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ARTICLE INFO ABSTRACT

Keywords: Additive manufacturing (AM) enables the creation of complex geometries like lattices with tunable mechanical
Additive manufacturing behaviour. This technique is frequently used in a diverse range of alloy systems, including steels, nickel-
Ti6Al4V . based superalloys, titanium and aluminium alloys, among others. These materials, combined with intricate
k::f;nl?;vgfi:sm fusion designs, are leading to innovative metamaterials for lightweight, energy-efficient components in impact
Lattice applications. However, gaps remain in understanding the connection between the lattice architecture, the

resulting microstructure and processing defects and the mechanical behaviour under dynamic conditions of
these cellular materials. . This study investigates the dynamic behaviour of Ti6Al4V BCC lattice structures
manufactured by Laser Powder Bed Fusion (LPBF), using a multiscale approach to examine both individual
struts and whole lattice structures under high strain rates. The Split Hopkinson Pressure Bar and Direct Impact
Hopkinson Pressure Bar are used for dynamic testing, while design variables such as printing orientation
and strut diameter are considered. Additional analyses on surface quality, microstructure, and fractography
are conducted to correlate with the mechanical performance. Results show that the mechanical properties of
individual struts are both dependent on the diameter and orientation, especially the former. Struts with larger
diameters exhibit higher ductility, while mid-size struts (1 mm diameter) present the higher peak flow stress.
For the lattice structures, the dynamic plastic/crushing stress, the energy absorption and the failure modes
are influenced strongly by strut diameter, with a minor impact from printing orientation. Lattices formed by
struts with larger diameters exhibit higher plastic/crushing effective stresses, but the optimal energy absorption
efficiency is achieved with smaller diameters due to densification. These findings highlight the importance of
considering size and orientation in the design of lattice structures for dynamic applications.

Dynamic mechanical properties

1. Introduction While Ti6Al4V has been traditionally manufactured by forging
and casting methods, more recently novel techniques such as additive
manufacturing (AM) are taking the spotlight. These new manufacturing
routes allow the creation of near-net-shape complex geometries and
lightweight structures while avoiding the need of expensive post-

processing tooling and material waste [3-5]. For example, in the

Titanium alloys are widely used in several fields such as biomedical
and aerospace due to their excellent combination of properties includ-
ing high strength-to-weight ratio, its excellent corrosion resistance or
biocompatibility. Within this type of alloys, Ti6Al4V presents a unique
balance between strength, ductility, high-temperature performance and

fracture toughness, among other interesting properties [1]. The excel- biomedical field, AM enables the creation of patient-specific titanium

lent mechanical performance of this alloy arises from its microstructure
formed by a compound of phases including: « (hexagonal-close-packed
(HCP)), p (body-centered-cubic (BCC)) and o’ (martensite) [1-3]. With
these phases as foundational bricks, humans have historically tailored
the Ti6Al4V microstructure by means of heat treatments to satisfity
a wide variety of mechanical requirements. However, this versatil-
ity comes at a price: the complex understanding of its mechanical
behaviour.
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implants and porous scaffolds that promote tissue integration and
regeneration, producing structures with customized pore sizes and
shapes adapted to each specific function. In high-performance fields
such as aerospace or transport, AM allows to maximize the optimization
of the parts by reducing and tuning their weight and mechanical
behaviour [5-7]. Within the metallic AM techniques, laser powder bed
fusion (LPBF) is one of the most used technologies due to its capability
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to produce low defect, high performance metallic parts. In the LPBF
process, a laser beam selectively melts the regions of a powder bed
corresponding to the part geometry, layer by layer. This process follows
a pre-designed and sliced CAD model, enabling precise fabrication of
complex parts.

In Ti6Al4V, LPBF has been used to produce parts and complex struc-
tures [8-10]. Under quasi-static conditions, it is well known that LPBF
Ti6Al4V exhibits unique mechanical responses compared to its cast or
forged counterparts due to its distinct microstructure formed during
the rapid cooling of the LPBF process. This microstructure, primarily
consisting of fine acicular martensite (¢’) from the initial f phase,
provides enhanced strength but reduced ductility, a balance that can
be further tuned by post-processing methods like heat treatments [6,7].
Two commercial variants of Ti6Al4V powders are commonly used in
LPBF: Grade 5 (Ti6Al4V) and Extra Low Interstitial (ELI) Grade 23.
While both share a nearly identical chemical composition, Grade 23
has lower levels of interstitial elements (oxygen, nitrogen, and iron),
resulting in enhanced ductility and fracture toughness compared to
Grade 5. These interesting features and the fact that Grade 23 presents
a better biocompatibility makes it a great material for aerospace,
automotive and biomedical applications [11].

Regarding the quasi-static properties of LPBF Ti6Al4V, June et al.
[12] studied the effects of thickness, geometry, and temperature on
the mechanical behaviour of LPBF Grade 23 Ti6Al4V and found that
size effects become more pronounced at higher temperatures, with
strain hardening increasing due to slip system activation. Moreover,
an extensive analysis by Casata et al. [13] analysed the effects of strut
size, orientation, and printing parameters of LPBF Grade 23 Ti6Al4V on
the static mechanical properties of single struts, revealing that smaller
diameters show a reduced elongation due to increased roughness and
defects, while horizontal orientations lower strength and ductility due
to dross formation. They also noted that process parameters influence
mechanical performance based on strut inclination.

The right printing parameters such as printing strategy, energy
input, laser velocity layer thickness and many others, widely studied
in the literature, allow to manufacture near-to-fully dense parts with
very low porosity and defects, as Singla et al. [14] have gathered in
their extensive review. For example, Gong et al. [15] observed when
studying LPBF Grade 23 Ti6Al4V that too low energy inputs lead to
incomplete melting of the powder and the generation of voids or pores.
They also noted that defects under 1% are harmless regarding the
mechanical properties. In another study, Thijs et al. [16] observed also
in LPBF ELI (Grade 23) Ti6Al4V that by increasing the energy density
by lowering the hatch spacing or the scanning speed, the volume of
Tiz Al precipitates increases, leading to a higher micro Vickers hardness.

Ti6Al4V AM parts used in the aerospace or marine fields can also
be subjected to high-strain loading conditions such as bird strikes,
space debris or even be used in energy absorption cases for protective
applications and ballistic defense [17-19]. Regarding this, although
great efforts have been put in understanding the effect of processing
conditions and microstructure on the static properties of LPBF Ti6Al4V,
as shown in the previously cited studies, its dynamic mechanical be-
haviour is a more unexplored domain, as Alkhatib et al. [20] state
in their extensive review about dynamic behaviour of light metallic
alloys. The dynamic properties of LPBF Ti6Al4V are influenced by
factors like strain rate sensitivity, temperature conditions and printing
orientation. For example, Yuan et al. [17] found that Ti6Al4V produced
by LPBF exhibited a strong strain rate sensitivity regardless of the
printing orientation, with the yield stress and flow stress increasing
by up to 35% and 55% respectively at high strain rates (1000-4000
s~1) compared to quasi-static conditions. Furthermore, Liu et al. [18]
found that the dynamic compressive properties of LPBF Ti6Al4V are
strongly influenced not only by strain rate, but also temperature. They
showed that, with elevated temperatures, plastic flow and fracture
strain are enhanced, facilitating adiabatic shear band formation and
dynamic recrystallization, while lower temperatures and strain rates
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promote strain hardening and limited plastic deformation. Additionally,
Yang et al. [19] analysed the effect of the heat treatment in LPBF
Ti6Al4V under dynamic conditions and concluded that, although the
heat treatment reduced the UTS and yield strength, both of them were
increased as the strain rate increased, showing an important strain
rate sensitivity. Zhicong et al. [21] studied the effect of scanning
speed, printing orientation and strain rate on the dynamic mechanical
behaviour of LPBF Ti6Al4V. They found that strain hardening, energy
absorption and failure mode depends strongly on those variables, with
optimal properties observed at a laser scan speed of 1.2 m/s. They also
found that the ultimate flow stress and the energy absorption increased
as the building angle increased, with only the samples printing at 45°
presenting a shearing fracture pattern. They also observed that higher
strain rates produced and enhancement of the strength produced by an
intenser dislocation activity.

Furthermore, the work of Cui et al. [22] studied the effect of differ-
ent levels of porosity in the dynamic response of LPBF Grade 5 Ti6Al4V
by using different printing parameters, finding that lower porosity
samples exhibit better tensile strength, while porous samples excel in
energy absorption. Shock-recovery tests showed that void collapse and
energy absorption occur during the impact stage in porous samples, and
cracks mainly originate from widely distributed voids. While it is clear
that LPBF Ti6Al4V generally show improved strength and strain rate
sensitivity, some challenges remain in optimizing their performance,
especially in critical load-bearing or impact-resisting roles, needing
ongoing research to fully characterize their dynamic response.

