eq. (3), Egrygeq 18 the Young’s modulus of the graded
lattice structure, whereas E|, E, and E; are the Young’s
modulus of each layer of the whole structure. This result is
useful in the design of orthopaedic implants in which the
possibility to tune the mechanical characteristics and the
relative density according to the properties of the actual

bone structure could be a turning point for this kind of
applications in the medical sector.

Remaining in the medical application field, Heinl et al.
[65] studied cross and diamond unit cells with intercon-
nected macroporosity made by EBM for the bone implants
applications. Differently from the previous analysed studies,
they were focused on the effect of chemical surface modi-
fication on the mechanical behaviour and biocompatibility
features of lattice. For the bioactivity test, several chemical
etchings were performed. The derived results showed the
apatite formation in simulated body fluid under dynamic
conditions that provided better fixation of the implant in the
prior tissues and bones. Cross-unit cell structures showed
better mechanical characteristics due to lower porosity con-
tent with respect to diamond structures. This result is con-
sistent with the Ashby—Gibson model [55]. In addition, the
values of elastic modulus were found to be coherent with
human bone values.

Moving to the dental application field, Jamshidinia et al.
[71] studied three different unit cells (cross, honeycomb
and octahedral) with different cell sizes. The aim of their
work was to provide a dental abutment with specific elastic
micro-motion. Larger size caused an increase in total elas-
tic deformation and, therefore, the higher elastic modulus
could be obtained by using smaller dimensions. Comparing
the results between the different unit cells types, the hon-
eycomb is the stiffer lattice while the least stiff structure is
the cross-unit cell. This result occurs because the cross-unit
cell-shaped lattice structures show a higher number of stress
concentration points with respect to the lattice structures
made of other unit cell types.

Jamshidinia et al. [71] also proposed a numerical simula-
tion to predict the mechanical response at different angles
of load. The numerical results showed that for angles above
30°, the maximum stress decreases. This phenomenon was
explained as a failure of the structure when the higher stress
levels are over the yield stress. In another work, the fatigue
properties of cellular structures have also been investigated
[83]. The experimental results showed that with the increase
of the load, the life of the specimens decreases. The compar-
ison between the experimental and numerical data suggested
that the best way to correct the mean stress is the Soderberg
relationship [83]. According to the numerical results, the
sharp corners of the structures are the most stressed points.
The reduction of fatigue life is suggested to occur much fre-
quently with high levels of surface roughness, especially in
lattice structures with a small strut size.

Epasto et al. [84] studied rhombic dodecahedron lattice
structures and the effect of unit cell size. After the conduc-
tion of the compressive tests, it was possible to conclude that
with a decrease of the cell size both the compressive strength
and Young’s modulus increases. It is found that this result is
a consequence of a reduction in the cell size and accordingly
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increases of the relative density of the whole material. Thus,
since lattice structures follow the Ashby—Gibson relation-
ship, an increase in both compressive strength and Young’s
modulus is expected [55].

Table 1 collects all the testing conditions of the mechani-
cal tests conducted in the literature. As discussed earlier, the
conducted experiments cannot be easily compared because
of using the different standards, different structure and dif-
ferent ultimate load conditions in different studies. However,
the main findings of all the investigated studies confirmed
that the lattice properties are influenced by the design and
dimensions of the unit cell, as stated earlier by Murr et al.
[39]. Most of the analysed paper used the relative density as
the key parameter that defines the mechanical behaviour of a
lattice structure. Figure 7 collects the results found in terms
of Young’s modulus from the analysed works according to
the Ashby and Gibson model, which confirm a net relation-
ship with respect to the relative density [55].

2.2 Effect of Working Temperature
on the Compression Behaviour of the Lattice
Structure

As far as the impact of the working temperature is con-
cerned, Xiao et al. [70] analysed the respond of open-cell
rhombic dodecahedron structure. Their study also exam-
ined the effects of the ratio between the length (/) and the
diameter (d) of the struts. Two different configurations were
studied: in the first one, the previous mentioned //d ratio is
equal to 2.5, whereas in the second one I/d is equal to 1.5.

