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Abstract
The topological optimization of components by means of lattice structures allows to reduce their weight avoiding a loss in 
the mechanical performance. Often the lattice parts are integrated in a more complex geometry, and they present an interface 
with a solid part.
In the present paper, the mechanical and microstructural characterization of Ti6Al4V lattice structures with body-centered 
cubic unit cell was carried out. Samples with and without an external solid shell were designed and produced with electron 
beam powder bed fusion in order to investigate the behavior of these complex structures, especially at the interface between 
the solid and lattice parts. The microstructure and defects were analyzed, and compression tests were performed on the 
samples with and without solid shell to understand the influence of the solid part and its interaction with the lattice structure. 
After the fracture and detachment of the shell, the same behavior for both set of samples was observed.
Finally, a finite element model was defined to better understand the mechanical behavior of the investigated structures. The 
nominal sample stiffness was significantly higher than the experimental one. This discrepancy can be attributed to local 
defects, both in terms of porosities and deviations from ideal geometry.
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1 Introduction

Additive manufacturing (AM) can be successfully used to 
produce metallic structures. In particular, powder bed fusion 
(PBF) systems are in constant growth and present many 
advantages over traditional technologies since they allow to 
produce structures with complex internal shapes [1–5]. In 
PBF systems, both laser and electron beam sources can be 
used to melt the metal powder [6, 7].

In the electron beam powder bed fusion (EB-PBF) pro-
cess, the electron beam locally melts the powder in a vac-
uum atmosphere, and the build chamber is maintained at 
high temperature (~ 1000 °C or above if needed) during the 

manufacturing process. This allows to obtain samples and 
components with reduced residual stresses. On the other 
hand, components produced with this technology suffer from 
poor surface quality due to the beam energy [8].

One of the most used alloys in the industrial applications 
of AM is Ti6Al4V alloy, applied in several fields due to its 
relevant mechanical properties, high corrosion resistance, 
and good processability, also at high temperatures [9]. For 
instance, Ti6Al4V alloy is widely used for the production 
of biomedical implants [10]. Furthermore, Ti6Al4V alloy is 
used for the production of porous structures, such as scaf-
folds and lattice structures, needed for lightweighting and 
reducing the stiffness of components [2, 6, 7].

Lattice structures can be easily manufactured using EB-
PBF techniques modifying the cell type and size in order to 
have different densities. Specifically, lattices can be applied 
in energy absorption applications, such as packaging and 
protective devices, and have potential applications in ther-
mal systems [11]. Different studies analyzed the mechani-
cal behavior of lattice structures by changing the density 
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and cell and strut dimensions [12, 13]. It was demonstrated 
that the production of lattice structures with PBF technol-
ogy is affected by the size, length, and orientation angle of 
struts [14]. Several studies on the geometry of lattice manu-
factured with EB-PBF are also reported in the literature. 
Hernández-Nava et al. [15] found that the dimensions of the 
struts differed from the designed one and were undersized 
due to the sub-optimal offset in the contour parameters. The 
welding process produced an oversizing of the small features 
when a contour around the strut diameter was applied. Suard 
et al. [16] demonstrated a discrepancy in size between the 
designed and manufactured struts which induced a decrease 
in the stiffness of the strut and Young’s modulus in the lat-
tices due to mismatches between CAD and as-built parts. 
Huang et al. [17] demonstrated that the struts of the sample 
were highly irregular and rough. The main contributing fac-
tor was the partially melted powder adhered to the surface 
which was formed during the EB-PBF process. The applica-
tion of EB-PBF led to an average strut size that exceeded the 
designed strut size by more than 10%.

Among the different challenges in the design, produc-
tion, and characterization of components containing a lat-
tice structure, the interaction between the lattice itself and 
a solid surface or a bulk part represents a crucial topic. In 
fact, rarely purely lattice components are manufactured, but 
more often, the lattice is surrounded by or connected to solid 
walls, which can influence the mechanical behavior of the 
component.

