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Abstract

The interest of manufacturing complex devices is steadily growing for high technological application fields,
such as the aerospace and biomedical ones, thanks to the possibility of coupling structural and functional
properties. Additive Manufacturing (AM) allows to produce 3D complex geometries, like lattice structures,

offering lightness together with good mechanical properties.

In the present work static and dynamic mechanical properties of Ti6Al4V lattice structures, produced by
Selective Laser Melting, were investigated and compared with fully dense material, as reference. In details,
the effects of heat treatment on mechanical properties and damping performance were investigated
through tensile testing and dynamic compression measurements at different excitation frequencies and
deformation amplitudes. The lattice structure can express a damping capacity of an order of magnitude
higher than the full dense material, correlated to good mechanical behavior. In the prospective of newly
designed parts for vibration suppression in aerospace applications, the opportunity of enhancing damping

behavior by means of light structural components is allowed by the use of lattice structures.

Keywords

Selective laser melting; Titanium alloys; Mechanical properties; Damping; Lattice structure, space
applications.



Introduction

Aerospace, Space and transport industries are increasingly asking for the employment of lightweight
metallic structures, among which cellular materials are particularly interesting [1-2]. In the class of cellular
materials the large degree of porosity induces two distinct effects, which allow promising use of these
structures in different fields. In the view of a structural application, an elastic modulus and yield stress
lower than the ones of the bulk solid are induced by the presence of porosity. Moreover, these mechanical
properties may be tuned by varying the bulk — porosity ratio. On the other side, under compressive stress
field these structures can reach particularly large deformations before the full densification is achieved,
making them ideal materials for energy absorption during shock mitigation of impacts [1] or as interface
dampers to reduce transmitted vibration to sensitive payloads onboard satellites during launch or
operational phases [3-4]. . Beside internal friction and dislocation motion, the bending and buckling of the
struts further increase the material damping ability. In recent years the rapid development of Additive
Manufacturing (AM) technologies has spread the possibility of realizing cellular materials with regular

structure, commonly named trabecular or lattice structures [5-7].

Among AM, selective laser melting (SLM) and electron beam melting (EBM) are based on the local melting
of metallic powder bed using a laser beam and an electron beam, respectively [8-9]. The mechanical
performances of the built materials are much higher than the conventionally casted ones, thanks to finer
microstructures induced by rapid cooling rates [8]. The SLM process has been used for printing periodical
lattice or hierarchical honeycomb structures in different alloys, like titanium, aluminum and stainless steel,
and for achieving different aims, such as bone replacement, heat transfer and energy absorption or only for
weight reduction purposes [10-16]. On the contrary, the EBM process has been adopted mainly for
manufacturing lattice structure in Ti6Al4V alloy for biomedical applications, as the vacuum inside the EBM

chamber permits to achieve high purity parts with limited oxygen concentrations [17-19].

Additionally to the previously mentioned performances, few works in literature have demonstrated that
lattice structure can integrate another feature, which is important for aerospace and space sectors, i.e. a

damping capacity significantly higher than the one of the full dense part [14,20].



In particular, Rosa et al. studied the damping behavior of 316L periodical lattice structures, produced by
SLM with building orientation parallel to the platform, in the as built condition: the testing was done in high
nominal plastic deformation condition [14]. In this respect, no studies regarding the damping behavior in

elastic filed of SLMed lattice structure are available in the literature.

The choice of Ti6Al4V alloy for manufacturing lattice based components may favour their diffusion to other
sectors, including the aerospace one, requiring relevant properties, like high mechanical properties,
lightness, low thermal conductivity (wrt aluminum alloys)and excellent corrosion resistance [21]. All these
properties are, in fact, offered by titanium alloys. Moreover, wrought titanium alloys have been already
investigated for energy absorption applications and the effect of operating temperature and heat

treatment on damping properties has been studied in literature [22-25].

Thanks to the finer microstructure obtained through the rapid cooling during the SLM process and the
possibility of reproducing trabecular parts, the present study has the goal of investigating the static and
dynamic mechanical properties of Ti6Al4V lattice structures. Moreover, the effect of a stress relief heat
treatment, suggested by the material supplier, was investigated and compared to the performances of the
as built condition on both bulk and lattice parts. The principal achievements are that lattice structure can
offer higher deformability than the fully dense material, providing enhancement of the damping behavior

in the field of elastic deformations.

Experimental

Bulk and lattice samples were produced from commercial Ti6Al4V powder by means of a SLM system (mod.
AMA400 from Renishaw), equipped with a pulsed wave laser. The adopted process parameters are listed in
Table 1. Figure 1 depicts the schematic of the lattice structure, which is based on a tetragonal diamond-like
structure (strut diameter and length of 1 mm and 2,5 mm, respectively). It has 18.5% of relative density
with respect to full dense parts. The manufactured samples were prismatic lattice structures (10 mm x 100
mm x 30 mm), standard dog-bone specimens and laminas (80 mm x 20 mm x 1 mm), both having a

thickness similar to the one of the lattice strut, for mechanical and damping testing. SLM samples were



built along the building direction (z axis) and tested in as built condition (AB) and after heat treatment (HT)
at 850 °C for 2 h in vacuum, as suggested by the powder supplier for stress relieving. Before testing samples
were washed with ultrasounds in acetone in order to remove loose powder. However, during optical

microscopy inspection, some partially sintered powder particles were found to be attached to the struts.