Table 1 Testing conditions for compression tests conducted in literature

10° )
Ashby-Gibson Model
i + [67,82]
10° [69]
et 611 (2)
1072 M ’ 611 (b)
| 8
(=]
LE!.] 1073 — [73]
 [94] (a)
104 [94] (b)
107
1076
0 10! 100
PPy

Fig. 7 Experimental results for relative Young’s modulus from litera-
ture

The specimens were produced with an Arcam A2 system
and then were tested with the same quasi-static compres-
sive conditions at room temperature, 200 °C, 400 °C and
600 °C, respectively. A high-temperature furnace was used
to regulate thermal conditions.

Figure 8 shows the room temperature nominal
stress—strain curves of lattice structures under uniaxial com-
pression, which is also detected in other studies [66, 72, 86].
The curves can be divided into three main segments. The
first part is the elastic behaviour of the lattice structure, and
the second one represents the progressive collapse of the
layers up to when the structure has the same behaviour of the
bulk material that is visible in the last part of the graph. The

References Test typology Adopted standard Ultimate load condition Strain velocity Strain rate (s™')
(mm/min)

[67] Compression ASTM D695-02 Until failure 1

[68] Compression 5
Flexural 1

[69] Compression Until 50% of the original size 0.25

[57] Compression 100 kKN

[70] Compression Until total strain exceeded 65% 0.9 0.001

[85] Compression 50-5 kN

[71] Compression 400 N

[48] Tensile ASTM T8 0.0044

[82] Compression ASTM 695-02 Until failure 1

[66] Compression 0.001

[65] Compression ASTM E9 0.5

[79] Flexural ASTM F2921 2.54

[77] Compression 0.0002
Flexural ASTM C1684-13 5kN 0.0022

[86] Compression 0.9 0.001
Hopkinson bar 10%-10*
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Fig. 8 Nominal stress—strain curves for configuration 1 with an //d ratio of 2.5 a and configuration 2 with an //d ratio of 1.5 b [70]

typical brittle failure of the specimens with 45° is reported
by Cheng et al. [66].

The same compression tests were also conducted at dif-
ferent temperatures, and the resulted stress—strain curves
are shown in Fig. 9. As can be seen, the increase in the
temperature causes the curves to become smoother, and the
plateau stress decreases. This result can be explained by the
thermosoftening behaviour of the material and a change of
failure mode. As mentioned earlier, at room temperature lat-
tice structure shows a brittle response with failures at 45°.
With the increment of the temperature, the specimens did
not show a clear fracture angle; random failure surfaces were
indeed detected. As far as the effect of the size is concerned,
the performances of the structure with the larger cell size
(configuration 1) are worse than the ones with the smaller
cell size (configuration 2) for both elastic modulus and col-
lapse strength. According to the Ashby—Gibson theory, this
behaviour is explained by the lower relative density of the
structure with larger cell size.

2.3 Hardness

The hardness characterization of titanium made lattice struc-
ture has been rarely investigated in the literature. Cheng et al.
[66] investigated the hardness of lattice and foam ligaments
(or struts). Hardness tests were conducted on both foam and
lattice specimens with different strut size. As it is possible
to see from Table 2, an increase in Vickers hardness occurs
with the decrease of the strut size. Their optical observa-
tion indicated that the microstructure of foams is finer than
the lattice structures. This result suggests that foams were
subjected to a faster cooling rate process with respect to the
lattice structure. The cooling rate increases with the decrease

of ligament/strut thickness; thus, it was possible to conclude
that with a reduction of thickness of the ligament/strut, a
finer microstructure forms that consequently increases the
cell hardness. Moreover, it is found that in the microstructure
of the mesh samples a small amount of # phase surrounded
by the acicular @’ martensite (Fig. 10).

