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Abstract

Despite the great potential of additively manufactured (AM) metallic lattice

materials, a comprehensive understanding of their mechanical behavior, par-

ticularly fatigue, has yet to be achieved. The role of the sub-unital lattice ele-

ments, that is, the struts and the nodes (or strut junctions), is rarely explored,

even though it is well known that fatigue is a local phenomenon, determined

by the small features of a structure (defects and local geometrical

discontinuities).

In this work, the mechanical behavior of nodes and struts has been investi-

gated by designing laser powder bed fusion (L-PBF) Ti6Al4V single strut speci-

mens, with a node placed in the central part of the gauge length. The

specimens were manufactured according to four different building orienta-

tions, namely, 90�, 45�, 15�, and 0� to the build plane. The influence of the fil-

let radius at the node and of the printing direction on the fatigue strength has

been examined.
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1 | INTRODUCTION

The possibility of manufacturing lightweight, customizable, and complex-shaped components led to a rapid growth of
metal additive manufacturing (AM) in the last few years. Until now, metal AM is considered a ground-breaking tech-
nology and finds its major applications in the biomedical, aerospace, and automotive fields.1,2 For instance, the intro-
duction of architected cellular materials (also referred to as lattice structures) into the orthopedic field allowed to
substantially reduce the stress shielding issue affecting traditional metal implants, simultaneously enhancing the
osseointegration at the bone-implant interface, due to the tunable size and shape of the pores as well as the rough as-
built surface.3

Nonetheless, despite the aforementioned major advantages, industries are still concerned about the application
of architected cellular materials as components for structural integrity applications, such as load-bearing prosthetic
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devices.4 In fact, metal AM techniques (i.e., powder bed fusion techniques such as L-PBF and electron beam powder
bed fusion [EBPBF]) produce components with a high as-built surface texture, characterized by unmelted particles,
protrusions, and material in excess on the external surfaces. These surface features can be detrimental to the
mechanical properties of the printed items.5 Indeed, it is well known that the fatigue strength of a material is a
local phenomenon, in which surface defects such as notches, imperfections, or local geometrical discontinuities
might act as stress raisers, possibly leading to crack initiation and propagation, often till the specimen failure. A full
understanding of the mechanical behavior of lattice structures is indeed of paramount importance for a better
design and manufacturing of AM products. In this scenario, despite the static properties of lattice structures have
been widely investigated in the literature, a consistent body of technical research on their fatigue behavior is still an
open issue.6 Until now, most of the work has been addressed to the understanding of the fatigue response of differ-
ent types of lattices but little work has been focused on the sub-unital elements of the cell units, namely, struts and
junctions.7–9

In a previous work of the authors,10 the fatigue behavior of thin struts and their dependency on the building orien-
tation has been examined, while in the work of Dallago et al.11 and of Latture et al.,12 the role of strut junctions and of
the fillet radius have been investigated in cubic and octet lattice structures, respectively. From these works, it has been
revealed that junctions are a weak point of architected materials, due to the stress concentration and that improving
the junction geometry by filleting can be beneficial in terms of fatigue resistance.11

The aim of this work is to investigate the effect of the building orientation and the role of the fillet radius on the
fatigue properties of the sub-unital elements of a cubic lattice cell. S–N fatigue curves have been obtained by performing
an experimental campaign on L-PBF Ti6Al4V single strut specimens with a junction placed in the gauge length section.
Specimens have been manufactured according to four different building orientations (90�, 45�, 15�, and 0�). Lastly, an
investigation of the fracture surfaces of the four different batches has been carried out by SEM imaging.

2 | MATERIALS AND METHODS

2.1 | Specimen manufacturing and design

Round cross-section thin-strut specimens with a node placed in the middle section of the gauge length were designed
as shown in Figure 1A, with a nominal diameter of 0.670 mm and a fillet radius of 0.600 mm. The transition zone
between the gauge length (4 mm) and the grips was designed according to the “streamline fillet” rule, which theoreti-
cally has no stress concentration.13 Starting from a biomedical grade Ti6Al4V powder (particle size ranging from 15 to
45 μm), the strut-junction specimens were additively manufactured at Lincotek Medical (Trento, Italy) via L-PBF with
an EOS M290 machine, with an actual laser power of 340 W and a scanning speed of 1250 mm/min. The layer thick-
ness was set to 60 μm. A stripe scan pattern with 67� rotation form layer to layer was used for the inner bulk, plus a
contour scan for the outer skin zone. The specimens were subsequently subjected to a proprietary heat treatment to
remove residual stresses and to transform the α-martensitic as-built microstructure into a more stable α + β lamellar
structure. No further surface treatments were performed on the specimens, which should be considered in an as-built
condition.