In this regard, Güden et al. [18] investigated the effect of 
the number of cells, strut diameter, and rigid-face sheets on 
the compression behavior of EBM-Ti6Al4V body-centered 
cubic lattices. The addition of a dense layer that covered 
the lattice core altered the behavior of the structure com-
pared with the lattice without a solid shell. The solid layer 
constrained the edge of the lattice and the fracture mode 
changed with and without the solid face sheets. Moreover, 
the mechanical properties of foam-filled tubes were inves-
tigated by Novak et al. [19]. In this study, thin-walled tubes 
were filled with various metal lattices. The interaction 
between tube and lattice structures gave a positive contribu-
tion to the energy absorption increasing the impact proper-
ties. This application is useful not only for the biomedical 
application but also for the automotive, marine aerospace, 
and railway industries. Furthermore, Xiong et al. [20] stud-
ied porous metallic scaffolds with dense core structures 
with different diameters to test the effectiveness in enhanc-
ing the strength of the scaffold. The tested lattice structures 
with dense cores exhibited mechanical features and level 
of porosity favorable for biomedical applications. Finally, 
Fu et al. [21] focused on the mechanical properties of triply 
periodic minimal surface shell lattices produced by micro 
laser powder bed fusion. The lightweight design was ana-
lyzed, and the deformation mechanisms and mechanical 

properties of the shell lattices were correlated to the relative 
density. The deformation mechanism was highly depend-
ent on the relative density, and the discrepancy between the 
design and measured values of the shell thickness was a 
crucial point, especially for the low density structures. These 
studies revealed that the addition of the solid part resulted 
in an increase in mechanical properties due to the higher 
load support than the lattice without the shell. Moreover, 
enhanced compression strength and energy absorption were 
also detected maintaining a good level of porosity of the 
samples. An additional example is the investigation by Dong 
et al. [22] into solid-lattice hybrid structures, which consist 
of both solid and lattice components. In this study, a specifi-
cally designed model of solid-lattice hybrid structure was 
introduced. The model included optimized strut thickness 
connected to the solid part through Boolean operations and 
was compared with both pure solid and pure lattice struc-
tures. The findings illustrated that the solid-lattice hybrid 
structure exhibited superior mechanical performance. Addi-
tionally, lattice structures are incorporated into pre-existing 
components to reduce weight while maintaining equivalent 
mechanical properties, as highlighted by Bertol et al. [23]. 
Moreover, Wang et al. [24] suggested a multi-scale design 
approach for solid-lattice hybrid structures to provide new 
opportunities for next-generation aerospace vehicle compo-
nents, characterized by lightweight construction and high-
performance improvement.

The relevant number of studies that mention the interac-
tion between a solid and a lattice structure demonstrates the 
growing interest in these designs and the relative mechani-
cal behavior. From the literature, it appears that it is crucial 
to analyze how the connections between the struts and the 
solid wall influence the behavior of these structures and how 
the defects are distributed. However, the solid part in the 
hybrid structure is usually applied above and below the lat-
tice part (lattice sandwich structure). In the present study, 
the designed solid shell was applied on the lateral side of 
the lattice, parallel to the direction of the compression load. 
The shell constrains the inner lattice avoiding its free expan-
sion under compression load. In contrast to the hybrid struc-
tures studied in the literature, the solid-lattice interface was 
affected by stress due to the compression load and deforma-
tion of the inner lattice part. The compression behavior of 
lattice with lateral-shell, and the interface solid-lattice, was 
investigated.

In particular, in this work, Ti6Al4V lattice structures with 
body-centered cubic (BCC) unit cells were designed with 
and without a solid shell and produced by the E-PBF process 
with an orientation of 90° in relation to the building platform 
in order to provide additional insight into the behavior of 
such complex structures.

The microstructural and mechanical characterization 
of the samples were carried out on the samples with and 
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without the shell. The analysis of the lattice without the 
solid shell was carried out for comparison to provide a bet-
ter understanding of load-bearing capacity of the hybrid 
solid-lattice structure. Moreover, finite element model 
(FEM) parameters were extracted based on the mechanical 
tests on the lattice structures, and a numerical analysis of 
the mechanical performances was carried out to compare 
experimental and simulation results.

2  Materials and methods

2.1  Samples production

The Ti6Al4V square-based lattice structures were designed using 
PTC Creo parametric (CREO®). The samples were character-
ized by a body-centered cubic (BCC) unit cell with a length (a) 
of 2 mm, a volume of 2 × 2 × 2  mm3, and cylindrical struts with 
diameter (Øs) of 500 µm, as reported in Fig. 1. For better com-
prehension, the junction of the oblique struts will be named node.

As reported in Fig. 1, the lattice structures were designed 
with and without an external solid shell. The structures are 
named S and NS, respectively (Fig. 1). The dimension of both 

sets of samples was 24 (L) × 24 (L) × 30 (H) mm, where L and 
H are the length and the height of the cube, respectively. The 
thickness of the shell (t) was 1 mm. The samples with and 
without solid shell were produced with an orientation of 90° 
in relation to the printing plate (plane XY), which represents 
the vertical direction [25]. This configuration was chosen to 
ensure that the growth of the four walls was perpendicular to 
the direction of the roller avoiding distortion of the structure.