2.4 Behaviour of the Lattice Structure Under Cyclic
Loads: Fatigue Investigations

The influence of loading frequency between 2 and 30 Hz on
implant failure under cyclic fatigue conditions was inves-
tigated by Karl and Kelly studies [87]. The experimental
results showed that fatigue failures occurred more likely at
low loading frequencies. On the other hand, no particular
effect was found regarding the loading magnitude. After the
conduction of Weibull and SEM analyses, it was possible to
understand that damage accumulation is the primary failure
mechanism for fatigue behaviour of lattice structures.

Li et al. [72] investigated the compression fatigue behav-
iour at different load levels of rhombic dodecahedron unit
cells lattice structures with a range of density between 0.73
and 1.68 g/cm®. Figure 11 shows that for a low load level,
the vertical asymptote, which matches with the unstable
crack propagation, was set at a higher number of cycles.
With the increase of load conditions, the fatigue limit was
found to be lower. Comparing the results of the different
density specimens, the fatigue strength was higher for higher
density structures. A like-Ashby—Gibson relationship was
found between relative fatigue strength and relative density
[55]. The fatigue mechanism observed from the experimen-
tal results seemed to be a combination of cyclic ratcheting
and fatigue crack propagation.
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Fig. 9 Nominal stress—strain curves at different temperatures for configuration 1 a, ¢, e and configuration 2 b, d, f [70]

Xiao et al. [86] studied the mechanical properties of
open-cell rhombic dodecahedron structure at different load-
ing rates for dynamic loading. Different sizes of both unit
cell and strut were also investigated. The results showed
that for low values of loading rate, the stress—strain curves
respect the three-stage trends. These results were compa-
rable to previous studies meaning that the low strain rate
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may be considered static [66, 70, 72]. When the loading
rate increased, the typical trend of the lattice behaviour dis-
appeared since the bulk elastic behaviour was not detected
(the last part of the typical trend). The failure mode for all
the structures was the same also that revealed in the pre-
vious studies with failure bands at 45° [66, 70]. In addi-
tion to experimental test, an FE model was also developed
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Table 2 Hardness Vickers of the cell for specimens tested by Cheng
et al. [66]

Samples Ligament (strut)  Ligament (strut) Cell hard-
length (mm) thickness (mm) ness, HV
(GPa)
Foam 1# ~4.19 ~1.04 3.23+0.25
Foam 2# ~3.68 ~0.99 3.30+0.10
Foam 3# ~3.15 ~0.84 3.36+0.19
Lattice 1# ~3.13 ~1.08 3.03+0.22
Lattice 2# ~2.54 ~0.94 3.15+0.09
Lattice 3# ~2.07 ~0.86 3.24+0.16
Lattice 4# ~1.69 ~0.77 3.31+0.14
Lattice 5# ~1.24 ~0.72 3.51+0.16

considering the actual surface quality of the struts based on
X-ray tomography [86]. The numerical results matched well
with the results from mechanical tests.

2.5 Effect of the Precision of the EBM Process
and the Surface Roughness on the Mechanical
Properties

The accuracy of the EBM process is mainly affected by
heat transfer [40]. Due to the high working temperature,

the shrinkage of the material and the unmelted powder that
could be found attached to the part can cause an error of size
and dimensions [88]. Especially, for the smaller details and
features, as in the case of the lattice structures, this deviation
affects the final performance of the structure.

According to the study presented by van Grunsven et al.
[69], the bigger deviation has been found for the smaller
strut thickness when the nominal geometry (CAD model)
was compared with the actual lattice produced parts by the
EBM Arcam S12. This difference occurs because smaller
strut sizes have a characteristic dimension of about the size
of the minimum melted volume, equal to the spot of the
electron beam. Thus, the replication of the CAD model with
dimensions around 200-500 um becomes less accurate with
respect to the bigger geometrical features.