These specimens were printed according to four different building orientations, namely, at 90�, 45�, 15�, and 0� with
respect to the build plate (see Figure 1B).

2.2 | Morphological characterization

The morphological characterization of the four batches of specimens involved an analysis of the strut thickness, cross-
sectional area, and fillet radius. The morphological characterization process was carried out initially collecting images
of the specimens with a Nikon SMZ25 stereo optical microscope, as described in Murchio et al.10 Subsequently, an
image analysis was performed using an in-house MATLAB routine (described in Murchio et al.10 and Dallago et al.14),
first binarizing and segmenting the images and then extrapolating the desired data by fitting the boundaries. Strut
thickness, cross-sectional area, and fillet radius at the node were calculated for each tested specimen. Finally, a mini-
mum and an average value were obtained by averaging the sample data for each different building orientation.
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2.3 | Fatigue testing

Load-controlled tension-compression fatigue tests (R = �1) with a constant amplitude sinusoidal wave form (nominal
frequency of 200 Hz) were performed using a Bose Electroforce 3200, equipped with a 200-N load cell. Fatigue tests
were conducted on the four specimen batches, until their failure or upon the runout threshold set at 107 cycles (labelled
with an arrow). Runout samples were retested at loads 50% higher than the runout load. To build each S–N curve, at
least 12 data points for each batch were collected, considering a minimum of four levels with three tested specimens for
each level. Subsequently, a curve fitting was performed to plot the S–N curves and their scatter bands (10%–90%), as
described in Murchio et al.10

2.4 | Surface fracture analysis

Field-emission scanning electron microscopy (FE-SEM, Zeiss Supra 40, Germany) was used to collect the fracture sur-
face images of the fatigue failed specimens. SEM images were obtained in secondary electron mode with a 5.00-kV

FIGURE 1 (A) Computer aided design (CAD) drawing of the strut specimen with junctions along the gauge length. Dimensions are

reported in mm. (B) Schematic of the four sample building orientations, namely, at 90�, 45�, 15�, and 0� from the job plate. Supporting

structures are indicated in light grey. The building direction is set as the Z axis of the reference system. For a visual comparison between the

as-designed and as-built conditions, the stereo-optical images for each orientation are also reported. The scale bar is set to 1000 μm
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acceleration. The fracture surfaces for each batch of specimens were investigated. All samples underwent surface
cleaning by ultrasonication for 15 min, prior to the SEM inspection.

3 | RESULTS AND DISCUSSION

3.1 | Morphological characterization and fatigue tests

Table 1 reports the measured morphological parameters of the samples divided into the four different batches.
The lowest minimum cross-sectional area is found in the 90� vertical struts, while the highest value is exhibited
by the 0� strut-junction specimens. The standard deviation of the minimum and average cross-section and thick-
ness is the highest in the 15� and 0� specimens. The standard deviation values can be considered as an indicator
of the manufacturing precision of the specimens: therefore, the specimens printed at 90� and at 45� display lower
variation of the cross-section size along the gauge length with respect to the specimens printed at lower angles to
the build plane. Inclined specimens, for instance, are subjected to the “stair-case” effect and additionally the more
inclined the specimen, the higher the downfacing surface texture is and the higher the presence of protrusions
and material in excess can be.10

Figure 2 reports the S–N curves in a semi-logarithmic scale for the four different building orientations. The stress
values have been calculated using three different cross-sectional areas, namely the nominal (Figure 2A), minimum
(Figure 2B), and average cross-section (Figure 2C). For each graph, the thin-strut S–N curves (50% probability of failure)
collected in Murchio et al.10 are also reported, to visually compare the fatigue behavior of struts with and without a
node placed along the gauge length. Thin-strut specimens were printed using the same inclination angles, material, and
process parameters as the specimens presented in this work. The fatigue limits of the four different batches are in the
30 and 80 MPa interval, falling in a comparable range with respect to the thin-strut specimens studied in Murchio
et al.10 The evident discrepancies with respect to the wrought Ti6Al4V fatigue limits15 can be instead ascribed to the
size-effect (high surface-to-volume ratio) and highly rough texture of the analyzed specimens.

In general, it is possible to state that the strut-junction specimens exhibit a lower fatigue life with respect to the
thin-strut specimens, particularly in the case of the 90�, 45�, and 15� oriented batches. The decrease of fatigue strength
of strut-junction specimens might be therefore ascribed to the presence of the node, acting as a weakening element of
the component. Nevertheless, this trend is inverted for the 0� specimens, which report a higher fatigue strength with
respect to the horizontally printed thin struts.