On top of this, cellular materials such as lattice structures have
attracted the attention of the scientific community due to their unique
combination of light-weight designs and customizable structural prop-
erties that can be applied in a wide variety of sectors such as satellites
and aircrafts [23-26], automotive [27], biomedical [28] or impact
protection [29]. These structures are defined as 3D printed periodic,
customizable and complex architectures composed of repeating cellular
units or random distributed structures, see Fig. 1. There are several
classifications in the literature depending on their mechanical response
(bending or stretch dominated), morphology (strut or surface based),
geometrical distribution (stochastic, non-stochastic), etc [30,31]. For
the case of non-stochastic or periodic lattices, Pei et al. [32] includes
a complete classification of these materials divided into strut-based
(periodic array of struts connected by nodes), shell-based (periodic
array of plates folded in a certain way) and Triply Periodic Minimal
Surfaces (TPMS), composed of infinite, non-self-intersecting, periodic
surfaces. Special attention takes the strut-based periodic lattices due
to its simplicity and demonstrated versatility [33—-37]. Regarding their
quasi-static properties, Wauthle et al. [38] studied the effect of the
printing orientation and heat treatment in LPBF Grade 5 Ti6Al4V
diamond lattice structures and found that horizontal struts were poorly
printed due to the quantity of defects present. They also noted that
the trends of the several heat treatments they tested were the same
for all building orientations. Choy et al. [39] studied the properties of
LPBF Grade 23 Ti6Al4V cubic and honeycomb lattice structures with
different strut diameter and orientation. They showed that compressive
strength was higher in designs with vertical struts and smaller angles,
the orientation affecting the collapsing behaviour.

These AM structures are raising the interest in blast and impact
protection applications for their excellent impact energy absorption due
to their large densification capacity, high strength and the ability to
maintain a constant plateau stress during high deformations [40,41].
The work of Harris et al. [42] using LPBF stainless steel shows that
these structures are able to dissipate the kinetic energy at minimum
weight while preventing the application of the highest stresses on the
protected object. In another work, Calladine et al. [43] shows the
importance of the choice of topology, cell size and cell wall material
in the dynamic compressive strength and the collapse mode up to the
densification strain. The compressive response is also influenced by
the strain rate sensitivity of the base material and inertia effects [43].



A. Cardefia et al.

Wing
Leading edge

Lattice diameter
Lattice orientation
Unitcell

&>

N—

Impact absorber
structure

Engineering Application Cellular Metamaterial

dm cm

Moreover, Gangireddy et al. [44] investigated the dynamic mechani-
cal properties of LPBF Ti6Al4V octet lattice structures fabricated via
LPBF with varying strut diameters. Their findings indicated that peak
strength and energy absorption increased nearly linearly with relative
density (strut radius), while the specific values were highest for the
smallest strut radius. Cardefia et al. [45] studied the dynamic behaviour
of LPBF Grade 23 Ti6Al4V BCC lattice structures with two different
diameters and the effect of a standard heat treatment in the properties.
While the heat treatment had no significant impact on mechanical
properties, the study revealed high strain rate sensitivity compared to
quasi-static tests and a greater maximum strain in the lower relative
density samples. In another similar study, Merkt et al. [46] tested LPBF
Ti6Al4V cubic lattices at different strain rates and found a significant
strain rate sensitivity, with the UTS increasing by approximately 20%
at higher strain rates. While the decrease in strain to failure was
minimal, plateau stress showed a substantial rise between 10%-60%
strain, resulting in significantly higher energy absorption at the maxi-
mum strain rate of 5 m/s. Additionally, Xiao et al. [47] analysed the
energy absorption capabilities of functionally graded LPBF Ti6Al4V
lattices with different density gradients subjected to static and dynamic
loadings, finding that graded lattice structures have higher specific
strength and energy absorption (SEA) than uniform lattices. They also
indicated that localization of bending and fracture of the struts in the
low density areas were responsible for the overall failure of the graded
samples, with no apparent localization in high density areas.

It is clear from the cited literature that, although great research
efforts have been done in the fundamental understanding of the static
mechanical behaviour of Ti6Al4V LPBF cellular strut-based metamate-
rials, much less work has been dedicated to their dynamic behaviour.
Therefore, there is an incipient need for a fundamental understanding
of the effect of the design processing conditions, such as the printing
orientation and the size of the metamaterial, on the dynamic me-
chanical performance of cellular structures. In this work, we aim to
address this paradigm by adopting a multiscale perspective on the
problem. To do so, the dynamic behaviour and energy absorption of
Ti6Al4V Grade 23 BCC strut-based lattice metamaterials manufactured
by LPBF are analysed, connecting the cellular behaviour with their
inner strut counterparts. With this purpose, first the dynamic behaviour
of the individual struts is studied from a fundamental perspective,
understanding the effect of geometry and orientation on the defects and
microstructure. Then, this understanding is scaled up into the study of
the dynamic behaviour of lattice structures composed of the elemental
struts studied in the first part of the study. The main objective of the
study, shown in Fig. 1, is to find a correlation between the behaviour
of the higher-scale cellular structure and the lower-scale individual
struts by analysing factors such as size effect, printing orientation and
mechanical performance.

This paper is structured as follows: first, in Section 2, the manufac-
turing conditions, design of the specimens, material characterization
and experimental setup are explained; then Section 3 starts with the
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Fig. 1. Dynamic application of AM cellular materials and multiscale approach of the problem.

Table 1
Ti6Al4V powder composition.
Element Ti Al \4 Fe o C N H Y

Mass (%) Bal. 6.3 4.0 021 009 <001 0.01 0.001 <0.001

study focused on the analysis of the lower-scale elemental struts and
followed by scaling it up to the analysis of the dynamic behaviour of
lattice cellular structures composed of the elemental struts studied in
the first part; finally some arising conclusions are drawn.

2. Material and methodology

This section outlines the experimental methodology employed in
this study, along with a detailed description and justification of its
design.

2.1. Material

The base material for this study is Ti6Al4V (Grade 23) ELI powder
supplied by Carpenter Additive®. The supplied powder is assured a
nominal particle distribution from 14.9 pm (D10) to 53.6 pm (D90). The
powder composition provided by the supplier is shown in Table 1.

2.2. Design of the study

The main aim of the study is to address the fundamental effect
of the printing orientation and the relative density on the dynamic
behaviour of cellular strut-based metamaterials and their foundational
struts. To do so, two main sample geometries were studied: (1) single
strut dog-bone specimens and (2) BCC cellular metamaterials (see Fig.
2).

Lower scale - Elemental struts:

Dog bone samples resembling the foundational elements of a strut-
based cellular material have been manufactured and tested (see Fig. 2,
upper part). The gauge length of the specimens is set to 5 mm. Different
strut diameters and printing orientations have been selected:

« Strut diameters: three different diameters were chosen based on
previous studies in the literature [5,48,49]: 0.5 mm, 1 mm and
1.5 mm. These diameters cover a wide range of scales corre-
sponding to different fields and applications, from biomedical to
aerospace. The use of different diameters enables the analysis
of possible size effects on the mechanical performance of LPBF
Ti6Al4V.

Strut orientation: struts are printed with angles of 90° (vertical),
55°, 36° and 20° relative to the build plate. Horizontal struts are
avoided due to well-known bad printability in terms of rough-
ness and mechanical properties [13,50]. The selected orientation
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Fig. 2. Variables in the design of single struts and BCC lattices. While gauge length is maintained constant, the printing orientation and diameter is changed to analyse the effect

in the surface quality, defects and mechanical performance.

range covers a wide spectrum of angles seen in the most com-
mon strut-based unit cells used for printed metamaterials in the
literature [51-53].

Higher scale - Cellular materials:

The unit cell geometry chosen for this study was BCC due to its
simplicity and the absence of horizontal struts. The length of the
lattice’s struts is fixed at 5 mm for a direct comparison with the
single strut study, giving a unit cell size of approximately 5.8 mm.
The tested specimens are composed of 3x4 unit cells, in a compromise
solution between addressing the homogenized behaviour of the cellular
material and the compatibility with the testing set up. Similarly to the
foundational strut study, different diameters and orientations of the
cellular lattices are analysed:

+ Lattice diameter: the strut diameters of the BCC lattice were set
to 0.5 mm, 1 mm and 1.5 mm allowing for a direct correlation
with the previous fundamental strut study.

Printing orientation of the Lattice: the lattice has been rotated
accordingly to get a similar range of struts angles as in the
fundamental strut study, allowing for direct correlation. With this
in mind, vertically oriented and rotated lattices were printed as
indicated in Fig. 2. For the case of the vertical lattice, all the struts
are aproximately oriented at 36° relative to the build plate. For
the rotated lattice (rotated 45° in the X axis and 35° in the Y
axis), the struts are printed at 90° and 20° with respect to the
build plate.

Table 2
Processing parameters used to produce the Ti6Al4V samples.
Hatching Contour
Layer thickness 30 pm 30 pm
Laser Power 129w 170 w
Scan Speed 1001 mm/s 1600 mm/s
Hatch Distance 73.8 pm 80 pm

2.3. Manufacturing conditions

All the Ti6Al4V specimens cited in the previous section were man-
ufactured by Laser Powder Bed Fusion (LPBF) in an Aconity Mini
(Aconity GmbH, Germany) equipped with a 400 W infrared laser. The
printing parameters were maintained constant for all the samples and
can be found in Table 2. All the samples were printed using a Gaussian
laser beam with a spot size of 80 pm and a layer thickness of 30 pm. A
stripe hatch-contour scan strategy was chosen, with a 67° rotation after
each layer. These parameters were optimized for this alloy to reach
a minimum value of porosity. The porosity of the strut samples was
analysed to assure the overall value remains below 1%, in accordance
to other studies [13,54].