Horn et al. [79] evaluated the precision of the Arcam A2
system. For several specimens, a theoretical relative density
from the CAD model and then after the building phase was
evaluated. For each specimen was also evaluated the actual
density from measured weight and volume. Respect to the
calculated theoretical relative densities, the actual relative
densities resulted to be dependent by the cell size. In par-
ticular, for the smaller cell sizes the deviation between the
theoretical and the actual values is higher than the values for
the larger cell size. Especially, the actual relative densities

[001]e’//[110]B

Fig. 10 TEM micrographs of the mesh sample with density of 1.68 g/cm®, in which a is bright-field image, and b and ¢ are dark-field images
taken from the diffraction spots of the  phase and the a’ martensite noted by arrows in diffraction pattern d [66]
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Fig. 11 A strain-cycle diagram showing the trends of strain accumu-
lation for different load conditions [72]

for the smaller cells are not affected by the size change. This
difference occurs due to the precision of the machine which
is lower for the smaller strut sizes because the melt pool size
is comparable with the strut size. For the Arcam A2 system,
Horn et al. [79] suggested that the strut size limit is around
0.5 mm; this value is in accordance with the previous men-
tioned study by van Grunsven et al. [69].

Parthasarathy et al. [67] evaluated the process precision
for the building of the cubic lattice structures. Four sets of
specimens were fabricated on an Arcam S12 system with dif-
ferences in the pore and strut size, with an overall designed
porosity ranging from 60.91 to 75.83%. A low-pressure pyc-
nometer was used to evaluate the relative density and a CT
scan with an image reconstruction software to reconstruct
the 3D model of the fabricated parts for evaluating the actual
strut and pore sizes. For the fourth set of specimens with
minimum strut size of 0.450 mm the porosity error between
the CAD model and the fabricated model was maximum,
more or less in the amount of 22%, and the EBM process
was more accurate with the increase of the strut size. This
result occurs for the same reasons previously explained by
[69, 79].

Sun et al. [89] studied the effect of surface roughness on
the mechanical properties of Ti—-6Al-4V specimens. Both
chemical etching and machining were used to improve the
surface corrugation height. The results of tensile tests were
compared with the results of the as-built condition speci-
mens. To investigate surface morphology, a field emission
scanning electron microscope (FE-SEM) and an Alicona
infinite focus microscope were used. Figure 12 depicts the
different surface morphologies with both of the cited meth-
ods. The surface roughness of lattice structure was reduced
with both chemical etching and machining. The R, and R,
were, respectively, 38.9 um and 209.5 um for the as-built
structure. These values for the chemical etching and the
machining were 10.9 um and 58.19 pm and 0.13 ym and
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0.95 um, respectively. As far as the tensile test is concerned,
the as-built specimens showed the lowest value for both
yield stress (YS) and ultimate tensile strength (UTS), while
the etched and machined specimens exhibited similar results.
The results can be explained considering that the as-built
condition presents the highest values of surface roughness.
Thus, the external corrugations cause stress concentrations,
the as-built specimens reached fracture faster. On the other
hand, since the difference between etching and machining is
not so evident through the tensile tests, chemical etching can
be considered as a good technique to enhance the mechani-
cal properties of lattice structures.

Suard et al. [90] studied the structural characterization
and the geometrical imperfection derived from the construc-
tion on the EBM system of the octet-truss lattice structure
at the scale of a single strut. The roughness was measured
using the images captured by X-ray tomography, and it
resulted in having a period of about 50 pm.