The effect of the building orientation on the S–N curves of the strut-junction specimens is less noticeable than in
the case of the thin-strut specimens,10 particularly in the high cycle fatigue (HCF) regime, where the strut-junction S–N
curves tend to overlap and are less scattered. This behavior can be probably ascribed to two main leading factors: the
presence of the node in the central part of the gauge length (hence a shorter unsupported gauge length section) and
the slightly larger average (and nominal) cross-section with respect to the previously studied thin-strut specimens
(hence a lower surface-to-volume ratio), as reported in Table 1. The combination of these two factors might have led, in
the case of the strut-junction specimens, to a lower surface defect sensitivity and a more regular cross-section variation
along the gauge length, thus partially reducing the stress raising area where cracks can nucleate and propagate.

Conversely, in the low cycle fatigue (LCF) regime, the decrease of the fatigue life moving from the vertical 90� speci-
mens to the horizontally printed 0� specimens is apparent, with a considerable drop of the fatigue resistance of the

TABLE 1 Cross-sectional areas, thicknesses, and fillet radii for the four differently oriented batches of specimens

Cross-section (mm2) Thickness (μm) Fillet radius (μm)

Nominal Minimum Average Nominal Minimum Average Nominal Minimum Average

90� 0.353 0.276 ± 0.014 0.321 ± 0.011 670 563 ± 26 639 ± 11 600 431 ± 76 772 ± 112

45� 0.353 0.326 ± 0.009 0.397 ± 0.007 670 595 ± 13 713 ± 7 600 431 ± 63 678 ± 51

15� 0.353 0.339 ± 0.031 0.426 ± 0.019 670 605 ± 22 739 ± 18 600 550 ± 90 737 ± 55

0� 0.353 0.342 ± 0.027 0.433 ± 0.022 670 605 ± 23 745 ± 19 600 492 ± 128 760 ± 102

Note: For all the parameters the nominal, minimum and average values, calculated among the tested specimens of the batches are reported. For average and

minimum data, the standard deviations are also calculated.
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specimens printed at 45�. This trend is again in accordance with the S–N curves reported in Murchio et al.,10 both con-
sidering the minimum or the average cross-section as load bearing areas.

A normalization of the S–N curves to the yield strength σy has been carried out (see Figure 3A,B; double logarithmic
S–N curves) to better highlight the effect of defects and local geometrical variations, hiding the effect of the monotonic
response of the material. The yield strength data were collected in Murchio et al.10 testing the thin-strut specimens.
Reported yield strength values for the four different building directions are 770 MPa (for 90�), 562 MPa (for 45�),
952 MPa (for 15�), and 772 MPa (for 0�). Figure 3A,B reveals that 45� specimens exhibit the best fatigue life among the
four batches, whereas 90� and 15� show the lowest fatigue strength in the HCF. Conversely, from Murchio et al.,10

where the horizontal thin-struts show the lowest fatigue behavior among the four investigated batches, the 0� strut-
junction specimens have an intermediate behavior, lying between the 45� oriented and 90� oriented batches.

FIGURE 2 S–N semi-logarithmic curves of the fatigue strut-junction behavior according to the different building directions. Stress

amplitude σA (MPa) is determined considering the nominal cross-section (A), minimum cross-section (B), and the average cross-section (C).

Each S–N curve shows the experimentally collected data points and the fitting curve (dashed-line), representing the 50% probability of

failure. For each S–N curve, the scatter bands referring to the 10–90% failure probability are also depicted. Runout is visually explicated by

the presence of arrows (set at 107 cycles to failure, Nf). The dashed-dot S–N curves in each graph are the 50% probability of failure of thin

struts specimens, experimentally derived in Murchio et al.,10 for the four building directions
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3.2 | Surface fracture analysis