During printing, the inner chamber was protected with an argon
atmosphere obtained by a constant flow of the gas. It was ensured
that the oxygen concentration remained below 200 ppm throughout
the entire process. The base plate used to print the samples is made of
Ti6Al4V. Supports were placed in the grip region for the case of the
single struts and below the base plates for the case of the lattices. No
supports were placed in the gauge length of any of the struts in order to
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Fig. 3. Methodology followed to capture longitudinal images of the single struts. The two perspectives of the same samples are used for the analysis of the real average diameters

and the surface roughness.

resemble as much as possible the conditions of the fundamental struts
when they are printed as part of a complete lattice structure.

After printing, the samples underwent a heat treatment at 800° C
for 4 h under vacuum, promoting stress relief and the formation of a
lamellar « + f microstructure.

2.4. Material characterization

2.4.1. Analysis of the real diameter and surface roughness

Before testing each strut sample, longitudinal images of the gauge
length were taken using a FLIR camera model Blackfly S USB3, getting
images of the area of interest with a resolution in the range of 800x2100
pixels. Two images per strut were captured, rotated 90° from each other
(as illustrated in Fig. 3), in order to analyse the sample diameters and
the surface roughness. One of the images contains information of the
upperskin and downskin profiles while the other image captures the
printing side profiles.

2.4.2. Fractography analysis

Fracture surfaces of the struts for each tested condition (orientation
and diameter) were analysed using a Hitachi S-3400N scanning electron
microscope (SEM) equipped with back-scattered diffraction sensor. Im-
ages were taken at an accelerating voltage of 10KV and a magnification
of x55, x70, x140 (for the global strut image depending on the diam-
eter) and x700 (for the zoomed images of the centre of the struts) to
analyse the fracture in detail. The population of dimples was character-
ized using ImageJ software [55] to extract the diameter distribution of
them. The average length of the dimples was numerically measured by
selecting 150 to 200 random length measurements of different dimples
for each testing condition. These random measurements were ensured
to be representative of all visible dimples in each image.

2.4.3. Microstructural analysis

Once tested, one strut from each orientation and diameter condition
was embedded in epoxy resin and prepared in order to analyse the
microstructure. The samples were grinded and polished to achieve a
mirror-like surface, starting with a 1200-grit abrasive paper, following
a polishing using 9 pm to 3 pm diamond suspension and perfecting the
final mirror surface using silica suspension solution mixed with H202
(70:30). To reveal the microstructure, the surface was etched using
Kroll’s reagent (1.9% HF, 3.8% HNO5; and 94.3% H,0). Microstructural
images were acquired at x3.5 and x7 with an Olympus GX53 optical
microscope.

2.4.4. Lattice relative density analysis

The experimental relative density of the BCC lattices has been
measured for each condition (diameter and orientation) in order to
assess its deviation from the intended designed one. To do so, the
lattices were weighted and measured, and their relative density was
calculated following:

P (%) = u/lc;;tice/pTiﬁAMV . 100 a
boundingbox

where W,;c. and Vj,gingbox are the weight of each sample and the
volume of the bounding box occupied by the BCC lattice respectively,
and prga4y is the bulk density of Ti6Al4V (4.43 g/cm’). W i iS
calculated by substracting the weight of the plates from the total weight
of the specimen. The V},,,gingnox iS calculated from measurement of the
bounding box containing the BCC lattice.

2.5. Mechanical testing

Given the multiscale nature of this study, two different experimental
set-ups based on the Hopkinson bar theory [56] were employed for
the mechanical characterization of the single struts and the lattice
metamaterials. This was necessary due to the differences in the sample
dimensions and their structural impedance.! All the specimens were
tested at room temperature.

2.5.1. Struts: miniaturized Split Hopkinson Tensile Bar (SHTB)

Dynamic tensile tests on single struts were conducted using a Split
Hopkinson Tensile Bar (SHTB) setup, as illustrated in Fig. 4. The setup
was constructed from 10 mm diameter A17075 T6 aluminium bars for
both the incident and transmitted bars, with an aluminium tube used
as the proyectile. In this configuration, the single-strut specimen was
mounted between the bars using an auxiliary coupling system.

The coupling system consists of two main components: an adapter
part made of the same material as the bar (Aluminium 7075-T6)
attached to the testing bar with a headless M6 screw on one side and
glued to the specimen itself on the other side. A detailed representation
of the grip system geometry is provided in Fig. 4.

This coupling system was custom-machined in the laboratory to
meet the specific requirements of the experimental setup. This de-
sign ensures continuous contact among the bar, screw, and adapter,
avoiding unwanted reflections of the stress wave and maintaining the
impedance consistency of the overall system. The adhesive used for
bonding the adapter to the specimen is a high-performance epoxy resin
(Loctite EA 9466), selected for its ability to withstand the anticipated
maximum shear stresses and impact loads during testing. To ensure

1 Structural impedance = pcA, being A the cross-sectional area, ¢ the wave
speed in the material and p the density.
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homogeneous impedance across the testing system, all components are
fabricated from the same material as the bars (Aluminum 7075-T6) and
maintain an identical cross-sectional area.

The tensile pulse is initiated by launching the striker, with com-
pressed air, against the anvil end of the incident bar, generating a ten-
sile stress wave that travels along the length of the bar. Upon reaching
the interface between the bar and the specimen, the wave is partially
reflected and partially transmitted to the second bar throughout the
specimen.

Strain measurements were performed using a full Wheatstone bridge
with two rosettes of Vishay micromeasurements CEA-06-125-UT-350
type gauges, with two longitudinal and two transverse gauges relative
to the bars, to compensate for bending and maximize the gain. The
signal conditioning system used was a Vishay 2200, with no filtering
applied.

The gauges were located at 200 cm (input bar) and 50 cm (output
bar) from the bar-specimen interface. By measuring and recording
the voltage signals for each strain gage, the incident (g;), reflected
(¢,), and transmitted (g,) strain waves can be extracted. By apply-
ing one-dimensional elastic wave propagation theory, the engineering
strain rate (¢), engineering strain (¢) and engineering stress (¢) can be
calculated using the following equations:

2c
f=—targ ®)
ly
2c
¢ = = 2bar / £ dt ©)
ly
EparAp EporAp
= ”:40 T, ”;‘O L (g; +€,) (@)

where c,,,. is the sound velocity of the bar material, /, and A, are
the initial gauge length and the cross-sectional area of the specimen
and E,, and A,, are the elastic modulus and cross-sectional area
of the bar, respectively. Furthermore, a Phantom Veo 710 high-speed
camera was used to capture the specimen’s deformation during testing
with a resolution of 256 x 64 pixels and a frame rate of 260000
fps. The displacement was quantified using Digital Image Correlation
(DIC) techniques, providing an additional and more accurate measure
of longitudinal strain and deformation in the strut specimen.

In order to align the strain rate with that obtained from the lattices
across all struts, an initial calibration of the bar was conducted. During
the calibration, the correct input pressure for each condition (diameter
and orientation) was fixed to assure that all the struts were subjected
to 900 s~1-1000 s~!, the same order of magnitude as the lattices and
the minimum that could be reached with the bar.

2.5.2. Lattices: direct impact Hopkinson pressure bar (DIHPB)

The lattice specimens were tested using a Direct Impact Hopkinson
Pressure Bar setup as illustrated in Fig. 4 to evaluate their compressive
properties under dynamic loading while ensuring densification, an
essential condition for assessing energy absorption behaviour.

The DIHPB configuration was chosen over the conventional Split
Hopkinson Pressure Bar (SHPB) primarily to achieve lattice densifica-
tion. In the conventional SHPB, the maximum strain in the sample is
constrained by two factors: (1) the projectile velocity and (2) the length
of the projectile.

The maximum striker velocity may be limited by the acceleration
mechanism of the set-up, but more importantly, it is constrained by the
yield strength of the incident bar material. When testing low-impedance
materials, the magnitude of the reflected strain (¢,) tends to be similar
to the magnitude of incident strain (¢;) due to the impedance mismatch
between the incident bar and the specimen. If a material with low
Young’s modulus, such as aluminium, is chosen for the incident bar
to improve signal resolution, the maximum striker velocity is further
constrained to prevent yielding on the incident bar. Conversely, se-
lecting a material with a high yield strength (and consequently a high
Young’s modulus) to avoid yielding reduces the signal resolution when
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subtracting the incident and reflected waves to compute the force at
the incident-specimen interface.

With regard to the projectile length, increasing its length is not
always feasible due to physical constraints of the equipment and the
cannon. Additionally, the accuracy of force calculations in the incident
bar may be compromised by wave dispersion. Longer projectiles neces-
sitate placing strain gauges farther from the ends of the incident bar
to avoid wave superposition, which can distort the measurements. For
these reasons, many researchers opt to use Direct Impact Hopkinson
Pressure Bar for testing lattice or cellular materials [41,57-59].

Taking into account the previous argumentation and the low
impedance of lattice metamaterials, the experimental set-up, which is
illustrated in Fig. 4, consisted of a VascoMax-C250 projectile with a
length of 1.2 m and a diameter of 25.4 mm, and a Al7075 T6 output
bar of 25.4 mm diameter and 4 m length. In all cases, the projectile
velocity was, approximately 13 m/s, resulting in a strain rate between
500-600 s1.