Figure 13 shows images of the octet-truss; Fig. 13b and ¢
depict the reconstruction of a single strut based on the X-ray
tomography images. The surface roughness is partly due to
unmelted powder stuck to the melted zone. Suard et al. [90]
defined an efficient volume ratio given by the relationship:

Vincribedcylinder
o= )
strut
where Vi, ribedeylinder 18 the volume of the inscribed cylinder

inside the strut, and Vg, is the volume of the strut itself.
These two parameters were estimated from the 3D image
analysis. The aim of that study was to evaluate the depend-
ency of this volume ratio upon strut orientation and strut
diameter. The first result of the study was obtained after
studying ¢ with respect to the CAD strut size: with the
increase of the theoretical cross-section of the struts, the
volume ratio had an increase that was lower with respect to
the increment of the theoretical cross-section of the struts.
This is justified by the fact that an almost constant roughness
value was detected for all the struts analysed. The valuations
of the strut orientation showed clearly that the smaller vol-
ume ratios were for the struts build parallel to the building
platform, and higher volume ratios were for the struts build
perpendicular to the start plate [90].

Suard et al. [57] compared the nominal CAD structures
and the produced ones. They showed that the produced
struts were always thinner than the nominal ones. Conse-
quently, the manufactured relative density was lower than
the designed one. Additionally, the final dimension of the
strut is also affected by the orientation on the dimension of
the structure.

Figure 14 shows the aspect ratio for struts which were
built at 0°, 45° and 90° with respect to the start plate. For
struts build vertically (90°), the shape of the section was
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Fig. 12 FESEM surface images of as-fabricated a, surface-etched b and machined ¢ specimens; surface conditions of as-fabricated a’, surface-

etched b’ and machined ¢’ specimens observed under Alicona IFM [89]

nearly circular; instead, moving towards the horizontal strut
(0°), its actual section cannot be considered circular. This
phenomenon was explained by considering the heat transfer
during the construction phase on the EBM system. Since
the powder has a lower thermal conductivity with respect
to the melted area, for the struts build at 0°, a heat accu-
mulation resulted in an over-melted zone that increases the
aspect ratio [57]. To consider this deviation and predict the
mechanical behaviour of a lattice structure, the mechani-
cal equivalent diameter of single struts was introduced [57].
The equivalent diameter DNUM was intended as the diameter
that produces the elastic behaviour of a build strut calcu-
lated by a Fast Fourier Transform calculation. A geometrical

equivalent cylinder diameter DGEOM was also defined as the
diameter of the inscribed cyhnder into the strut.

Table 3 resumes the findings of Surad’s investigations in
which it is possible to see that equivalent diameter is aver-
agely thinner than the nominal diameter D“AP. In addition,
DGEOM is thinner than DNUM An FE simulation based on
these data was conducted to evaluate the relative stiffness of
octet-truss type lattice structures with each diameter shown
in Table 3. To obtain the range of relative density, the unit
cell size was adapted with a fixed strut size for each case.
These results were compared with experimental results
from uniaxial compressive tests conducted on the build
specimens.
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Fig. 13 Images showing a global octet-truss unit cell a, a 3D reconstruction of one strut b an isometric view of a 1 mm strut ¢ [90]

(iii)

aspect ratio

L 90 45 0

Fig. 14 a Comparison between the CAD design (in blue) and the
build struts (in green) at different construction angles; b aspect ratio
with respect to construction angle [57]

Table 3 Equivalent diameters according to CAD, numerical and geo-
metrical evaluations with respect to strut’s construction angle [57]

a

90° 45° 0°
D®AP (mm) 1 1 1
DEGM (mm) 0.576 0.581 0.706
DEEM (mm) 0.456 0414 0.518

Figure 15 collects the trends of FEM and experimental
results. FEM simulations with the nominal diameter of
the struts of 1 mm overestimated the experimental trend.
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Fig. 15 Relative elastic modulus with respect to relative density for
different strut sizes: green curve for DAP, the red dashed curve for

DggM, the orange curve for DSSOM. Experimental results are depicted
in black [57]

FEM simulations conducted with both equivalent diam-
eters underestimated experimental results, but the calcu-
lated curve with the numerical approach was similar to the
experimental data.