The samples were manufactured with Ti6Al4V (grade 
5) alloy powder, with particle size distribution (PSD) in the 
range of 40–80 µm [26], produced by GE additive®. The 
nominal chemical composition is reported in Table 1 [13].

Each sample was designed as a unique.STL file con-
sidering the lattice and the shell part merged. The speci-
mens were produced by EB-PBF technology (Arcam EBM 
A2X, GE®, USA) with a single set of process parameters 
reported in Table 2. The process parameters used in the 
present study were selected based on a previous work of 
some of the authors [27]. In this paper, it is clearly demon-
strated that the selected set of process parameters is opti-
mal to produce samples with different building directions 
in relation to the printing plate correlated to the orientation 
of the struts of the lattice.

Øs
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z

Fig. 1  Design of body-centered cubic (BCC) unit cell and design of the samples with and without solid shell (S and NS) produced with an orien-
tation of 90° respect to the printing plate xy

Table 1  Chemical composition 
of Ti-6Al-4 V alloy

Ti6Al4V Al V Fe C O N H Ti

Wt min (%) 5.50 3.50 0.00 0.00 0.00 0.00 0.00 Bal
Wt max (%) 6.75 4.50 0.30 0.08 0.20 0.05 0.02
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2.2  Samples morphology and structure

First, the size of the samples was measured by Vernier cali-
per to assess the repeatability of the process. In addition, the 
struts morphology was observed with a scanning electron 
microscope (SEM), LEO EVO® 40 (Carl Zeiss AG, Italy).

For the microstructural characterization, one sample for 
each condition was cut to observe the cross-sections par-
allel and normal to the building direction. Samples were 
mounted in acrylic resin and polished up to mirror finishing 
according to conventional metallographic practices. Polished 
samples were observed using LEICA DMI 5000 M optical 
microscope (Wetzlar, Germany). The diameter of the struts 
and the thickness of the solid shell were measured on 60 
micrographs (magnification × 50), and average values and 
standard deviations were calculated in order to obtain reli-
able results. The diameter of the strut was measured as the 
width of the cross-section of the strut.

Image analysis was carried out on 70 micrographs (mag-
nification × 50) with the LAS software to evaluate the poros-
ity level of the samples. The porosity analysis was carried 
out on the lattice (struts and nodes) and shell separately. The 
porosity of the samples was estimated as the ratio of the total 
pores area to the total area of the cross-section of the lattice.

Selected samples were etched with Kroll’s reagent for 
15 s to identify the microstructure along the longitudinal 
and transversal directions.

After compression tests, the fracture surface was analyzed 
using a scanning electron microscope (SEM) (FEI Inspect 
S, FEI Co., USA).

2.3  Mechanical analysis

Compression tests were performed with a servo-hydraulic 
testing machine INSTRON 8802 (Instron, Norwood, MA, 
USA) equipped with a 250-kN load cell. The tests were con-
ducted in displacement control mode at a constant crosshead 
speed of 2 mm/min, and the displacement was measured 
using the crosshead movement. The stress (σ) was calculated 
by dividing the force by the nominal cross-section area of 
the sample as a filled cube, defined as the square of length 
(l) of each square-based sample measured. The strain (ε) was 

obtained by dividing the displacement by the initial height of 
each sample. The ultimate strength (σm) was identified as the 
maximum, and the yield stress (σY) was defined as the stress 
at 0.2% of plastic deformation. The elastic modulus was cal-
culated considering the linear trend of the elastic field of the 
stress–strain curves. Three repetitions for each sample were 
carried out, and the tests were considered completed when 
the samples reached 20% of strain, to assure uniformity of 
results interpretation. Moreover, the energy absorption was 
calculated until the first peak of stress (WM) and until the end 
of the compression test (We) by Eq. 1.

W is the energy absorption per unit volume; σ is the 
nominal compressive stress calculated as the load over the 
full cross-section area, ε is the nominal strain calculated as 
the crosshead displacement over the initial length, and ε0 
is the upper limit of the compressive strain. The equation 
was divided by 100 because the strain value was defined as 
a percentage. In addition, the fracture and failure modes of 
the samples were investigated.

2.4  Finite element model

The finite element software Simulia Abaqus® was used to 
simulate the behavior of the lattice samples within the elastic 
regime. Since there is abundant evidence in the literature 
that FEA of lattice structures is difficult, different models 
were implemented, based on different assumptions regarding 
deviations of the real structure and testing conditions from 
the ideal ones. A total of six different models were realized 
with three geometry/material variants for the S lattice and 
three geometry variants for the NS lattice. One variant for 
each lattice type represented the stiffest condition which cor-
responds to the ideal lattice specimens (material constants 
from the powder supplier’s datasheet and nominal geom-
etry). A second variant represented lattice specimens with 
average stiffness, associated with average geometry size and 
an average Young modulus correction to account for shell 
porosities. A third variant represented lattice specimens with 
minimum stiffness, associated with minimum geometry size 
and maximum Young modulus correction.