For all the lattice samples, although the printing orientation
changes, the BCC unit cells forming the lattice present the same
direction with respect to the loading axis. The tests were recorded by
a high speed camera Phantom Veo 710, at 100 000 fps with 256 x 168
resolution. Displacement and strain information of the samples were
extracted by DIC techniques given the fact that, in direct impact
configuration, neither the incident wave nor the reflected wave was
measured.

Strain measurements were performed using a full Wheatstone bridge
with two rosettes of Vishay micromeasurements CEA-06-125-UT-350
type gauges, with two longitudinal and two transverse gauges relative
to the bars, to compensate for bending and maximize the gain. The
signal conditioning system used was a Vishay 2200, with no filtering
applied. The gauges were located at 50 cm from the bar-specimen
interface in the output bar. From this signal, it is possible to extract
the engineering stress using the equation:

E bar Abar
= ——:¢

1
A plate

)

where A, is the area of the plate of the lattice and E,, and A,,,
are the elastic modulus and cross-sectional area of the output bar,
respectively.

The drawback of the Direct Impact Hopkinson Pressure Bar setup is
the inability to verify force equilibrium, as force data is only available
at the distal (non-impacted) face. In this study, force equilibrium, and
thus the validity of the data, is assumed based on previous experimental
and numerical results from the literature. For instance, Wang et al. [57]
reported that closed-cell aluminium foams with relative densities of
10%-14% and a sample length of 32 mm maintained force equilibrium
for impacts up to 16 m/s, recording plateau and collapse stresses of
3.49 MPa and 5.35 MPa, respectively. Fila et al. [58], using an Open
Hopkinson Bar set-up, obtained forces values at both the proximal
and distal faces in tests on auxetic SS316L structures with 0.3 mm
strut thickness and specimen dimensions of 12 x 12 x 12.5 mm3,
demonstrating force equilibrium up to striker velocities of 20 m/s.
Lastly, Jin et al. [60] provided numerical results on Ti6Al4V BCC
lattices with a strut thickness of 0.8 mm, a unit cell size of 5 x 5
mm?, and a specimen length of 21 mm (comparable to the dimensions
in this study), showing force equilibrium up to a relative velocity
between faces of 32 m/s. Moreover, the DIC data allowed the authors
to estimate the force equilibrium for the 1.5 mm thick-strut specimen.
However, force equilibrium could not be explicitly verified for the other
two lattice types due to noisy results stemming from measurement
uncertainties with DIC. This analysis is summarized in Appendix A.

3. Results and discussion

In this section, the results arising from the study are presented and
discussed. First, the lower scale study focused on the fundamental struts
is presented. Then, the second part of the section is focused on the
mechanical behaviour of the strut-based cellular metamaterials linking
their properties to the phenonema observed at the foundational struts.
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Fig. 4. Schematic of split Hopkinson Tensile Bar (SHTB) and Direct Impact Hopkinson Pressure Bar used for the dynamic characterization of the material.

3.1. Lower scale - Study of elemental struts

3.1.1. Manufacturing accuracy and defect analysis

This section addresses the effect of the strut diameter and ori-
entation on the printing deviation and the presence of defects (e.g.,
roughness). First, the manufacturing dimensional accuracy is analysed,
followed by a quantitative analysis of roughness.

Geometrical accuracy. As a measurement of the dimensional accuracy,
the geometrical CAD deviation of a single strut is defined as:

Aveal — Anomi
real nominal 100 (6)

nominal

CAD Dev =

where A, is the average area extracted from direct measurements of
the struts and Apgmina is initial intended area established in the design
stage. A.., is obtained as:

DD
Areal = 7[< 14 2 > (@]

where D, and D, are the average real diameters extracted from the two
perpendicular images of each strut.

The resulting CAD Dev values are presented in Fig. 5. For each
strut condition, the maximum, the average and the minimum diameter
measured are indicated. In general, the standard deviation is between
0.15% and 0.93% in all cases, except for the strut of 0.5 mm - 20°,
which is 1.51%.

There is a direct correlation between the CAD deviation and the
diameter of the struts. As the CAD diameter decreases, the deviation
increases drastically, reaching values between 70%-90% for diameters
of 0.5 mm. This trend is observed for all the printing orientations. This
is in accordance with previous results in the literature. For example,
Bregoli et al. [61] observed in LPBF Grade 23 Ti6Al4V that the printing
accuracy improved significantly with increasing strut diameter, where
larger diameters (0.9 mm) resulted in dimensional deviations being
reduced by approximately half compared to thinner struts (0.5 mm).
Bartolomeu et al. [62] also found a similar trend and concluded a
systematic linear correlation between the CAD and the LPBF parts for
wall size of cellular materials. More recently, Casata et al. [13] also
noted a decrease in the CAD deviation as the strut diameter increases.

The effect of the printing orientation is much less acute. There is
a slight decrease of the printing accuracy as samples are printed more
vertically. For the case of 1.5 mm, the deviation decreases less than
10% as the printing angle decreases to the lowest angle. Following the
same trend, the deviation of the 1 mm diameter decreases around 15%.

It is for the case of the smallest diameter (0.5 mm) when a lower devi-
ation around 26% is appreciated when the orientation angle decreases
to its minimum studied value of 20°. Other authors have also studied
the influence of printing orientation of the geometry accuracy of LPBF
lattices and struts. For example, Dong et al. [51] studied the geometric
accuracy of LPBF AlSi10Mg lattices and found an average deviation of
2.9% for the 35.5° struts, a value that decreased to 1.5% for the case of
the vertical struts. Cansizoglu et al. [63] studied the printing accuracy
of electron beam PBF (EB-PBF) Ti6Al4V lattices and observed that the
real diameter was higher for the case of the vertical struts, similar to
the trend found in this study. Zhang et al. [64] studied the accuracy of
EB-PBF Ti6Al4V struts with different diameters and orientations and
found that, for the same diameter, the deviation depending on the
printing angle varied slightly, generally decreasing when printed more
vertical. They also found that struts between 0.1 mm-1.5 mm diameter
are printed oversized, as observed in this study. The different trends
observed in the literature can be caused due to the printing accuracy
being highly influenced by several factors such as printing parameters,
CAD diameter and printing orientation. Moreover, there is a general
trend indicating that the printing orientation is the less influential
factor in the cited bibliography, in accordance with our results.

Surface roughness. Before testing, the longitudinal roughness was anal-
ysed for each strut as a function of its orientation and diameter. The
average roughness of the downskin and upperskin were obtained from
longitudinal images of the gauge length of each strut by image analysis.
Representative examples of these images are presented in Fig. 6.

The quantitative results of the surface roughness (R,) for the down-
skin and upperskin are presented in Fig. 7. For consistency, for the case
of the 90° struts, downskin and upperskin measurements are indicated
although both roughness values correspond to vertical surfaces. As
expected, the average roughness of the downskin is higher than the
upperskin for all orientations and diameters. This has been found to be
related to the different sources causing the roughness in the upperskin
and downskin [13,65]. Tian et al. [65] observed two different sources
of roughness in LPBF Ti6Al4V struts: one related to the layer by layer
nature of the LPBF process (stair-stepping shape along the length of the
sample) and another one related to the adhesion of powder particles
during melting. For the case of the upperskin, the first one plays a
more important role, while the roughness of the down-skin is mainly
produced by the second source. This is in agreement with Fig. 6 as it
can be observed that for the case of 20°, the staircase type of roughness
is present in the upperskin, and partially melted particles are more
pronounced in the downskin area. This difference between upperskin
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Fig. 6. Images of the struts printed at 20° and 90° (vertical) used for the surface roughness analysis. The downskin is the downward facing surface closest to the buildplate, while

the upperskin is the opposite surface, upwards facing.

and downskin is more pronounced as the strut is more tilted, being
the downskin roughness approximately twice the upperskin value for
the case of the 20° oriented struts, see Fig. 7. This can be caused by
the deeper extension of the melt pool toward the powder occurring in
more tilted samples, allowing a larger amount of powder to adhere to
the downskin [13,65]. The effect of this roughness on the mechanical
properties will be further discussed in following sections.

3.1.2. Mechanical behaviour of elemental struts

In this section, the mechanical behaviour of the elemental struts
under dynamic conditions is presented. First, the overall results are
shown as stress—strain curves, followed by an analysis and discussion
of each mechanical property (e.g, failure strain and peak flow stress).

Stress—strain dynamic curves. The engineering stress—strain curves of the
elemental struts are presented in Figs. 8 and 9, grouped by diameter
and orientation, respectively. It can be observed that in terms of
repeatability, the 0.5 mm struts the greater dispersion in the curves.
In contrast, the 1 mm and 1.5 mm struts exhibit a higher repeatability,
with the curves showing low variability in mechanical behaviour. The
significant dispersion observed for the smallest diameter in all cases is
potentially caused by the effect of surface defects, particularly critical
in high surface-to-volume ratio specimens, such as 0.5 mm struts.
This can lead to potentially premature failures and low consistency in

the mechanical properties, aligning with previous studies on similar
diameters [5,50].