Yang [85] developed an experimental-assisted design for
octahedral lattice structures in which the unit cell was ana-
lytically modelled and analysed through FE analysis. For the
validation, the structure was produced by an Arcam S400
system. After the modelling phase, uniaxial compression
was simulated by FE analysis to detect the effects of both
the number of layers in the z-direction and the number of
unit cells in the XY plane. The modelling successfully rep-
resented the Young’s modulus prediction for the octahedral
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lattice structures. Additionally, the chosen cell exhibited a
good predictable size effect. The elastic modulus increases
with the increase of both the number of layers and the unit
cells in the XY plane. This result is in good accordance with
the previously analysed study by Horn et al. [79].

Differently from the previous analysed studies which
focus on just the cellular specimens made by EBM,
Chang et al. [91] investigated the differences between
two different metal AM techniques. They, indeed, studied
the specific effect of surface roughness on the fatigue
properties of dental implants made with both L-PBF
and EBM parts made of Ti—-6A1-4V ELI. The surface of
as-built EBM specimens was rougher than the surface
of as-built SLM. Consequently, in fatigue behaviour, it
was possible to see that L-PBF made specimens exhibit
longer fatigue life with respect to the other analysed
conditions. The EBM made specimens had instead the
worst values of fatigue life, even lower than the cast sam-
ples. This result occurred because in fatigue behaviour
the roughness of the surface plays an essential role in
fatigue life. Since R, increases moving from L-PBF, cast
and EBM cases, it was possible to conclude that fatigue
life of Ti—-6A1-4V ELI decreases with the increase of the
surface roughness.

Focusing only on one AM technique, Epasto et al. [84]
studied the effect of surface roughness on the mechani-
cal performance of the Ti-6Al-4V bulk specimens made
by EBM. To investigate this particular effect, some of
the fabricated specimens were machined. The average
surface roughness was equal to 21.94 pm and 0.78 pm
for the as-built and machined specimens, respectively.
After the conduction of tensile tests, the stress—strain
trends were computed, and the results are shown in the
table below.

As it is possible to see from Table 4, the main dif-
ference is the higher value of the elongation at failure
for machined samples. This result occured because the
surface roughness of the machined sample, as mentioned
earlier, has a lower value with respect to the as-built
specimen.

Table 4 Results of tensile tests for both as-built and machined condi-
tions from the study by Epasto et al. [84]

Specimen  Yield Tensile Young’s Elongation
stress strength modulus at failure
(MPa) (MPa) (GPa) (%)

As-built 885 895 118 54

Machined 873 965 108 17.5

3 Effects of Thermal Treatments
on the Mechanical Behaviour of Ti-6Al-4V
Alloy Made by EBM

Heat treatments on EBM made parts are mainly conducted
to reduce internal porosity and achieve a fully dense mate-
rial. Since the porosity could appear due to the presence of
porosity inside the powder itself, Cunningham et al. [50]
measured the powder porosity to correlate the subsequent
results on the treated parts. Two batches of powder were
analysed. Both powder batches showed a certain quantity
of porosity that was maintained after the EBM process into
the as-built specimens. To reduce the internal porosity,
a HIP treatment was performed for 2 h, at 900 °C in an
Argon pressure of 103 MPa, according to ASTM F2924
[92]. After the HIP treatment, the porosity was erased
from one type of powder. Instead, there was a little num-
ber of pores in the other type. A solutionizing treatment
was then carried out to evaluate the pore regrowth. The
solutionized sample with a residual porosity after the HIP
treatment showed a significant pore regrowth, while no
porosity was detected in the other sample.

Tammas-Williams et al. [51] studied the effectiveness
of HIP on the EBM samples produce by an Arcam S12
system. The samples were HIPed for 2 h at 920 °C with a
pressure of 100 MPa of Argon and a cooling rate of 6 °C/
min.