Overall, the nominal Young modulus is 120 GPa, and 
the correction was only applied to the shell material as the 
porosity level of struts and nodes porosities was negligi-
ble. Since different approaches to predict a modulus cor-
rection are available, a corrected Young modulus range of 
100–110 GPa for 6% porosity was gathered by consider-
ing the analytical approach from [28], the FEM approach 
from [29], and the experimental data on laser powder bed 
fusion (L-PBF) Ti6Al4V from [30, 31]. For this reason, a 

(1)W =

1
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0
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Table 2  Process parameters 
of EB-PBF Arcam EBM A2X 
machine [27]

Process parameters

Hatch spacing (µm) 100
Spot size (µm) 200
Layer thickness (µm) 50
Scanning speed (mm/s) 4530
Beam current (mA) 15
Max beam current (mA) 21
Focus offset (mA) 3
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Young modulus of 105 GPa was used for the shell mate-
rial of the average stiffness variant, and a Young modulus 
of 100 GPa was used for the most compliant variant.

The current FEM model aims at estimating stiffness, 
and its validity is limited to the macroscopic linear-elastic 
response of the lattice. This choice allowed exploiting 
all the symmetry planes of the geometry and boundary/
loading conditions, thus leading to the model of 1/8th 
of the cross-section and half-thickness layer (see Fig. 2). 
The modelling of non-linear effects is well beyond the 
purpose of the current finite element study as catching the 
full response of the compression tests would require the 
experimental characterization of a damage constitutive 
law and, possibly, the implementation of local defects, 
non-ideal geometry, trapped unmelted powder and the full 
lattice to also account for friction at lattice ends.

A Z-displacement was applied on the face highlighted 
in blue while the opposite face was constrained with a 
Z-symmetry boundary condition. Faces highlighted in 
red were instead constrained with a symmetry boundary 
condition along the tangential direction of a cylindrical 
coordinate system centered on the Z-axis.

3  Results and discussions

3.1  Lattice characterization

The dimensions of the manufactured struts of S and NS sam-
ples are measured and reported in Table 3.

The dimensions of the S parts are lower than the designed 
one as already analyzed [16]. For the NS parts, the dimen-
sions are quite close to the designed ones. The differences 
between the experimental and the designed values can be 
attributed to the irregularities of the surfaces [26] and can 
be due to the suboptimal offset of contour parameters and 
influenced by the strut inclination angle [14, 16].

The morphology of the struts of NS samples was 
observed under SEM (Fig. 3). The surface appears extremely 
irregular, with unmelted or partially melted powder particles 
clearly visible on all the struts (Fig. 3a–b). The irregularity 
of the surface was not attributed to the samples design but 
to the production process. The spot of the electron beam, the 
residual powder adhered on the surface, and the strut orien-
tation changed the size of the diameter as already observed 
in the literature [32, 33]. The SEM images of S samples are 
not reported for brevity’s sake since they showed the same 
features.

The partially melted powder is more visible in Fig. 3c 
with an average particle size of 62 ± 17 µm, which is within 
the nominal range value of 40–80 µm reported on the data-
sheet of the Ti6Al4V alloy powder [34]. Moreover, the high 
variation in the thickness of the struts is particularly evi-
dent in Fig. 3c, where also a staircase-shaped profile can 
be observed, with gaps between layers. An evident stair-
case effect is typical for the EB-PBF process, leading to 
larger surface roughness [35]. The evident irregularity in the 
size of the struts will be better investigated by performing 
a specific dimensional analysis on the cross-section of the 
samples. Moreover, the surface of the struts, with the layer 
scanned by electron beam partially covered by the next one, 
is visible in Fig. 3d, as mentioned also by Zhang et al. [14].

The thickness of the solid shell for S samples and the 
diameter of the struts for S and NS samples were measured 
on three different cross-sections of the specimens, and the 
results are reported in Table 4.

Table 3  Measured dimensions 
of as-built S and NS lattice 
samples

H (mm) L (mm)

S 29.41 ± 0.04 23.75 ± 0.05
NS 30.13 ± 0.09 24.03 ± 0.07

Fig. 2  FEM model of the lattice 
structures (nominal S on the 
left, nominal NS on the right)
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The struts appear extremely irregular in size, as seen by 
SEM analysis. The diameter of the struts for S and NS sam-
ples differs by 10% and 5% from the designed size (500 µm), 
respectively. The significant standard deviation detected is 
likely due to the inclination angle of the struts and the pres-
ence of partially melted and unmelted powder.