Table 1: Process parameters used for the printing of the bulk and lattice samples

Power Exposure Layer Point / hatch Platform Atmosphere
time thickness distance temperature
100w 60us 30um 75um 30°C Argon
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Figure 1: 3D model (a) and picture (b) of the lattice structure produced by SLM

Morphological analysis was carried out using optical microscopy (Leitz Aristomet) on samples etched in
Kroll’s reagent. Quasi-static mechanical properties were evaluated by tensile testing with an MTS 2/M
machine (strain rate of 0.015 min-1). Engineering stress and strain were computed considering the nominal
section and length of the whole trabecular structure, as if it were a dense part, in order to highlight the

differences with respect to the bulk samples [26].

Dynamic mechanical analysis (DMA) was used to evaluate the material loss factor by measuring complex

modulus and loss factor of the lattice structures. Adopted testing setup comprises Bruel&Kjaier



electrodynamic shaker (V830 model) to apply force and displacement, Futek LTH300 donut load cell and
DC-15 LVDT displacement sensors. More details about testing setup can be found in references [27-28]. The
sample was subjected to a dynamic load, resulting in a phase lag 6 between applied stress (amplitude o)

and the sample strain (o). Stress o and stain € are linked together by the complex modulus:
o=(E"+iE")e (1)

The real part E’ is called “storage modulus”, similar to the elastic one, while the imaginary part E” is called

“loss modulus”, linked to energy dissipation and therefore damping.

By rearranging the terms in Equation (1), an ellipse in the stress-strain plane is obtained, providing a

hysteresis loop whose area is related to the dissipated energy at each cycle:

o=E¢ tE" e — &2 (2)

Dimensions of the ellipse are related to the storage and loss moduli therefore, these values can be used to

estimate the material damping by computing the loss factor tan(6) as:
tan(8) = EE— (3)

The testing was conducted with amplitude of the imposed deformation set equal to 0.1% and 0.45% and
frequency to 30, 40 and 60 Hz. A preload of 900 N was applied to the sample in all tested conditions. As
term for comparison, bulk material was tested by means of sonic resonance method [29] on two thin

laminas. In that case, the loss factor was measured using well known half power method.

Analysis of Results and Discussion

The tensile testing was performed on lattice samples and the resulting mechanical properties were
compared with the ones of the full dense alloy. The mechanical testing was performed on lattice samples
and the tensile properties were compared with the ones of the full dense alloy. Figure 2 shows the stress

strain curves of the samples. The curves of the as built and heat treated lattice samples show a linear elastic



behavior up to yielding, occurring at 34 MPa and 31 MPa respectively, followed by plastic deformation until

failure (about 47 MPa). As expected, trabecular structures are characterized by much lower stiffness and

mechanical resistance than corresponding bulk samples and the elongation to failure is largely higher in

trabecular samples. Table 2 reports the values of the main mechanical features of the lattice and bulk

samples. The heat treatment influences the ultimate tensile stress but not the yield stress in the bulk

samples; on the contrary, no significant variations are detected in the lattice structures.
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Figure 2: Stress-strain curves of trabecular (left) and full dense (right) samples in AB and HT conditions

Samples E (MPa) YS (MPa) UTS (MPa) Ef (%)
Bulk AB 38439 + 125 542,3+51 938,3+62 59+0,7
Bulk HT 39485 + 432 621,6 + 43 826,9 + 24 5,4+0,4

Lattice AB 1148 +3 34,1+0,4 47,6 £0,7 10,71

Lattice HT 1108 £5 31+0,8 478+1 11,9+0,9

Table 2: Tensile properties of bulk and trabecular samples in as built and heat treated conditions

Dynamical characterization under low applied stress in compression was performed on lattice samples for

evaluating their damping capacity without significant plastic deformation. Figure 3a shows the stress/strain

loop of the lattice structure. The stress varied in the range t6MPa while the strain in the range £0.45%. The

area contained inside the loop provides information about damping capacity of the structure.
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Figure 3: Passband filtered stress/strain loop (orange triangles) and optimized loop (black curve) of the
lattice structure during DMA mechanical cycle (a); loss factors measured of lattice structures (b) for AB and

HT conditions, depending on the applied deformation. In black line 10 dispersion bands are shown.

sample Deformation amplitude 0.1% Deformation amplitude 0.45%
30 Hz 40 Hz 60 Hz 30 Hz 40 Hz 60 Hz

Lattice AB 1.29 1.38 1.08 2.45 2.50 2.59
Lattice AB 3.33 3.53 3.18 1.87 1.71 1.89
Lattice AB 1.12 1.12 0.92 1.52 1.57 1.40
Lattice HT 0.14 0.18 0.10 1.46 1.46 1.42
Lattice HT 0.51 0.53 0.54 1.58 1.60 1.16
Lattice HT 0.32 0.37 0.35 1.81 1.75 1.79

Table 3: Measured loss factors (% units) for trabecular samples: frequency, heat treatment and amplitude

dependence.




