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Laser Powder Bed Fusion (L-PBF) provides ample freedom to fabricate lattice materials with tailored micro-
architecture. Nevertheless, small-scale structures often suffer from a wide range of morphological defects, which
impact the macro-scale mechanical properties. In this work, prominent morphological factors including geo-
metric irregularities (surface notches and cross-section deviation), node geometry and printing direction are
assessed for four batches of L-PBF Ti-6Al-4 V cubic lattice specimens, and their fatigue behavior compared. The
results show that smoothing the strut fillets at their node remarkably improves the S-N curves and that the

printing direction impacts both the fatigue strength and the failure behavior.

1. Introduction

Lattice materials typically feature a periodic porous architecture,
which differs from that of traditional materials. Their properties are not
only governed by the chemical composition of the constituent solid, but
also by the topology and geometry of the unit cell [1,2]. Low density,
superior thermal insulation, high impact response and other properties
have contributed to make cellular materials attractive to the aerospace,
biomedical, automotive and naval industry [2-6]. For instance, stress-
shielding, one cause of orthopaedic implant failure, is mitigated if a low
modulus lattice with tailored porosity gradients is integrated at the
interface with the bone tissue [7-10]. These and other high-end appli-
cations require the attainment of a highly controlled architecture called
to satisfy often strict and diverse design requirements. On this front,
additive manufacturing (AM), a layer-by-layer process, has a clear ad-
vantage over traditional fabrication technologies [11,12]. Powder bed
fusion (PBF) is a subset of AM whereby a heat source is used to con-
solidate material in powder form to create three-dimensional (3D) ob-
jects. When the heat source is a laser, the process is named Laser-based
Powder Bed Fusion (L-PBF) [13,14].

Despite L-PBF has been so far successfully used to produce complex
lattice architectures [12,15], the properties of the printed parts can
deviate significantly from those predicted assuming an ideal geometry
and homogeneous properties of the base material [16]. Indeed, the
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manufacturing process markedly affects the microstructure of the base
3D printed material and as well as the lattice architecture with an
outcome that impacts mechanical and biological performance [17,18].
The quality of as-built L-PBF parts is typically influenced by high
cooling rates and preferential grain growth direction caused by direc-
tional heat flow, which leads to the formation of low ductility me-
tastable phases and anisotropicity, respectively [19-22]. Fast cooling is
also responsible for the occurrence of residual stresses that, besides
altering the mechanical properties, can also cause distortions in the
lattice [18,23]. Pores can be often found in L-PBF parts, which can be
spherical or irregularly shaped [24].

The as-built architecture of a lattice material, on the other hand, can
feature several types of geometrical defects and irregularities [5,25-30].
Partially unmelted particles increase the surface roughness [17]. On a
larger scale, the size of the melt pool significantly affects the geometry
of the lattice, e.g. strut thickness, strut straightness, junction alignment
and junction shape [23,29,31]. The melt pool extent is determined by
the input energy of the scanning laser and by the local heat transfer
properties of the solid/powder system [27,32,33]. While the input en-
ergy, expressed by the specific energy, depends on the machine para-
meters [24], the local thermal properties can be ascribed mainly to the
spatial orientation of the solidified material, the solid/powder fraction
and the packing density of the powder [27,34]. Being the powder less
conductive than solid, a larger melt pool is prompted to form in regions
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supported prevalently or entirely by powder [27,28,34], leading to an
accumulation of the solid material on the overhanging parts of the
lattice [35,36]. Therefore, increasing the inclination angle of the struts
to the build plane leads to a gradual decrease of the deviation from the
nominal shape because the fraction of the melt pool supported by solid
material grows [29,37]. On the other hand, inclined struts can be af-
fected by the staircase effect, which is the outcome of the consecutive
stacking of discrete layers welded together with a small offset due to
inclination [34,38]. The complexity of the as-built/as-designed devia-
tion is also amplified by solidification and cooling shrinkage [39].