The mechanical behaviour of 0.5 mm struts is characterized by a
stress—strain curve that exhibits a bell-shaped configuration. In contrast,
struts with larger diameters (1 mm and 1.5 mm) exhibit a different
pattern: initially, there is a peak in the flow stress (typical from dy-
namic tests [66-68]) followed by a plateau or intermediate region,
and then a stress collapse phase, where there is a significant and
continuous decrease of the load-bearing capacity of the sample due to
the effects of adiabatic heating and damage evolution. The presence of
the plateau region can be rationalized by considering the competition
between strain hardening processes and the thermal softening induced
by adiabatic heating, resulting even in some stress oscillations [18,69].
According to the experimental results, the extension of this plateau
region is proportional to the diameter size. In this sense, the limit
case of the bell-shaped curve for 0.5 mm struts can be elucidated by
considering that any defects present, whether they involve internal
porosity or are due to surface roughness (see ), are likely to be critical
due to the high surface-to-volume ratio of the specimens. These defects
can more easily progress to a condition where the evolution of damage
becomes a predominant factor and the load-bearing capacity collapses.

Ductility. The strain to failure extracted from the stress-strain curves
has been plotted in Fig. 10 as a function of the strut size and orien-
tation. When comparing with quasi-static results from the literature
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for similar geometries [13], there is a clear trend: higher strain rate
results in an increase of the strain to failure. This is specially the
case in conditions where the stress plateau region is present (e.g., for
1 mm and 1.5 mm struts). This phenomenon related to the strain rate,
which seems to be counterintuitive, has been also observed in previous
studies in the literature [66,69]. Dehgahi et al. [69] observed in LPBF
maraging steel that the total accumulated strain before failure increased
significantly with strain rate. They associated this phenomenon with
the higher adiabatic heating effect as the strain rate increases, which
can lead to a domination of the thermal softening over the strain
hardening in the stress plateau, which eventually extends the plastic
region. This phenomenon can explain the increase of ductility observed
in Fig. 10 when compared with the quasi-static counterparts.

In terms of the effect of the strut diameter, it can be observed a
significant increase in the strain to failure as the diameter increases.
The strain to failure raises from 6%-8% at 0.5 mm to 12%-19% at
1.5 mm. As observed in the stress-strain curves in Figs. 8 and 9, this
increase is mostly sourced from the higher plastic strain accumulated
in the material during the stress plateau region. As indicated in the
previous paragraph, two effects coexist in this region: the thermal
softening and the strain hardening [69]. This competition can be in-
ferred specially for the case of 1.5 mm, where stress fluctuations in
the plateau region can be clearly observed. It can be expected that
the thermal softening is strongly affected by the surface-to-volume
ratio of the sample, producing a marked size effect. This is because
during plastic deformation, a portion of the mechanical energy converts
into heat. In dynamic conditions, this heat is accumulated and unable
to be dissipated due to the adiabatic nature of rapid loading. For
smaller diameters, the dissipation is expected to be higher due to a
larger surface-to-volume ratio. This can reduce the thermal softening
effect, leading to a predominance of the strain hardening mechanism.
It could also promote a faster achievement of higher stress levels at
stress concentrators such as manufacturing defects (roughness, pores),
which can lead to a premature failure [70]. This can be observed in
Fig. 8 where, for the case of 0.5 mm, the plateau region is inexistent,
leading directly to a failure of the material, while the plateau region
increases as the diameter increases to 1 mm and 1.5 mm. Another
factor to take into account is the real effect of these defects as stress
concentrators in the material. Although similar roughness values were
observed in Fig. 7 for the different diameters, the relative effect on

the small struts is expected to be higher (ie., due to the smaller
volume of these samples). Therefore, these defects are expected to
have a more detrimental effect for the case of 0.5 mm. Finally, defects
and geometrical deviations or heterogeneities can also promote strain
localization during deformation. Premature strain localization can lead
to lower failure strains. The effect of the geometrical deviations and
defects on the stain localization is expected to be higher for smaller
samples [71]. These hypotheses are in agreement with the observed
results in Figs. 8 and 10.

Another feature to study is the effect of the orientation of strain
to failure. As observed in Fig. 9, as the diameter increases from 0.5 to
1 mm, the influence of the orientation on the strain to failure increases.
This can be due, as mentioned before, to the higher effect of the
manufacturing defects at small strut diameter. In any case, a consistent
trend can be observed across all cases: 20° struts show a lower strain
to failure, regardless of size. The mechanical performances of the 36°,
55°, and 90° orientations are quite similar, often making them difficult
to distinguish in most cases. This behaviour could be directly related
to the surface quality and defects, with a higher roughness observed in
Fig. 7 for 20° struts, specially in the downskin, which can lead to faster
achievement of critical stresses at stress concentrators and therefore,
premature failure. The vertical struts printed at 90° present a smoother
and more homogeneous surface, with both sides showing practically the
same roughness, reducing the potential of premature failures due to the
initiation of cracks caused by surface defects, which is in agreement
with results observed in Fig. 9.

Peak flow stress. As seen in Fig. 11, the peak flow stress values for dif-
ferent printing orientations vary in their degree of dispersion depending
on the strut diameter. The overall peak flow stresses are enclosed in the
range of ~ 1850 and 2200 MPa. For small size diameters (0.5 mm), it
can be observed a larger scatter in the values when compared to larger
diameters. This can be due to the higher relative effect of defects as
stress concentrators for small sized specimens, see Fig. 6, as indicated
for the strain to failure. The higher scatter at 20° for the case of 0.5 mm
can be due to the higher presence of surface defects at these printing
conditions as shown by the roughness results in Fig. 7.

In terms of the effect of the strut diameter, the 1.5 mm diameter
consistently exhibits lower average peak flow stress for most orienta-
tions, except at 55°. The minimum value of peak flow stress is reached
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repeats per condition.

by the biggest diameter (1.5 mm) printed at 36°. Conversely, the 1 mm
diameter struts demonstrate the highest overall performance for all
orientations, with a consistent maximum stress above 2000 MPa and
a peak value of 2136 MPa for the case of 36°. It is important to remark
the similarities in the behaviour of 0.5 mm and 1.5 mm diameters,
which are very close in performance and below 2000 MPa in most of
the cases, being the only exception the 1.5 mm diameter at 55°. As
a summary, the peak flow stress present a higher value form mid-size
struts (1 mm) decreasing for larger and smaller printing diameters (i.e.,
1.5 mm and 0.5 mm) for most orientations.

To the known of the authors, no comparable studies addressing
the effect of size in dynamic conditions has been performed for LPBF
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Ti6Al4V. Nevertheless, results in the literature for quasistatic con-
ditions support the observations presented in Fig. 11 regarding the
effect of the strut size. Previous quasi-static results analysed from the
literature suggest that UTS decreases with the size of the specimen,
but also becomes more repetitive and less sensitive to the printing
orientation. Barba et al. [5] concluded a quasi-static UTS window for
LPBF Ti6Al4V between 1075 and 1175 MPa for dog-bone specimens
printed horizontally and vertically with 0.5 x 1, 1 x 2 and 1.5 x 3 mm?
gauge area. They found that the UTS increases as the strut print size
decreases up to a peak value at around 0.5 x 1 mm? gauge area. At
print sizes below this area, the UTS drops, accompanied by a higher
scatter. When printing larger strut areas, Simonelli et al. [6] observed
working with the same material a consistent UTS around 1050 MPa
for vertically and horizontally printed dog-bone tensile bars with a
3x6 mm? gauge area, coincident with the lower values presented in [5]
for larger struts (3x6 mm?). The work of Barba et al. [5] also shows
that refinement of the microstructure triggered by the printing thermal
history at small size specimens might be behind the size-hardening
effect when printing small size diameters. These literature observations
in quasi-static conditions are in accordance with the observations of
this study under dynamic conditions, although with small differences.
As the printing size decreases, the thermal history during printing and
posterior heat treatment produces finer microstuctures [5]. This can
lead to a material with higher flow stresses [5,72] as the printing size
decreases, which is observed in Fig. 11 when moving from 1.5 mm to
1.0 mm. However, as size, there is another phenomenon with opposite
effect: as the surface-to-volume ratio increases, the effect of surface
defects increases, promoting the initiation and propagation of cracks
and eventually leading to early failure at lower stress values (which
effectively can reduce the peak stress values). This effect is believed
to be more prominent at smaller diameters (i.e., 0.5 mm), leading to a
drop of strength even though the intrinsic material properties might be
higher than for larger diameters, see Fig. 11.
In terms of the strain rate sensitivity of the peak stresses, the results
of Fig. 11 show a strong effect of the strain rate on the peak stress
when comparing to the UTS at quasi-static conditions from the litera-
ture [13,73-76]. The peak stress in dynamic conditions (=~ 1000 s~1) is
approximately twice as high as the UTS in quasi-static conditions (1072
s~1). This is in agreement with previous results in the literature for
Ti6Al4V. Waymel et al. [73] investigated the effect of strain rate, heat
treatment and printing orientation on LPBF Ti6Al4V and found that the
yield strength exceeded 2000 MPa when the strain rate reached 5000
s71, closely aligning with the results obtained in the present study at
similar strain rates. It is important to note that this train rate sensitivity
is not exclusive to Ti6Al4V manufactured by LPBF. Alaghmandfard
et al. [74] showed the strain rate sensitivity of EB-PBF Grade 5 Ti6Al4V
by testing with a SHPB vertically and horizontally printed bulk samples
at different strain rates. Their results showed a similar trend to the
present study with the UTS growing from ~ 1100 MPa at 150 s~! to ~
2000 MPa at 1300 s~!. This work was further extended to higher strain
rates in [75]. In this case, they confirmed the opposite effect of strain
rate hardening and strain softening (due to thermal softening) during
the dynamic tests. Their results showed an increase of ~ 17% in the
UTS from 700 s~! to 2100 s~!. In their study, Nemat-Nasser et al. [76]
studied the effect of traditionally manufactured Ti6Al4V microstructure
on their dynamic thermomechanical response. Their results present
higher UTS values as the test strain rate increases from 10~3s~1 to 7000
s~1, with noticeable strain rate and temperature sensitivity observed in
all cases.