The thickness of the shell is lower than the designed one 
and shows an instability in size, demonstrated by the large 
standard deviation. The dimension fluctuates from a mini-
mum of 406 µm to a maximum of 810 µm. In Fig. 4, the 
irregular geometry on the cross-section normal (Fig. 4a) and 
parallel (Fig. 4b) to the building direction is shown.

As abovementioned, the porosity of the samples was cal-
culated using image analysis along the cross-section normal 
and parallel to the building direction on the solid shell and 
the lattice part (nodes and struts). A relatively high poros-
ity level of 5% was detected on the shell, while a porosity 
level of 0.6% on the struts and nodes was measured for the 
S samples. A porosity value of 0.4% was detected for the 
struts and nodes cross-section of NS samples. The results 
are in accordance with porosity analysis from Suard et al. 
[16] and Neils et al. [36].

The reason behind the significant porosity level of the 
shell can be found in the process parameters, and more 
precisely in the contour strategy and hatch spacing used 
[37, 38]. Moreover, it has been decided to set the same 
process parameter for both lattice and shell, merging them 
in a unique component. In fact, large porosities can be 
observed in the central part of the solid shell because the 
strategy of the beam and the hatch spacing used for the 

Fig. 3  SEM images of the a 
strut and b node connections, 
c different melted layers, and 
d unmelted powders for NS 
samples

a b

c d

500µm1mm

200µm 200µm

Table 4  Measured dimensions 
of as-built S and NS lattice 
samples

Øs (µm) t (µm)

S 459 ± 43 608 ± 202
NS 475 ± 41 -

Fig. 4  Micrographs of the 
cross-section normal to the 
building direction of solid shell 
(a) and strut and solid shell (b) 
of S90 sample

500 μm 500 μm

ba
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lattice part were also used for the shell. This indicates that 
the powder was melted on the edge of the solid shell but 
not in the center. The unmelted powder was detected in 
the central part of the shell: this resulted in the large lack-
of-fusion porosities observed and reported in Fig. 4a–b, 
due probably to the hatching distance of the electron 
beam. The interface between lattice and solid part shown 
in Fig. 4b did not report significant defects such as poros-
ity or geometry discrepancy. The continuity of the build-
ing was due to the same process parameters applied for 
both parts merging them as a single component.

3.2  Microstructure

Micrographs of NS samples are shown in Fig. 5 as represent-
ative of the microstructure of all the investigated samples. 
No relevant differences between the shell and lattice part 
of the samples are found, as well as between the S and NS 
samples, due to the use of the same process parameters. In 
general, the microstructure of Ti6Al4V alloy is composed 

of a α + β lamellar microstructure within the previous β 
columnar grains oriented along the building direction. The 
α lamellae are arranged in Widmanstätten structure charac-
terized by different sizes and orientations. The mentioned 
microstructural features are widely reported in the literature 
for Ti6Al4V alloy [39, 40]. More specifically, the micro-
structural features due to the EB-PBF process are discussed 
in [35, 38].

The microstructure normal to the building direction 
is shown in Fig. 5a. The colony pattern of α + β lamellar 
structure arranged in the equiaxed microstructure can be 
observed. In fact, along this direction, the cross-sections of 
the columnar grains can be observed.

The microstructure parallel to the building direction, char-
acterized by a columnar structure, is shown in Fig. 5b. The 
colony pattern of α + β lamellar structure can be observed.

Moreover, the light and dark phases identify the α and β 
phases, respectively, as shown in Fig. 5c. In particular, the 
grain boundary α layer was found around the prior β grain 
(Fig. 5d) [25].

Fig. 5  Optical micrographs normal (a) and parallel (b) to the building 
directions of cross-sections of the NS sample. Optical micrographs 
parallel to the building direction (c, d). Colony pattern α + β lamellar 

structure divided by α phase layer (marked by black arrows) within 
the prior β grain boundaries
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3.3  Mechanical characterization

Representative stress–strain curves resulting from the com-
pression tests of S and NS samples are reported in Fig. 6a.

The curves are reported until 20% strain, since for higher 
values of strain the curves exhibited a flat plateau due to the 
densification of the structures. In addition, for strain above 
20%, the samples with and without shell show the same 
behavior.