In general, the mechanical performance of a lattice material is ne-
gatively affected by manufacturing defects, although the extent of such
impact is highly variable. For instance, struts aligned with the direction
of the applied load carry a higher fraction of the load and hence defects
appearing on these struts have a major impact on the mechanical
properties [17]. On the other hand, lattice materials suffer from an
ample scatter in mechanical performance [40,41].

The effect of manufacturing defects on the quasi-static mechanical
properties (elastic moduli and strength) has been addressed by several
studies [23,30,32,42,43]. A decrease of struts straightness (waviness)
and node displacement causes a loss of stiffness and strength due to the
rise of bending actions, particularly in stretching dominated lattices.
Any deviations of the cross-section shape and size from the nominal
geometry alter the load bearing area, e.g. the second moment of area, of
a strut, possibly increasing or decreasing the modulus. Although to a
lesser degree compared to the other morphological defects, internal
porosity and surface roughness decrease the elastic modulus [40].
Conversely, these factors have a stronger effect on the yield stress and
the ultimate tensile strength because they act as stress raisers, inducing
premature plasticization and subsequent rupture [17,40]. The re-
lationship between build orientation of the struts and the manu-
facturing defects translates to a measurable effect on the mechanical
properties of L-PBF lattices: the smaller the angle between the strut and
the build plane, the lower is the strength [21]. A similar behavior was
observed also in single struts [19].

In contrast to the elastic modulus and other monotonic properties,
fatigue, a highly localized phenomenon, is very sensitive to the mi-
crostructural and morphological quality of a component, and thus it is
extremely sensitive to the manufacturing process [44]. For example, the
low fatigue strength of as-built L-PBF parts compared to machined or
wrought parts is partly determined by the microstructure (less ductile),
but even more by surface roughness [45,46]. Similarly, the fatigue
behavior of L-PBF lattices is negatively impacted by surface defects,
such as semi-molten powder particles, as well as by irregularities in the
strut cross-sections that act as notches [23,47-49]. Furthermore, any
geometric deviation that alters the stress distribution in the strut, such
as geometric defects at the junction, acts as stress raiser [50,51]. These
imperfections have a detrimental impact on the fatigue properties. Fa-
tigue cracks typically nucleate on the surface in proximity of defects
and much less within the bulk of the solid, where internal cavities in L-
PBF parts often appear [49,52]. Ti-alloys, such as Ti-6Al-4 V, are
especially sensitive to stress raisers due their high notch sensitivity
[53,54]. Besides stress raiser, residual stress also contributes to the
fatigue behavior [46,47,55].

This work examines the fatigue response of Ti-6Al-4 V regular cubic
lattices 3D printed via L-PBF. In particular, the focus is on the fully-
reversed fatigue S-N curves with the goal of investigating the role of the
lattice orientation to the printing direction, junction geometry and unit
cell size. We use a combination of optical microscopy, electron micro-
scopy and fatigue testing to examine four batches of 3D printed speci-
mens each with selected inclination (0° versus 90°) to the build plane,
junction geometry (wide fillet versus sharp fillet), and unit cell sizes
(3 mm and 4 mm).
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Fig. 1. Unit cell geometry: (a) parameter definition of in-plane geometry; (b)
3D view of unit cell.

2. Materials and methods
2.1. Specimen design and description

The unit cell examined in this work has a regular cubic topology of
strut length L and strut diameter t,. At the junctions, the struts are
joined by circular arc fillets of in-plane radius R (Fig. 1a). The rationale
behind the choice of the cubic unit cell is its simplicity which translates
into an easy-to-control relationship between the printing direction and
the loading direction of the struts and the possibility of obtaining well-
defined fillet radii at the strut junctions. The results here obtained can
be transferred to more complex topologies, thus providing insight into
the fatigue design of lattice materials.