Figure 16 shows the comparisons between the treated
and untreated samples. After the HIP treatment (Fig. 16b),
all the porosities were removed from the samples labelled
C1 and MC, while for the sample labelled T3 tunnel
defects connected to the surface were still visible. In gen-
eral, HIP treatment showed a great potential to be used as
a post processing process to reduce the porosity content
up to 60% [51]. The following work of the same authors
evaluated the porosity regrowth during the post-treatments
[93]. The specimens were HIPed in the same conditions of
the previous study [56], and then, three different annealing
conditions were tested. In the first condition (HT1), a total
time of 10 min at 1035 °C under vacuum were assumed.
On the other hand, in the second condition (HT2) total
time of 10 h at the same temperature and pressure condi-
tions of the previous treatment was fixed to evaluate the
pores regrowth. Lastly, in the third condition (HT3) total
time of 10 min in vacuum conditions at 1200 °C was set to
evaluate the temperature effect on pore regrowth.

Table 5 shows the results of the CT scan analysis. After
the HIP treatment, no porosity was detected at the scanner
resolution of 5.2 pm. After the HT1, a certain number of
pore with a certain mean equivalent diameter was detected.
The number of pores increases after the HT2 and HT3.
However, the volume fraction of pores was always lower
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Fig. 16 Computed tomography (CT) images showing porosity in red; a as-built condition, b after HIP conditions [51]

Table 5 Statistical data from the same sample in the five different
conditions analysed [93]

Condition Volume frac- Number of Mean equiv. Max.
tion (%) pores dia. (pm) equiv. dia.

(pm)

As-built 0.0397 309 133 533

HIPed 0.0000 0 N -

HT1 0.0007 49 8.4 18.6

HT2 0.0011 63 9.2 20.0

HT3 0.0026 140 9.4 21.6

than the one in the as-built conditions. Comparing HT2
and HT3 results, it is possible to understand that the tem-
perature effect is more significant on pore regrowth than
the time effect.

The effects of heat treatments on the mechanical response
of Ti—-6Al-4V parts made by EBM were investigated also
by de Formanoir et al. [94]. In their study, two kinds of
heat treatments were evaluated: the first set of them was
conducted below the f-transus temperature, at 950 °C for
60 min, while the second one was conducted over the char-
acteristic temperature, at 1040 °C for 30 min. In addition,
in each set of the cited heat treatments, the cooling rate was
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changed between AC (air cooling) and FC (furnace cooling),
in order to understand the effects inducted by the different
cooling rates. The results showed that the microstructure
of the heat-treated samples under f-transus did not change
markedly, resulting just in a slightly coarsening. On the other
hand, the over f-transus heat treatments changed completely
the microstructure. This occurred because the diffusion at
temperatures above f-transus permitted a completely renew-
ing of the microstructure, which stabilized in a much coarse
way with also a different orientation of the a and f phases.

As far as the effects of heat treatments on the mechani-
cal behaviour of Ti—-6Al-4V lattice structures made by
EBM is concerned, only a few works have been found in
the literature that addressed this topic. Epasto et al. [84]
studied the effect of thermal treatments on the compressive
behaviour with the aim to investigate whenever there is
an effect of residual stresses on EBM components. Thus,
stress relief was performed on some specimens which were
heated up to 300 °C; this temperature was maintained for
3 h, and then, the specimens were cooled down in the
furnace. At this point, compression tests were conducted,
and, after the evaluation of the stress—strain trends, it was
possible to see that the heat-treated samples showed values
of UCS and Young’s modulus slightly lower. Thus, it was
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concluded that the possible presence of residual stresses
does not significantly affect the compressive behaviour of
the lattice structure. The effect of defects on the mechani-
cal response of Ti-6Al1-4V cubic lattice structure pro-
duced by EBM was analysed by Hernandez-Nava et al.
studies [48]. Compression and hardness tests were carried
out. Two annealing treatments were run at a lower than
p-transus (960 °C) and a higher than f-transus (1200 °C),
respectively. Both of them were conducted for a total time
of 120 min and air pressure of 0.1 MPa. For the as-built
condition, the microstructure of the struts perpendicular
to the start plate showed a combination of @ and f phases,
according to previous studies on the bulk material [33,
47, 73]. Figure 17 shows the differences between three
different points. Diffusionless a’ martensite for regions
closer to the construction plate was noticed. For the under
p-transus annealing, no consistent differences were found
with respect to the as-built microstructure. For the over
p-transus annealing instead, a coarsening of the micro-
structure was detected. As a consequence, the mechanical
tests showed lower compressive yield stress by approxi-
mately 11%.