Interestingly, the dynamic factor in additively manufactured Ti6A14V
is higher than what it is observed in the conventionally manufactured
alloy, as we can see a relative increment of the yield stress of around
35% in the work of Nemat-Nasser et al. [76] from quasi-static strain
rates to 2000 s~ 1, while there is an average increment of 100% when
analysing the strain rate sensitivity of the previous cited AM Ti6Al4V
(taking into account the present work too) if the reference quasi-static
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value for the yield stress is taken from studies such as the one from
Casata et al. [13], which is around 1000 MPa. This can be an effect
of the microstructure which will vary from one processing route or

another.

3.1.3. Microstructural and fractography analysis
Microstructural analysis. The optical images of the tested samples with

different strut orientations and diameters are presented in Fig. 12. In
these images, the typical “basket-wave” microstructure of « laths is
observed at higher magnification. Interestingly, the primitive § grain
structure can be inferred from the different contrast of gray scale. These
p grains are the first grains formed as the material cools down from
laser melting [77]. Further cooling leads to the formation of martensite
plates o’ within those f grains, which transform into «’ — a with
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Fig. 11. Peak flow stress as a function of printing orientation and diameter. Distinct
colours represents each strut diameter. Shaded regions indicate the standard deviation

of the measurements.

subsequent heat treatment. The grain growth of the g follows the heat
flux during cooling. In LPBF, the heat flux usually follows the laser
direction (vertical) in the bulk region and a more chaotic direction near
the surfaces (due to contouring and a more complex heat evacuation
produced by the surrounding powder) [5,78]. This is in agreement with
what it is observed in the microstructure of Fig. 12. Elongated primitive
p grains are all oriented along the building direction. Specially for the
case of more bulky samples (e.g., 1.5 mm) where the heat flux is more
unidirectional [78]. For the case of 0.5 mm, the granular g structure
is more chaotic, although the preferred grain growth direction can
still be inferred. This is the case due to a higher fraction of the area
processed by the contouring strategy and the heat flux field present
near to powder regions [78]. The prior-# grain boundaries are expected
to have an effect on the mechanical behaviour of the material [79-81].
Zhang et al. [79], show the facility of the prior-f grain boundaries to
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Fig. 12. Optical images of the microstructure observed for tested samples as function of the strut diameter and orientation. The scale marked in the first condition is the same

for all orientation and diameter conditions.

act as nucleation sites for cracks in their work about laser directed
energy deposition (LDED) Ti6Al4V. This can enhance the effect of
higher surface defects observed for 20° in Fig. 10, which correspond
also to the orientation with a higher fraction of prior-g grains oriented
more perpendicularly to the load direction as seen in Fig. 12.

Fractography of elemental struts. The fractography images presented
in Fig. 13 provide a detailed comparison of the fracture surfaces of
representative tested struts for all the strut orientation and diameter
conditions. By observation of the images, it is clear that the printing
orientation has a marked effect on the eccentricity of the sample cross-
section. For the case of vertical samples (90°), a perfect circular shape is
observed for all the diameters. The shape of the cross-sectional surface
become more elliptical as the strut get more tilted, specially for the
smallest diameter. This is in agreement with previous studies in the
literature [82] and it is associated with an overhang of accumulated
molten material for low angle specimens.

In terms of the fracture surface, for all of the cases, there is presence
of dimples associated with a ductile fracture. The size and shape of
these dimples change in most cases from the centre of the fracture
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to the surface of the samples, where the size of the dimples decrease
remarkably. This can be associated with the different stress conditions
present in the centre of the sample and near to the surface [83] and
also the higher temperature reached in the centre of the sample due to
adiabatic heating [84].

For some cases, the fracture surfaces also present marks of smooth
cleavage steps (e.g., see Fig. 13-20° and 0.5 mm and 90° and 1.5 mm).
These observations are consistent with previous studies in LDED
Ti6Al4V [85] that observed that, while for quasi-static conditions quasi-
cleavages and dimples were predominantly present, for the case of
1000 s~1 evenly distributed dimples between 2-10 pm with smooth
step planes were observed. Furthermore, some marks associated with
manufacturing voids and lack of fusion defects tipical from LPBF can be
appreciated for some conditions (e.g., see Fig. 13- 55°, 1 mm and 20°,
1.5 mm, respectively). Manufacturing voids are caused by gas trapped
during the printing process and are usually round, while lack of fusion
defects are characterized by its sharp edges [85], as seen in the centre
of the 1.5 mm 55° strut. These defects can act as preferential sites for
the nucleation of micro-cracks or stress concentration points [86].
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Fig. 13. Fracture surfaces of representative tested specimens for different strut diameter and orientation conditions. Along with them, detail of the centre region of each fracture

surface is presented for dimple analysis.

For a deeper quantitative analysis, the size distribution of the dim-
ples analysed at the centre of the samples is presented in Fig. 14.
There is a visible trend indicating that the average size of the dimples
increases for larger diameters and decreases as the struts are printed
more tilted (i.e., printing orientation decreases). This observation cor-
relates with the curves observed in Fig. 8 and the analysis made in
Section 3.1.2, where a more ductile behaviour was observed for the
highest diameters and printing orientations. It can be observed that the
increase in the dimple size is more pronounced between the 0.5 mm
and 1 mm diameters, showing a certain stabilization when passing
from 1 mm to 1.5 mm diameters except for the case of 20° (the most
tilted struts), where the increment suggest a more linear trend. The
orientation of the struts also influences the dimple size noticeably. At a
90° orientation, the average dimple size is at its peak, particularly for
the 1.5 mm strut diameter, which measures approximately 8 pm. On the
other hand, at a 20°, the average dimple size is the smallest, especially
for the 0.5 mm diameter, which is approximately 2 pm. These values
are in agreement with the dimples observed in the literature for AM
Ti6Al4V tested under dynamic conditions [17,80].
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3.2. Higher scale - Study of cellular structures

3.2.1. Relative density of the cellular structures and manufacturability
The measured relative density of each manufactured cellular struc-
ture condition is presented in Fig. 15 and compared with the ideal
designed ones extracted from the CAD model. It can be observed that
the standard deviation is negligible, which represent a good repeata-
bility of the manufacturing process. As the diameter increases, there
is a linear trend in which the relative density increases from ~ 6%
to ~ 28.5%. Additionally, there is an excess of material for all cases
when compared to the ideal designed solid fraction. This phenomenon
has been previously seen in the literature [36,82,87] for similar lattice
structures. The results in Fig. 15 show also a higher excess of material
for vertical lattices when compared with the rotated counterparts. This
can be rationalized by the orientation of the struts composing the lattice
structures (see Fig. 2). For the case of vertically oriented lattices, all
their struts are printed at an orientation of 36°, while for the case of
the rotated lattices, 25% of their struts are oriented at 90° and 75% are
oriented at 20°. As most of the struts in the rotated lattices are oriented
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Fig. 14. Quantitative analysis of the dimple size in the centre of the struts corresponding to each condition (orientation and diameter), extracted from the images in Fig. 13.
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Fig. 15. Measured relative density of the BCC cellular structures compared with the ideal designed ones for the different lattice printing orientations and diameters under study.

at 20°, it is expected that these struts have a stronger influence in the
material and the mechanical properties. As seen in Fig. 5, the struts
oriented at 36° present a higher area than struts oriented at 20°, which
is in agreement with the tendency observed for the measured relative
fraction of the cellular structures.

3.2.2. Mechanical behaviour of cellular structures

Stress—strain dynamic curves. The mechanical response of the BCC cellu-
lar structures under compression obtained by direct impact Hopkinson
pressure bar is presented in Fig. 16 in the form of engineering stress—
strain curves. It is important to note that stress here refers to effective
stress of the lattice, which is calculated as the total force exerted
on the lattice divided by the total sample area (the squared cross
sectional area of the sample). The strain refers to the effective strain
as the total difference in displacement of the top and bottom plates
divided by the height of the sample. A good reproducibility of the
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mechanical behaviour of the cellular structures can be observed, based
on the low standard deviation values. The stress—strain characteristics
exhibited by the lattices align with those observed in this type of
lattices [88,89], indicating a response that is primarily influenced by
bending-dominated mechanisms. In cellular structures and foams under
compression, the initial elastic loading is followed by the initiation of
plasticity, buckling or crushing, depending on the type of failure of the
structure [90]. Following the theory proposed by Ashby et al. [90],
after the onset of plasticity, collapse or crushing, the material continues
to collapse at nearly constant stress up to densification or final failure.
This is in agreement with the curves observed in Fig. 16. The specific
particularities of the failure modes will be further discussed later.