The lattice specimens were 3D printed via L-PBF using a Renishaw
machine equipped with a pulsed laser with a nominal power of 200 W
and starting from a spherical biomedical grade Ti6Al4V (O, < 0.2%)
powder with a particle size in the range 15-45 pm. A layer thickness of
60 pm was deposited at each step. After fabrication, all specimens were
subjected to a heat treatment in vacuum at Lincotek Additive Trento
(Pergine Valsugana, Italy) at temperature above 800 °C, which lies in
the a + P bi-phasic field. The treatment is known to be sufficient in
order to relieve residual stresses generated during the powder bed fu-
sion process and to transform the martensitic as-built microstructure
into a stable a + P one [56]. Neither sandblasting nor other surface
treatments were applied. To reduce the border effects to a reasonable
level, the specimens were designed according to the guidelines pro-
vided by the ISO14333 standard: the cellular part is cylindrical, made of
12 unit cells along the height and 11 along the diameter (Fig. 2a and
2b). During half of the fully reversed fatigue cycle the specimen is in
traction, therefore the specimen must be appropriately connected to the
testing machine, a condition ensured by adding bolted flanges directly
printed with the specimen. To indicate the printing orientation of the

N Dlattice Dﬂange

%

(b) (c)
Fig. 2. Representative cellular specimen used for mechanical testing: (a) 3D
view of the entire specimen, with uvw reference system; (b) view of specimen
cross-section; (c) specimen longitudinal section, showing transition regions. i.e.
bell shape and thicker struts close to the flange, between solid flanges and inner
cellular portion.
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Fig. 3. The compensation concept: the CAD strut cross-section parameters for a
horizontal, tfy‘_'zD (thickness along the Z direction) and tfyf‘;; (thickness in the XY
build plane), (a) and for a vertical strut, t£4P, (b) are designed with the aid of
the compensation model to produce the desired (tp) cross-section after manu-
facturing; (c) compensated CAD of the unit cell. Z-direction corresponds to the

building direction while (X, Y) directions define the building plane.

specimen an XYZ reference system is used: the printing direction is
indicated by Z, while the build plane is the XY plane.

The as-built/as-designed mismatch issue in L-PBF lattices can be
addressed via a procedure known as compensation [29]. Such proce-
dure proposes a design compensation of the currently inevitable man-
ufacturing deviations in geometry, with the potential of using different
levels of compensation for struts at dissimilar angles in the lattice. This
paper mainly examines the relationship between the as-built geometric
features and the fatigue behavior of lattice specimens with compen-
sated geometry.

Compensation is based on the availability of mathematical re-
lationships that tie the as-built geometry (minor and major axis of the
elliptical cross-section) to the as-designed geometry (strut diameter ty).
These expressions are then inverted, so that the parameters of the CAD
cross-section (t5y 'y, (57 and t5*P) that lead to the desired (nominal)
circular cross-section (diameter t,) are obtained (Fig. 3a and 3b). Two
expressions are needed for struts at low angles to the printing plane,
while close-to-vertical struts typically retain their circular cross-section,
hence one expression is sufficient. The compensated geometric para-
meters, considering the orientation of the struts to the printing direc-
tion, are used to draw the geometry of the regular cubic cell that re-
peated in space generates the CAD of the lattice (Fig. 3c). This
compensated CAD model, fed to the L-PBF printer, allows to obtain an
as-built lattice matching the nominal geometry. In this work, we use the
expressions derived experimentally in a previous work [31] for lattices
of the same type and printed with the same process parameters.

Four groups of specimens were examined, each identified by a ca-
pital letter (Fig. 4):
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A. Compensated specimens. The specimens are placed on the printer
baseplate so as to align the printing direction to the loading direc-
tion (placed vertically).

B. Compensated specimens identical to case A (compensation and fil-
leted junctions), but printed with loading direction normal to
printing direction (placed horizontally).

D. Compensated specimens as in A, but without fillets at the nodes.

E. Compensated specimens as in A, but with smaller unit cell size L and
scaled R and t,.

For each group, eight specimens were manufactured. Batches from
A to D were designed with the parameters of the nominal geometry
listed in Table 1 (L = 4000 um, tp = 670 um, R = 600 um); for batch E
the unit cell size L is 3000 pum, and the ty/L and R/L ratios are identical
to the other batches, hence ty = 500 um and R = 450 pm. The nominal
geometry of the specimens was determined with the procedure de-
scribed in a previous work [48], requesting the nominal elastic modulus
to be 3 GPa. Table 1 summarizes nominal and compensated parameters
of the cell geometry.