During compression tests, for both the considered 
designs, the stress initially increases with increasing defor-
mation up to a maximum value (45 MPa and 155 MPa for 
NS and S samples, respectively). This maximum load repre-
sents the ultimate strength (σM). This peak in stress is related 
to strain values of 5–6% for both the investigated designs, 
even though the values of the maximum stress reached are 
significantly different. In fact, as reported in Table 5, the ulti-
mate strength of NS lattices is 45 ± 2 MPa, which is approxi-
mately three times lower than 155 ± 5 MPa, demonstrated 
for the solid shell (S). The yield stress (σY) follows the same 
trend and is 35 ± 2 MPa and 119 ± 5 MPa for the NS and S 
samples, respectively.

After the peak, a marked drop in stress is observed for S 
samples, while for NS samples, a smoother decrease of the 
stress that progressively reaches a plateau is recorded.

For NS samples, after the peak of stress, both plastic 
deformation and densification of the structure are noted. A 
stress plateau (from 8% strain) continued until the end of 
the test (20% strain). For S samples, the first evident drop-in 
stress is due to the failure of the shell structure. Afterward, 
for S samples, a plateau in stress between 8 and 17% strain 
was noted due to the densification of the structure. At 17% 
strain, S samples showed another drop in stress. After this, 
the stress–strain curves recorded for S and NS samples are 
comparable, indicating that in both cases, only the lattice 
structure is supporting the load. This is demonstrated by the 

observation of samples after testing, as reported in Fig. 6b–d. 
The S sample exhibits two different fracture modes. The first 
one shows a vertical fracture of the solid shell revealing the 
inner lattice (Fig. 6b). Moreover, a detachment of the solid 
shell from the lattice part along the edge and a densification 
of the lattice structure occur. Specifically, the solid shell 
under compression is detached from the inner lattice due to 
the lattice expansion causing the collapse of the solid shell 
along the vertical direction. The second type of collapse 
mechanism for the S samples exhibits a fracture of the shell 
in the central part and the detachment of the solid shell from 
the lattice part due to the lattice expansion (Fig. 6c). When 
the shell is detached from the lattice, it no longer contributes 
to support the structure, and this explains the severe decrease 
in stress recorded, as visible in Fig. 6a. The specimens tested 
under these conditions reached a remarkably high level of 
stress starting from the inner part. Therefore, the second load 
drop indicated the shell failure.

In addition, the orientation of the struts is crucial to 
understand how the lattice influences the mechanical 
response of the structure because they can work in com-
pression or tensile mode giving different results. The BCC 
unit cell is characterized by struts inclined at 45° to the load 
direction. The compression load applied along the samples is 
divided into bending and compression components on each 
strut of the lattice. The lateral expansion of the lattice is due 

Fig. 6  Stress–strain curves of 
AB samples with and without 
solid shell. Main failure modes 
after compression test on the S 
samples with solid shell and NS 
sample without solid shell
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Table 5  Results of the compression tests of S and NS samples

Properties S NS

σM (MPa) 155 ± 5 45 ± 2
σY (MPa) 119 ± 5 35 ± 2
E (GPa) 6.34 ± 0.34 1.10 ± 0.03
WM (MJ/m3) 5.27 ± 1.03 1.83 ± 0.31
We (MJ/m3) 9.77 ± 0.65 4.93 ± 0.15
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to the compression of the lattice contributing to the fracture 
and the detachment of the solid shell.

On the other hand, the NS samples present a 45° frac-
ture mode (Fig. 6d) as expected for this lattice structure [25, 
41, 42]. The struts, oriented along a diagonal axis, are sub-
jected mainly to a bending load and the fracture occurs in 
that direction (45°) due to the geometry of the BCC unit cell. 
Contrarily to the S samples, the NS lattices bore the load 
entirely, and the bending component on the struts caused 
the main fracture.

The elastic modulus is calculated in the elastic region of 
curves shown in Fig. 6, and it is reported in Table 5. The 
elastic modulus of the S and NS samples is 6.34 ± 0.34 GPa 
and 1.10 ± 0.03 GPa, respectively. Probably, the already 
mentioned porosities of these structures are relevant for the 
elastic properties, influencing the mechanical behavior.

Moreover, the energy absorption until σM and until the 
end of the test (20% strain) is calculated and reported in 
Table 5. As expected, the lattices with solid shell absorb 
more energy when stressed and exhibit a perfect elastoplas-
tic behavior, able to reach higher deformations. The energy 
absorption (We) of the lattice with the solid shell is two 
times higher than the one without the solid part. In fact, the 
presence of an external solid shell is effective in increas-
ing the general stiffness and the energy absorption of the 
structure.