The measured loss factors for the lattice structures showed that achievable damping is between 0.5% and
2%. Analyzing the frequency behavior of the tested samples (see Table 3), it may be noticed that there is no
significant dependence of the loss factor on the exciting frequency; this agrees with metallic foams
behavior [18]. The tests on the lattice structures revealed noticeable variability in damping (especially for
the AB samples), most likely caused by the non-homogeneous material distribution, making each sample
different from the others. The weird behavior has not been identified in the HT samples that always show
increasing of the loss factors with strain amplitude increase. Considering as a whole the measured loss
factors average value of 1.6 102 for the maximum cyclic strain was achieved. The measurement variability
(considering both the sample and manufacturing process) for the tested samples is about 9.2 %, caused by
the intrinsic variability of the SLM process similarly to what was obtained with the as-produced structures.
Moreover, the heat treatment affects the measured damping, since measured loss factors are lower than
for AB samples and also measurement variability is reduced (see comparison in Figure 3b).

As term of comparison with respect to the lattice structures, dynamic tests were carried out on SLM built
full dense laminas. The sample bulk samples were suspended by means of two strings to simulate
unconstrained conditions. Frequency response function was used for evaluating the corresponding loss
factor, as shown in Figure 4a [29]. The achievable damping of the bulk samples is two orders of magnitude
lower than the one obtained with the lattice structures. This confirms that the open cell materials allow

increasing the specific damping capacity.
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Figure 4: Frequency response function bulk sample, including the implementation of the half power
method to measure the loss factor (a); loss factor measured for the bulk samples (b).

Representative microstructures of trabecular samples, depicting xy section before and after heat
treatment, are shown in Figure 5a-b and c-d, respectively. The microstructure of as-built Ti6AI4V alloy is
dominated by large prior B grains, highlighted by different gray shades in Figure 5a, which, because of an
extremely high cooling rate during SLM, are completely transformed to martensitic o’ phases. The o’
acicular phase can be recognized in Figure 5b under the form of fine needles. After the heat treatment at
850 °C, which is below the B transus temperature, a lamellar a + B mixture is formed (Figure 5c-d). Grains

are still visible and maintain roughly the same size. They consist of intercalated a (bright phase) and B (dark



phase) platelets. Moreover, grain boundaries are often characterized by a higher abundance of a phase, as

visible in the top-right corner of Figure 5d.

(b)



(d)
Figure 5: Microstructure of AB (a) and HT (b) TiAIV64 trabecular samples.

The high value of the damping coefficient in the as built condition (Figure 4b) is confirmed by the presence
of B grains containing a’ lamellar phase, able to induce the mechanisms of energy dissipation [22]. In fact,
after quenching or rapid solidification occurring in SLM process the damping capacity can be increased by
more than an order of magnitude when a meta-stable structure is generated.

An interpretation of the high damping is that the tension-compression oscillation causes structural reversal
of metastable phase conditions in an anelastic way, thus dissipating elastic strain energy. The damping and
the modulus values are mass-weighted averages of the contributions by the primary a phase and the

second B, a" or a‘ phase: this microstructure consists of soft a phase and tempered martensite with



different stiffness, which has the same characteristics as a composite material, therefore shows higher
damping properties compared with the other microstructures. On the contrary, Titanium alloys with stable
a+p phase mixtures have low damping capacity. This can explain the reason why the heat treatment limit
the damping capacity, even if it can relief the residual stresses induced by the local rapid solidification of
the SLM process.

Moreover, during the testing the stress distribution change from the bulk sample to the lattice one can
promote an enhancing of the energy dissipation, due to stress concentration in the points of intersection

among of single linear elements, constituting the trabecular structure.

Conclusions

Mechanical testing of Ti6Al4V lattice structures made by SLM confirmed the high potential of coupling
structural and functional properties in lightweight components. In details, the lattice structures showed
stable mechanical properties, enhanced deformation capability and high damping capacity for elastic
deformation range. The measured damping capacity was found to be about two order of magnitude larger
than the one displayed by bulk samples of the same material, even after the required heat treatment. The
effect of the heat treatment on damping was correlated to a lowering effect, confirmed by previous
literature studies. The obtained result would be very attractive for many different technological fields, and
in particular for the Space and Aerospace sectors, where adoption of lattice-based parts would offer
reasonable strength, lightness and enhanced damping capacity beside the powerful design freedom
granted by additive manufacturing technologies.

Further investigation will be taken into account for studying the mechanisms of energy dissipation,
associated to specific AMed microstructures, and numerical analysis of the stresses during the mechanical

cycling will be considered in next works for optimizing the damping behavior with ad hoc heat treatments.
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