Table 2 lists the size of the specimens (parameters in Fig. 2), which
depends on the unit cell size L.

To guarantee the validity of the fatigue tests, two requirements
should be met: failure should occur away from the flanges and the in-
ternal load distribution should be uniform within the cross-section of
the cellular specimen. These conditions are not trivial to fulfill, given
the geometric characteristics of the specimen, which is cellular as op-
posed to the standard sample of solid material. Fig. 5 shows the com-
putational result of an iterative design process using FE (Ansys® Release
18.0) models of the specimens including the bolts. The specimen was
generated with nominal values of the geometrical parameters and
meshed with 10 node tetrahedral structural elements (SOLID187) and
simulated in tension. In this article only a brief description of the design
process is given, while a more detailed account of the procedure is
planned for a future publication.

The strategy devised to avoid failure close to the flanges consists of
thickening both the vertical struts and fillets of the unit cells in the
planes interfacing the flanges. The compliance of the flange causes the
external annulus of the cellular specimen to carry a higher fraction of
the load, unless the thickness of the flange is increased at its center. The
simplest expedient was to design the flange shaped as a bell (Fig. 2c).
Fig. 5 shows a plot of the normalized load in the struts (defined as the
ratio between the force calculated from the FE simulations and the force
calculated as if the traction was carried uniformly by all the struts) for
two sections along the w axis of the specimen (see Fig. 2c). The results
confirm that an increase of the flange thickness at its center improves
the load distribution so as to make it more uniform. The difference in
loading between the center and the external annulus decreases from

» L=4mm ‘
Flip printing direction| » Compensated B
from 0° to 90° > Filleted ‘ £
» Printed horizontally
(»)
» L=4mm » L=4mm -
» Compensated Remove fillet at > Compensated
> Filleted junctions » No fillets D
»  Printed vertically »  Printed vertically -
» L=3mm ]
Decrease unit » Compensated ;
cell size L > Filleted :
» Printed vertically -

Fig. 4. Scheme showing the differences between the five batches of specimens used in the fatigue tests. The black arrows indicate the printing direction Z.
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Table 1
Nominal and compensated geometrical parameters of the batches designed for mechanical testing.

Batch ID Nominal (desired) geometry Compensated CAD parameters
R(um) to(um) L(um) Relative density (%) (AP (um) £S4P (um) (54D (um)
A 600 670 4000 7.34 636 476 550
B 600 670 4000 7.34 636 476 550
D 0 670 4000 5.94 636 476 550
E 450 500 3000 7.27 480 300 377
Table 2 the standard deviation of the geometrical parameters for each batch are

Specimens size of designed for mechanical testing (as defined in Fig. 2).

Specimen ID h (mm) Dfiange (mm) Diattice (mm)
A-B-D 69 70 44
E 58 59 33

roughly 30% to 10%. This difference further increases if no transition
zone is added between the solid flange and the cellular sample, leading
to failure in the external annulus, at the region attached to the flange.

2.2. Experimental methods

2.2.1. Metrological characterization

For the metrological characterization of the specimens, we adopt a
procedure previously developed [31]. Four specimens were randomly
selected from each batch, and the Nikon SMZ25 stereomicroscope was
used to take photographs of 8-12 unit cells along the directions per-
pendicular and parallel to the printing direction. Specimens of type A, D
and E had to be cut in the uv plane of the specimen (Fig. 2a) to obtain
pictures perpendicular to the printing direction. The mean value and

calculated using all the measurements obtained from the different
pictures.

2.2.2. Microstructure

Metallographic specimens were prepared to investigate the micro-
structure and assess the effect of the heat treatment. For each batch,
two specimens were prepared, one parallel and one perpendicular to
the printing direction. The sectioned samples were then mounted,
ground with SiC abrasive papers (with 120, 180, 320, 400, 600, 1000,
1500 grit sizes), and polished with a 3-um diamond paste followed by a
1-um paste. A Kroll's etching was finally applied to reveal the micro-
structures.