To understand the leading failure mechanisms of the struts with junctions, the fracture surface and the fracture loca-
tion along the gauge length have been investigated. From this analysis, it has been revealed that the higher the printing
accuracy along the gauge length is, the more prone the specimen is to break at the fillet radius or at the gripping site.
Indeed, this is the case of 90� and 45� specimens, which show a lower standard deviation on the cross-section parame-
ters with respect to the 15� and 0� struts, as highlighted in Table 1. It is well known that the surface texture and surface
roughness of the specimens are strongly influenced by the building orientation,10,15–17 particularly with a lower
surface roughness variation among the upperskin and underskin of the same specimen. This trend was studied in our
previous work on thin-struts, as reported in Murchio et al.10 Since the strut-junction specimens were manufactured
adopting the same printing parameters, scanning strategy, material, and geometrical dimensions, it is reasonable to
believe that the surface roughness values should be in a comparable range with respect to thin-strut specimens (about
20–75 μm for the mean Ra value). The authors leave for future works a deeper metrological assessment of the strut-
junction specimens. Additionally, it can be seen that the minimum fillet radius of the 90� and 45� specimens is consis-
tently lower with respect to the 15� and 0� specimens (and with respect to the nominal fillet radius), thus suggesting
that, for 90� and 45�, a higher stress concentration factor might arise at the node location. Conversely, for the 15� and
0� inclinations, the fracture location usually occurs at the gauge length. Moreover, as reported in the work on thin
struts, 15� and 0� specimens exhibited the highest variation in terms of surface roughness between the upperskin and
underskin of the same specimen (i.e., Ra range upper–lower skin of 75–145 μm).10 This might suggest that also in the

FIGURE 3 Yield strength normalized S–N curves are reported in a double logarithmic scale. In (A), the average cross-sectional area has

been considered, while in (B), the average cross-section
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case of the 15� and 0� strut-junction specimens, the dominant fatigue failure mechanism can be imputed to the
high surface defect sensitivity and local geometrical imperfections. In fact, these specimens exhibit a more evident
cross-sectional size variation (see Table 1). This peculiar trend has also been observed in the work of Dallago et al.,11

concerning cubic lattice structures, where it was noticed that if the main load bearing struts of the lattice were printed
vertically (90�), fracture occurred at the node, alternatively, if the main load bearing struts were printed parallel to the
build plane (0�), failure occurred along the strut gauge length. In Figure 4, the SEM fracture surfaces of one specimen
for each batch are reported. SEM fracture images are coupled with a stereo-optical image labelling the fracture location
site along the gauge length. Interestingly, the initial fracture location site is near the surface, where notches, cross-
sectional variations and protrusions or unmelted particles act as stress raisers, causing the nucleation of several cracks.
In most cases, it seems that the weaker site is located along the specimen lower skin, particularly for the 15� and 0�

struts, where an evident cross-section thinning is present. In some cases, it also seems that cracks grow independently
starting from multiple sites (i.e., 15� specimen) and that the subsequent crack propagation leads to failure on different
cross-sectional planes. In Figure 4A (90� specimen), internal porosity, that is, gas holes or lack-of-fusion defects are also
evident in proximity of the surface. These pores, if large enough, can act as “killer” defects, detrimentally influencing

FIGURE 4 FE-SEM fracture surfaces of one fatigue failed specimen for each batch, as labelled. The scale bar is set to 100 μm for the

four SEM images. White arrows and dotted curved lines show the initial crack nucleation and subsequent crack propagation, while red lines

label instead the main cracks, notches, and defects detected on the fracture surfaces as well as the dimple locations. Each FE-SEM image is

coupled with the stereo-optical image of the inspected specimen, highlighting the fracture location site along the gauge length (node or

gauge length) with a red box. The upper and lower skin and the building direction are also labeled. The scale bar of the stereo-optical images

is set to 1000 μm
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the fatigue behavior of the strut-junction specimens. In this context, for the vertically printed struts, it might be reason-
able to believe that a synergistic cooperation of the rough surface and the inner pores can be the cause of fatigue
failure.

4 | CONCLUSIONS

In this work, the role of the sub-unital junction element on the fatigue life of L-PBF Ti6Al4V lattice elements has
been addressed, with a particular focus on the effect of the building orientation. The experimental S–N fatigue curves
show that vertically (90�) printed specimens have the highest fatigue strength in the LCF, while in the HCF, the
strength is comparable between the four batches of specimens. Furthermore, the S–N curves normalized with respect
to the yield strength of L-PBF Ti6Al4V at the different inclinations highlight the effect of building orientation even in
the HC regime, with a slightly better response of the 45� strut-junction specimens, in accordance with what reported
in Murchio et al.10 for thin-strut specimens. On the contrary, it appears that the fatigue life of the specimens printed
horizontally is not affected as strongly as the thin-strut specimens by the orientation. This discrepancy might be
related to the presence of the node along the gauge length, which limits the unsupported section of the gauge length
during the manufacturing process, improving the morphological quality. Additionally, by the inspection of the frac-
ture location, it is observed that the 90� and 45� strut-junction specimens are more prone to fail at the node location,
due to the junction effect, than the 15� and 0� specimens. These specimens exhibit instead a failure mechanism more
related to the high surface texture and cross-sectional variation, with the fracture location along the gauge length
itself. Nevertheless, in both situations, the SEM fracture surfaces generally report surface defects as fatigue crack
initiation sites.
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