By observing these curves, a weak effect of the lattice printing
orientation on the mechanical behaviour can be inferred. On the other
hand, there is a strong effect of the strut diameter (and relative density)
on the mechanical behaviour. For all the cases, the stress plateau region
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Fig. 16. Mechanical behaviour of the Ti6Al4V BCC structures as a function of strut diameter and lattice printing orientation. Shaded areas show the standard deviation, while
the dashed lines indicate the averaged curves, derived from three repetitions per condition (same diameter and orientation). The nature of the end of the test is indicated: sudden
failure for lattices which has failed abruptly (damage localization along a band of struts) or densification for lattices in which after initial failure of a range of struts, the load is
transferred to the rest of the lattice, densifying.

seems to extend to larger strains when smaller diameters are used. The
stress values of this plateau region increases with the strut diameter, as
expected for BCC-type lattices [91]. This will be discussed next.

Plastic/crushing stress and plateau region. As stated before, the onset
of plasticity or crushing is followed by a continuous collapse of the
structure at nearly constant stress. This onset stress has been extracted
from the stress—strain curves in Fig. 16 for each condition and it is
shown in Fig. 17(a) as a function of the strut diameter. Typically, to
reduce the complexity of the lattice design process, the driven design
variable is the relative density [9,33,86,92], previously introduced. For

this reason, the plastic/crushing stress has been also represented as
function of the relative density in Fig. 17(b).
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In terms of the effect of the strut thickness, the plastic/crushing
stresses are consistent with the typical lattice behaviour observed in
the literature, where increased strut thickness enhances the overall
mechanical performance [91,92]. For example, Forés-Garriga et al. [92]
studied the effect of the relative density of several polymeric lattice
materials performing quasi-static tests and found a direct correlation
between the relative density and mechanical properties such as elas-
tic modulus, yield stress and UTS. In another study, Jin et al. [91]
simulated four different LPBF Ti6Al4V lattice morphologies and anal-
ysed the effect of the relative density under dynamic loading (1000

s71). They found that compressive properties increased with relative

density in all cases, following a power law with different coefficients
corresponding to each architecture.
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Fig. 17. (a) Plastic/crushing stress variation of BCC lattices with three different
diameters printed vertically and oriented; (b) Ashby plot of UTS vs. solid fraction for
the BCC lattices tested in this study. Literature points are indicated for Ref. [45].

In terms of the lattice printing orientation effect on the plas-
tic/crushing stress is much less significant, as seen in Fig. 17(a). A slight
increase in the onset stress is observed for the case of vertical lattices
when compared to the rotated ones. This could be cause by the different
strut mechancial behaviour observed at the lower scale in Figs. 9 and
11. For the case of the rotated lattice, the mechanical behaviour of the
20° struts is expected to dominate over the 90° due to its higher fraction
(75% vs. 25%). The struts printed at 20° present similar mechanical
behaviour to the ones printed at 36° (vertical lattice) in terms of peak
flow stress for the case of 0.5 mm and 1.5 mm (higher scatter for the
case of 0.5 mm). However, for the case of 1 mm, these 36° struts present
a peak flow stress 6.3% higher than the 20° struts (rotated lattice). In
any case, it is clear that the effect of strut diameter is stronger than
strut orientation, proving the ability of using the relative density as
an effective tuner for achieving the desired mechanical properties by
changing the diameter of the struts, the architecture or the cell size.
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Regarding the strain rate sensitivity of the peak flow stress, the
values obtained in this study have been compared with the quasi-
static properties of the previous work of Cardena et al. [45]. The
dynamic factors arising from the comparison are 1.13 for the case
of the 0.5 mm diameter lattices and 1.10 for the case of 1.5 mm
diameter lattices. These values are in agreement with previous studies
of the literature [93]. Tancogne-Dejean and Dirk Mohr [93] reported a
dynamic factor ranging from 1.17 to 1.31 for classical BCC and modi-
fied “tapered BCC” lattices made of 316L steel with relative densities
similar to those in this study. The close agreement between these values
and our findings, despite the different material used, underscores the
significant influence of lattice architecture on the dynamic factor of
these metamaterials.

Fig. 17(b) shows the relationship between the plastic/crushing
stress and the relative density of the studied lattices as an “Ashby”
plot [90]. Ashby et al. [90] established a power law relation between
the plastic/crushing stress and the relative density of cellular structure
in the form:
%o (2)"
o, Py
where o, is the onset of plasticity/crushing of the cellular structure,
o, is the yield stress of the bulk material (Ti6Al4V), p. is the density
of the cellular material and p, is the density of the bulk material
(being 2 the solid fraction). The exponent m is related to the loading
mode of the lattice [90] and corresponds to the slope of the lines
in Fig. 17. An exponent of m = 1.0 correspond to lattices in which
their struts are dominated by stretching forces, while for the case of
1.5, the struts are predominantly under bending moments. By
looking at the figure, one can observe that the slope for both dynamic
and static conditions is closer to m = 1.5 which means that they have
been working predominantly under bending dominated forces. This
observation aligns well with predictions derived from earlier dynamic
simulations involving Ti6Al4V lattices of BCC type [91] and other
foundational studies for a wide range of lattice structures [87,90].

(®

m =

Energy absorption and ductility. Although the measurement of energy
absorption (and ductility) before fracture is direct for bulk solid sam-
ples, a more complex methodology needs to be used for the case of
cellular materials. As the material deforms, densification is reached
when possible at a given strain, as can be observed in Fig. 16. The
concept of densification can be described as the point after the plateau
region in which the opposite sides of the cells are forced into contact
and further deformation is not possible [90]. There are different ap-
proaches to address the energy absorption properties of the cellular
materials [42,91,94]. The approach followed in this study is the one
from Harris et al. [42], based on two metrics that determine the
energy absorption performance of lattice metamaterials from an impact
mitigation perspective: the capacity to absorb energy before densifi-
cation (energy absorption capacity) and the peak stresses during the
deformation process until densification (energy absorption efficiency).

For the first metric, in the assumption of uniform deformation, the
area below the stress—strain curve is computed as the volumetric energy
absorption W of the lattice up to the densification strain ¢, (obtained
by the method used in the second metric):

Wi(e,) = /Ogd ode ©

For the sake of comparison between different relative densities,
the mass normalized version of the energy absorbed W (e,) can be
computed as:

€q
! / ode
Ps Jo

rfs

Wie,) = (10)
where p, denotes the lattice relative density and p, refers to the density
of the bulk material.

The second metric is based on the energy absorption efficiency
method introduced by Tan et al. [95] in their work about aluminium
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foams, later adapted to cellular materials by Harris et al. [42]. The
energy absorption efficiency # is used to compute the densification
strain and analyse the overall peformance:

— 1 el
n(e,) = _om<e1>/o ode

This metric considers the relation between the cumulative volumetric
energy absorption capacity W to the maximum stress o,, experienced up
to a given strain value ¢,. The densification strain ¢, is defined as the
strain which maximizes the energy absorption efficiency n (Eq. (11)). As
observed, this method defined unambiguously the densification point of
the curve.

Based on this methodology, the volumetric energy absorption W (¢,),
its normalized counterpart W(e,) and the maximum value of the
energy absorption efficiency n are presented in Fig. 18. The values
presented here for W(e,) are in accordance with previous studies in
the literature [45,91,96]. Zhao et al. [96] found similar values of
absorbed energy up to 50% deformation when studying simple and
TPMS LPBF Ti6Al4V BCC lattices during quasi-static compression tests
with similar volume fractions (10%, 20% and 30%). The values for the
energy absorbed in their study at 50% strain were almost identical to
the results shown in Fig. 18 for lower strains, which is also consistent
with the results from Cardena et al. [45], indicating that the energy
absorption is higher for the same lattice architecture when exposed to
dynamic regimes. In comparison to other dynamic investigations, Jin
et al. [91] study the energy absorption capabilities of various Ti6A14V
lattice structures up to a 20% strain through numerical simulations,
showing results with a high level of agreement compared to the ones
illustrated in Fig. 18.

A critical aspect to consider affecting the energy absorption is the
loading nature of the lattice, i.e., stretch dominated or bend dominated.
While stretch dominated structures show high elastic modulus and yield
strength, bending dominated structures present exceptional energy ab-
sorption properties [35]. As stated before in Fig. 17(b), the BCC present
a bending dominated behaviour. This is the reason behind the study of
BCC structures for energy absorption and impact applications in the
literature [91,93,97,98].

In terms of the effect of the strut diameter in Fig. 18(a), larger diam-
eters contribute to greater load-bearing capacity and energy absorption
W (e,), as seen specially for the case of 1.5 mm diameter by the wider
area below the curve and higher stress values observed in Fig. 16. This
trend vanishes when normalizing the energy by the relative density as
observed in Fig. 18(b). The energy absorbed per unit mass W (e,) is
much closer for the three diameters, presenting an opposite trend in
which the energy absorbed per unit mass is slightly higher for the case
of the smallest diameter, being the energy of the 1 mm diameter and
1.5 mm diameter very similar. The trend observed in our study appears
to contradict the expected behaviour as described in the numerical
findings presented in [91]. Based on these results, it is expected that a
positive correlation exists between the energy absorbed per unit mass
and the relative density of the lattice structure. This implies that as the
relative density increases, the amount of energy that can be absorbed
per unit mass also increases. However, there are two critical consid-
erations that may shed light on these discrepancies. Firstly, in [91],
the energy absorbed was calculated only up to 20% strain. Secondly,
while the collapse behaviour in the simulations remains consistent,
the experiments reveal a notable dependency on the strut diameter.
Variations in diameter lead to distinct failure modes of the lattice. This
point will be explored in more detail in the following section.