Table 6 collects all the data regarding the parameters
of the thermic cycles, showing also the target of each heat
treatment.

4 Conclusions

In this paper, the studies carried out on the properties of
Ti—6Al-4V lattice structures made by electron beam melt-
ing (EBM) were reviewed. According to this comprehensive
review, the following conclusion can be drawn:

(1) The AM processes, especially EBM, are an excellent
technique to fabricate complex structure that cannot
be made with other manufacturing processes. Espe-
cially, for the fabrication of Ti-6A1-4V parts, EBM
process reduces the possibility that defects are pre-
sented in HDI and LDI;

(2) The microstructure of as-built Ti-6Al-4V parts made
by EBM is mainly influenced by the thermal cycle of
the EBM process itself. The microstructure consists
of a coarse mixture of a and g for the bulk material.
For the cellular materials, a finer microstructure with
the presence of the metastable phase @’ was noticed
because of the higher cooling rate.

(3) The relative density is the main descriptor that is used
in literature for the geometry of the lattice structure.

(4) Despite all the attempts to numerically simulate the
behaviour of the lattice structure, in the literature, the
mechanical response of Ti—-6Al-4V cellular materials
is investigated experimentally.

Fig. 17 Optical micrographs of as-built condition a with three different locations of interest b, ¢, d [48]
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(5) The empirical models tend always to obtain a like the
Ashby and Gibson relationship for which E and the
UCS of the analysed cellular material depend only by
its relative density.

(6) The failure under compressive behaviour occurs due
to brittle fracture, with crush bands at 45°.

(7) A higher working temperature produces a softening
of mechanical behaviour and a change in the failure
angle. The crush bands do not occur indeed at 45°, but
at a random angle;

(8) The surface roughness plays one of the most impor-
tant roles in the mechanical response of lattice struc-
tures. Lower values of both R, and R, improve the
mechanical properties, especially the fatigue behav-
iour. For the static compressive behaviour, the cor-
rugations represent stress concentration points while
for the fatigue they lead to failure in a lower number
of cycles.

(9) The effects of the heat treatments on the bulk material
have been largely analysed. On the other hand, the
effects of the heat treatments on lattice structures have
not been discussed thoroughly in the literature.

(10) Today, the industrial application of the lattice struc-
ture for EBM has been investigated for the medical
sector in which the high biocompatibility has been
exploited, and the resistance standard is less strict
than the other sector.

All in all, it can be concluded that the presented review
highlighted that there are still a lot of work and research
to be accomplished before lattice structure can become an
effective structure to be used for structural applications
such as automotive and aerospace. In fact, several aspects
appear still needed to be investigated. Among the reviewed
papers, the main conclusion appeared that the mechanical
behaviour of lattice structures is influenced by the cell
shape, which slightly affects the value of the constants C,
and Cs, and mainly by the relative density. Structures with
the same relative density have indeed similar mechanical
behaviour. Therefore, for instance, the effective resistance
section has been never considered for the extrapolation of
the equivalent Young’s modulus. Additionally, a deep lack
of knowledge on the mechanical behaviour on the heat-
treated lattice has been detected. However, today most
of metal AM parts are heat-treated either to reduce the
residual porosity or to tailor the microstructure. To date,
therefore it is evident that no advanced application can be
designed because of the lack of detailed analysis on the
effect of the most common heat treatments on the lattice
performance.

@ Springer
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