Moreover, the mechanical results of S samples demon-
strated to bear a high load suggesting aerospace applications 
in addition to biomedical ones. In particular, the reduced 
number of defects at the interface induced high stiffness and 
strength in the structures, bearing the load until the lattice 
core expanded in lateral directions making the contribution 
of the shell negligible.

Considering the mechanical behavior of S samples, a 
detachment of the shell from the lattice part was observed, 
indicating that fracture is taking place at the interface. This 
can be enhanced from the presence of localized defects. 
From the microstructural analysis previously discussed (see 
paragraph 3.1 and 3.2), at the interface, the microstructure 
was not altered. In fact, the microstructure was homogene-
ous along the entire samples because the process parameters 
used were the same for both parts of the specimens. Moreo-
ver, the abrupt change in density did not affect the formation 
of α + β lamellar structure.

Therefore, to better understand the failure mechanism, 
especially the role played by the geometrical discontinuity 

at the interface between shell and lattice for S samples, FEM 
analysis was performed on S and NS specimens.

3.4  Finite element method analysis

A first point that emerged from FEM analysis, as it can be 
seen from Table 6, is relative to the nominal lattice stiff-
ness. In fact, the calculated value is much higher than the 
experimental measure. Specifically, the nominal lattice 
model predicts that ideal specimens should exhibit a stiff-
ness more than twice that observed experimentally (a stiff-
ness ratio of 2.25) for the NS design and over three times 
for the S design (a stiffness ratio of 3.42). The S design 
showed a larger reduction across all models, most likely 
due to the shell being the dominant stiffness element and 
being less ideal than the other lattice elements (struts and 
nodes). This is evident when transitioning from the nominal 
to the average, and further to the worst-case scenario. In fact, 
the average model demonstrated considerably lower stiff-
ness, with stiffness ratios of 1.77 and 1.85 for the NS and S 
designs, respectively. Interestingly, the worst-case scenario 
values closely aligned with experimental results, underscor-
ing the importance of Young’s modulus correction and the 
actual dimensions of struts and shell. The resulting finite 
element method (FEM) moduli also closely match the values 
reported in [8].

Overall, the current model accounts primarily for aver-
age and homogenous effects, as it corrects the geometry in 
size but still represents an ideal shape of shells, struts, and 
nodes. Therefore, the remaining discrepancy between FEM 
and experimental values can be attributed to local defects, 
both in terms of porosities and other deviations from ideal 
geometry. These local defects can significantly affect the 
bending and shear stiffness of struts and the axial stiffness 
of the shell, playing a crucial role not only in lattice damage 
but also in the macroscopic linear-elastic behavior of the lat-
tice. This behavior can be viewed as a complex interplay of 
elastic elements in series and parallel, where a local increase 
in elastic compliance can markedly alter the macroscopic 
elastic response. Therefore, adjusting the model geometry 
and material parameters below average values can be con-
sidered a method to account for this local stiffness deficit.

The associated stress state of the lattice structures is also 
shown in Fig. 7 for a total applied displacement of 0.15 mm 
(corresponding to 0.005 mm over the modeled thickness). 
As expected, the geometrical discontinuity at the interface 

Table 6  Young modulus of 
the lattice calculated from 
FEM analyses of S and NS 
samples. Red values indicate 
the difference against the 
experimental measure

Lattice type Young modulus of the lattice structures (GPa)

FEM nominal FEM average FEM worst case Experimental

NS 2.48 (+ 125%) 1.95 (+ 77%) 1.32 (+ 20%) 1.10 ± 0.03
S 21.68 (+ 242%) 11.71 (+ 85%) 7.41 (+ 17%) 6.34 ± 0.38
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between struts and the solid shell, known as the notch effect, 
served as a local stress raiser. This phenomenon is a primary 
factor contributing to the observed fracture behavior in NS 
samples, where detachment of the shell from the core lattice 
structure was observed.

3.5  Surface fracture analysis

Representative SEM images of the fracture surface for the 
investigated samples are reported in Fig. 8 for the strut 
(Fig. 8a–b) and shell (Fig. 8c–d). No evident differences 
were observed when comparing the fracture surfaces at 
the shell or the strut. In both cases, the fracture mecha-
nism shown in Fig. 8 clearly reports the ductile fracture of 

the samples, demonstrated by the presence of dimple-like 
structures.

The connection between the lattice part and the solid shell 
was crucial because of the important variation in size and 
geometry. As previously shown in Fig. 6b, coarse defects 
were not detected on the interface due to the same process 
parameter set. Moreover, the fracture mechanism showed the 
same features on the lattice and solid shell. The detachment 
of the solid shell from the lattice part was due to the lattice 
expansion and to the geometry variation from the lattice 
(porous structure) to the solid part (shell).