2.2.3. Micro-hardness

Microhardness values were measured to offer a means of compar-
ison of the mechanical properties of the bulk material between the
batches. A diamond Vickers indenter was used to apply a maximum
force of 1 N. The load was applied at a constant 0.1 N/s rate with a
dwell time of 10 s. Six measurements were performed on a parallel and
a perpendicular section to the printing direction for a specimen of each
batch.
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Fig. 5. Normalized load distribution in the “mid” and in the “limit” sections (see Fig. 13c) of the specimen with and without bell shape and thickness increase of the

pillars. Small black circles represent strut locations.
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2.2.4. FE simulations

A set of numerical simulations were carried out to assess the lattice
responses in the linear regime only using Ansys® Mechanical APDL,
Release 18.0 (Canonsburg, Pennsylvania, U.S.A). A reduced model
consisting of one unit cell (Fig. 1b and, after meshing with 3D 20 node
structural continuum elements, Fig. 6) for both the nominal geometry
and the as-built geometry was developed with results later compared
with their experimental counterparts. For the base material (bulk Ti-
6Al-4 V), we use the following properties: elastic modulus of 113 GPa
and Poisson’s ratio of 0.34. The FE models were used to calculate the
fatigue notch factor Ky at the filleted joints defined assuming a worst-
case scenario of notch sensitivity g = 1 (full notch sensitivity) [23]:

maximum principal stress at the joint

K; =K/= :
nominal homogeneous stress 1
Where the nominal homogeneous stress is the ratio between the
load on the unit cell and the nominal area of the unit cell (L X L).The
maximum principal stress was deemed more appropriate than the von
Mises equivalent stress because of the likely presence of a brittle alpha
case on the surface of the lattice [23].
FE models with the following characteristics were devised:

e unit cell with nominal geometrical parameters of batch A
(L = 4 mm, tp = 0.670 mm, R = 0.600 mm)

e unit cell with nominal geometrical parameters of batch E
(L = 3 mm, tp = 0.500 mm, R = 0.450 mm)

o unit cell with average as-built geometrical parameters measured in

batch A (I = 4 mm, t = 0.693 mm, R = 0.318 mm)

unit cell with average as-built geometrical parameters measured in

batch D (L = 4 mm, t®= 0.698 mm, R = 0.090 mm)

unit cell with average as-built geometrical parameters measured in

batch E (L = 3 mm, t®= 0.527 mm, R = 0.442 mm)

The as-built geometrical parameters are listed in the Appendix and
discussed in Paragraph 3.3.1. In the models representing the as-built
unit cell, the fillet radius is equal to the smallest value among the
average values of the three categories in which the measured radii are
classified (R, R. and Ry, as defined in Fig. 9). The diameter of the
struts is the average diameter of the struts aligned with the loading
direction (in all cases tgb, as in Fig. 8). Solving the FE model for the
nominal geometry of batch B is not needed because it is the same of
batch A. On the other hand, since failure occurs in the struts and not at
the junction, modelling the as-built geometry of batch B requires a more
accurate approach which is left for future work.

A convergence study was performed for each FE model by refining
the mesh and calculating the error on the maximum principal stress for
each level of mesh refinement with respect to the finest one. The results
were deemed to have converged satisfactorily when the error was equal
or below 1%.

2.2.5. Compression testing

An Instron 8516 testing machine was used for quasi-static com-
pressive tests of cellular specimens, equipped with a 100 kN load cell
(nonlinearity * 0.1% of R.0.) and an axial extensometer (25 mm
gauge length for batches A to D and 12.5 for batch E). The crosshead
speed was 1 mm/min. The elastic modulus was measured by calculating
the slope of loading—unloading cycles according to ISO 13314. This is
necessary because both in compression and tension the slope of the first
portion (the elastic part) of the stress—strain curve is lower than that of
the successive unloading-loading curves due to local plastic effects
[57]. A destructive monotonic compression test was carried out to es-
timate the 0.2% offset stress and the peak stress (first maximum com-
pressive strength).

Only one specimen per batch was tested and the authors recognize
that this choice does affect the reliability of the results of the
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compression test, considering also the well-known scatter that affects
the mechanical properties of L-PBF cellular lattices. Nevertheless, we
still deem these results offer a qualitative comparison between the
batches. Moreover, the 0.2% offset compression stress is used to nor-
malize the S-N curves, allowing the comparison with results obtained
previously.