When considering the orientation dependence in Fig. 18(a)-(b), it
can be observed that the energy absorbed by the vertical lattices is
very similar to the energy absorbed by the rotated ones (despite for
the case of 1 mm), suggesting that printing orientation has a minor
role in this feature. For the case of 1 mm diameter, the differentiation
between vertical and oriented values is caused by the presence of two
well differentiated failure modes that will be explain in the following
section.

1)
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Fig. 18. (a) Volumetric energy absorption W(e,), corresponding to each condition
(diameter and orientation); Normalized energy absorption W(sd), corresponding to each
condition (diameter and orientation); (¢) Maximum value of the energy absorption
efficiency factor » of the BCC lattices, corresponding to each condition (diameter and
orientation).

In Fig. 18(c), the energy absorption efficiency # is presented for
every diameter and orientation. In this case, the trend is the opposite
as for the energy absorbed W (g,), since higher diameters present a
lower energy absorption efficiency. The efficiency is lower for bigger
diameters since the maximum stress reached (which is the divisor in
Eq. (11)) is exponentially higher while the energy absorbed remains
much more similar between the diameters. This suggests that lattices
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Fig. 19. Failure modes of the BCC lattices depending on the diameter. The general failure modes are shown, as they are identical in vertical and rotated lattices. The only exception
is the 1 mm diameter case, where two different failure modes are observed for the case of the vertical lattices.

with lower relative densities are more efficient at absorbing higher
values of impact energy while subjecting the structure to lower stress
levels.

Failure modes. At this stage, it is clear that energy absorption and
failure modes are closely related. Different collapse modes can result
in higher strains to failure, allowing the material to continue absorbing
energy as it deforms further. Moreover, the different shapes of the
curves from Fig. 16 suggest different collapsing modes depending on
the strut diameter. To further analyse the failure mode, the represen-
tative deformation events preceding the failure for each strut diameter
condition are presented in Fig. 19.

For the case of 0.5 mm strut diameter, all the lattices reached
densification at strain values of approximately 55%, as indicated by
the increase of the bearing load. Conversely, for the case of the 1.5
diameter, a different process occurs involving a sudden fracture after
the plateau at about 18% strain, with the stress dropping to zero.

No difference was found for vertical and rotated lattices for the
case of 0.5 mm and 1.5 mm. For 1 mm diameter, vertical samples
present more than one failure mode: some of the samples reached
densification like the 0.5 mm lattices, leading to a higher stress value
before failing, and the others present the sudden fracture behaviour
observed in the 1.5 mm lattices. The densification was observed for 2/3
of the vertical samples while in the rotated batch, all of them failed
without densifying. This behaviour suggests that the 1 mm diameter
vertical lattices represent a transition area in which the collapsing mode
of the BCC goes from densification to classical failure at 45° as the
diameter increases.
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It is expected that the mechanical behaviour of the elemental struts
observed in Section 3.1 triggers this transition. The presence of struts
with lower load bearing capability can lead to a controlled failure of
the structure (much less energetic) that can be transferred to the rest of
the lattice, allowing the densification, as observed in Fig. 19. However,
for the case of thicker struts, the high elastic energy stored in each of
the struts is suddenly liberated after the first fracture, which can lead to
the formation of localized shear bands and sudden collapse, preventing
the densification of the lattice.

As seen in the figure, all the samples have deformation localization
at the beginning of the damage with the formation of a shearband at
45° that goes from one side of the lattice to the other. The diagonal
shearband is formed by the buckling of the individual struts, according
to the bending-dominated nature of this architecture [87]. For the
case of the 0.5 mm diameter lattices, two symmetric shearbands are
observed with the same 45° angle. The deformation is homogeneous
and the sample keeps deforming until densification. No localized fail-
ures are observed until the final stage, being the nodes the areas of
breakage at that point. Regarding the 1.5 mm diameter lattices, all of
them broke after the formation of the shearband, reaching significant
lower values of maximum strains compared to the 0.5 mm and 1 mm
diameters. Specifically, the failure also occurred in the nodes of the
localized band. Mines et al. [98] studied the collapsing behaviour of
LPBF Ti6Al4V BCC microlattices and found prevalence of local failure
at individual nodes promoting the formation of the diagonal bands.
They also associated the appearance of symmetric bands with more
ductility. This is consistent with the results observed in Fig. 16.
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By observing this study, it is clear that the mechanical behaviour
of the underlying elementals can control the macroscopic behaviour of
the lattice structure. The collapsing mode studied in this section brings
out the importance of analysing the loading state of the elements of the
lattice to be able to tune the stress distribution and make the most out
of the single struts properties.

4. Conclusions

In this work, the effect of the printing geometry and the orientation
on the mechanical performance of cellular materials (i.e., BCC) has
been addressed. To do so, two different scales have been studied: (1)
the intrinsic material properties of the foundational elemental struts
manufactured at 20°, 36°, 55° and 90° orientations and 0.5 mm, 1 mm
and 1.5 mm diameters; (2) the macroscopic mechanical properties of
the cellular structure manufactured vertically and rotated (45° along X
axis and 35° along Y axis) with 0.5 mm, 1 mm and 1.5 mm diameters.
Based on the observed results, the following conclusions can be drawn:

1. Regarding the precision of the strut manufacturing and their
microstructure:

» Geometrical accuracy: As the strut diameter decreases, the
deviation from the ideal designed diameter increases dras-
tically, reaching up 70%-90% for 0.5 mm. The effect of
printing orientation is minor, with a slight decrease of the
printing accuracy as the struts are printed more vertically.
Surface roughness: The average roughness of the downskin
is higher than the upper skin for all orientation and di-
ameters. The difference between upperskin and downskin
roughness is more pronounced as the struts are more tilted.
No significant effect of the strut thickness was found in the
roughness values.

Microstructure: Elongated primitive f grains are all ori-
ented along the building direction. Specially for the case
of more bulky samples (e.g., 1.5 mm) where the heat flux
is more unidirectional.

2. Regarding the dynamic mechanical performance of the struts:

« Different stress—strain curve shapes were observed for
0.5 mm (bell shaped) when compared to 1 and 1.5 mm
struts (peak, followed by plateau and then fracture). This
has been rationalized by the different effects of the thermal
softening on the three strut diameters.

Strain to failure: Higher values of strain to failure were
measured for dynamic conditions when compared to static
conditions in the literature. This has been rationalized
by the thermal softening produced by the sudden plastic
deformation. A larger strut diameter results in a significant
increase of the strain to failure. This has been connected
to the higher effect of the thermal softening for larger
samples and the higher impact of stress concentrators and
defects for smaller samples. Finally, in terms of orientation,
20° struts present the lower strain to failure regardless of
the strut diameter, with 36, 55 and 90° presenting similar
ductility among them. A direct correlation has been found
between the strain to failure and the size of the dimples of
the fracture surface.

Peak flow stress: The peak flow stresses for all the con-
ditions are enclosed in the range of ~ 1850 and 2200
MPa. 1.5 mm struts present lower average peak flow stress
for most orientations, except for 55°. Conversely, 1 mm
diameter struts present the higher peak flow stresses for
all orientations. These trends have been rationalized by the
competing effects of microstructure refinement for smaller
struts and the higher effect of critical defects as strut size
decreases. No clear trend was observed for the case of the
orientation.
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3. Regarding the accuracy of the cellular material manufacturing:

* Relative density: There is an excess of material for all cases
when compared to the ideal designed relative density. The
results show also a higher excess of material for verti-
cal lattices when compared with the rotated counterparts.
This has been rationalized by the orientation of the struts
composing the lattice structures.

4. Regarding the dynamic mechanical performance of cellular ma-
terials:

« The stress-strain curves exhibited by the lattices align with
those primarily influenced by bending-dominated mecha-
nisms. The initial elastic loading is followed by the initia-
tion of plasticity/crushing and then the material continues
to collapse at nearly constant stress up to densification or
final failure.

Plastic/Crushing Stress: In terms of the effect of the strut
thickness, the plastic/crushing stress increases for larger
strut diameters. The “Ashby” coefficient for these lat-
tices under dynamic conditions is close to bend-dominated
mode (m = 1.5). The effect of the lattice printing orienta-
tion on the plastic/crushing stress is much less significant
than the strut diameter effect.

Energy absorption: An analysis based on the volumetric
energy absorption W(e,) and the energy absorption effi-
ciency n has been done. The results shows that larger strut
diameters result into larger energy absorption values. This
trend vanishes when normalizing the energy by the relative
density. The printing orientation has a minor role in the
volumetric absorbed energy. For the case of 5, the trend
is opposite, since higher diameters present a lower energy
absorption efficiency.

Failure modes: A distinct failure mode has been observed
as a function of the strut diameter. 0.5 mm lattices present
densification, while 1.5 mm lattices present an abrupt
fracture with the formation of a 45° shear band. For the
case of 1 mm lattices, a mix between densification and
abrupt fracture has been observed, suggesting that this is
a transition diameter in the collapsing mode of the lattice.
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