The FEM analysis confirmed the mechanical behavior of 
the printed samples. The porosity was the main feature that 
influenced the stiffness of the samples, especially for the 

Fig. 7  Von Mises stress maps for the worst-case variants. The model was mirrored to represent 1/8 of the total lattice cross-section and a com-
plete layer (corresponding to a thickness of 2 mm)

Fig. 8  Representative SEM 
images of fracture mechanism 
of S samples on (a, b) the strut 
and (c, d) shell

20μm 10μm

20μm 10μm

a b

c d
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S samples. The high percentage (5%) of porosity localized 
into the solid shell, especially in the center part, made the 
structure less stiff than the designed one (in accordance with 
the stiffness of Ti6Al4V) [2, 43]. The lattice part exhibited 
porosity level in a range between 0.4 and 0.6%, not as influ-
ential as in the solid part.

4  Conclusions

The present work provides a combined experimental and 
numerical analysis to investigate the compressive response 
of additively fabricated Ti6Al4V lattice structures with BCC 
unit cell, with (S) and without (NS) solid shell. The S and 
NS samples were manufactured at 90° build angle to the 
EB-PBF printing plat e.

The main results presented in this work lead to the fol-
lowing conclusions:

• The process affects the morphology of the samples. In 
particular, the parameters of the electron beam made the 
solid shell irregular, probably due to a combination of the 
hatch spacing, the current, and the scan speed values. In 
fact, a relatively high porosity level of 5% was detected 
in the shell, while a porosity level of 0.6% of the struts 
and nodes cross-section was measured for both sets of 
samples.

• The ultimate strength of NS lattices is three times lower 
than that of the samples with the solid shell. The S sam-
ples absorb more energy than the NS lattice due to the 
presence of the solid shell. In fact, until the end of the 
compression test, the S samples absorb twice as much 
energy as the NS specimens. The presence of the solid 
shell results also in a higher stiffness of the samples (the 
S samples are 20% stiffer than the NS ones).

• The yield stress is also influenced by the solid shell. The 
σY of S samples is 30% higher than that of the NS sam-
ples. In general, the S samples exhibit perfect elastoplastic 
behavior, able to reach higher deformations. The presence 
of an external solid shell is effective in increasing the gen-
eral stiffness and the energy absorption of the structure.

• At the beginning of the tests, the solid shell of S samples 
mainly supports the load, and the lattice structure gives 
a minor contribution. After the detachment of the shell, 
the mechanical behavior of the S samples is the same as 
NS lattices, because the shell is separated from the lattice 
core, and it is no longer able to carry the load. In fact, 
from the 20% of deformation, the curves become per-
fectly overlapped because the shell contribution becomes 
negligible.

• The FEM analysis reveals that the nominal lattice stiff-
ness should be more than twice and three times that 
experimentally observed for the NS and S samples, 

respectively. This is mainly attributed to significant 
porosities and deviations from ideal geometry. The mate-
rial parameters and geometry dimensions adjustments 
carried out for the worst-case scenario model led to a 
much better reproduction of the experimental stiffness. 
The FEM analysis for S samples also confirms that the 
connection between the struts and the solid shell is a 
critical point where high stresses are reached, leading to 
the detachment of the shell.

• Ductile fracture occurs for S and NS samples. In 
particular, S lattices exhibit first the fracture of the 
shell, due to the lateral expansion of the lattice and the 
detachment of the external shell from the lattice part. 
The NS lattice shows a 45° fracture as widely shown 
in literature. When the shell has been detached from 
the lattice core, the S and NS samples show the same 
mechanical behavior.

To summarize, it emerged that the shell provides a 
positive contribution needed to better support the load 
in terms of maximum strength and energy absorption, 
especially for small deformations. On the other hand, 
more significant deformations of the structure lead to a 
concentration of stresses at the interface between the struts 
and the solid shell, resulting in the detachment of the shell 
itself. This has to be taken into account to design lattice 
structures properly and to exploit their potential, making 
it useful for many industrial applications. Considering the 
biomedical field, the structure of S samples can provide 
interconnected pores that facilitate tissue growth and 
development in the inner part and a solid shell that can 
support the whole structure. However, observing the results 
of the compression tests, the detachment of the shell must be 
analyzed for the validation of load-bearing application [44]. 
The results obtained in the present study can help to better 
understand the behavior of these structures as a function of 
the applied load.

Considering the results obtained for the S samples from the 
compression tests, the studied structures could be also used as 
space fillers or conformal parts for lightweight engineering, 
shock absorption, or heat exchangers in aerospace [45].

The key point is to find the best compromise between 
lightweight and reliability based on the application.
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