2.2.6. Fatigue testing

S-N curves were built using seven specimens per batch, subjected to
fully reversed fatigue cycles (R = -1) on a Rumul 50 kN Testronic re-
sonant testing machine equipped with a 50 kN load cell under load
control, at 120 Hz. Each specimen was considered failed if the resonant
frequency decreased of 1 Hz, which corresponds to the complete failure
of a few struts (4-5). Proceeding with the test would lead to complete
specimen failure after a few hundred cycles. Subsequently, the spe-
cimen was completely broken by applying a monotonic static tension to
identify the crack origin. Runout specimens were tested again at a load
at least 1.5 times higher than the runout load to obtain additional data
points. The S-N curve of the base material was also constructed using 12
fully dense specimens (gauge section diameter and length of 4 mm and
12 mm, respectively) printed along their loading direction with same
machine parameters and powder as the cellular specimens, tested under
identical loading conditions.

The data on fatigue are fitted with an asymptotic curve, given by:

G=0+ —
N (2a)
where g, is the homogeneous axial stress amplitude (the ratio be-
tween the load on the unit cell and the nominal circular area of dia-
meter Digyice Of the lattice part, as in Fig. 2 and Table 2), Ny is the
number of cycles to failure and the remaining quantities are fitting
constants. The scatter of the fatigue data is assessed by computing the
estimated regression variance assumed to be uniform for the whole
fatigue life range and expressed by:

n
Z[:l (Ua,i - 8a,i)2

n—p (2b)

2=

where o, ; is the i.th fatigue amplitude data point, &, is its estimator,
n is the number of data elements, and p is the number of parameters in
the regression (p = 3 in this specific case).

The fatigue notch factor K; was calculated from the experimental
fatigue results by dividing the fatigue strength of the fully dense spe-
cimens and by the fatigue strength of the cellular specimens normalized
by the nominal cross-section area of the specimen.

To distinguish the struts failed by fatigue from those failed by static
tension, the fracture surfaces were investigated under a JEOL JSM-
IT300LV scanning electron microscope (SEM).

2.3. Results and discussion

2.3.1. Metrological characterization

Fig. 7 shows optical micrographs representative of the morphology
of each batch. The nominal lattice is overlaid to compare the as-built
and the as-designed architecture. Although the compensation leads to a
satisfactory correspondence between the as-built and the as-designed
lattice, the horizontal struts (parallel to the printing plane) are more
irregular than the vertical struts in all the batches (as also indicated by
the wider error bars on t,?ylfz and t,?ylf  in Fig. 8). In Fig. 7A, for instance,
the horizontal strut on the bottom is considerably thinner in the middle
than towards the junction. This is a well-known phenomenon in over-
hanging PBF parts which are supported prevalently by the powder and
not solid material. Where planned, the filleted junctions were re-
produced satisfactorily, although the fillets on the underside of the
horizontal struts seem more irregular than those above the struts. On
the other hand, it is quite striking the sharpness of the junctions in
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Fig. 6. Example of FE mesh of the unit cell and boundary conditions used to
calculate the notch factor. d is a unitary displacement.
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batch D, compared to the other specimens. The strategy to upscale the
lattices compared to previous works [23,48] shows a clear improve-
ment in the morphological quality of the junction (compare with Fig. 7
[24]).

For a systematic data representation, we classify the fillets into three
categories defined according to the location of the fillet with respect to
the struts meeting at the joint using the printing direction as a re-
ference. A fillet is defined positive if its position is above the strut (R ),
negative if it is below the strut (R.), and lateral if it lays in the plane
normal to the printing direction (Rj,), as shown in the drawing of
Fig. 9. The fillets above the struts oriented at 0° are very close to the
nominal value, whereas those below are sharper than in the other lo-
cations of the lattice, suggesting the presence of a systematic weak spot
for fatigue resistance. The morphological differences between batches
with filleted junctions are not significant. On the other hand, as ex-
pected the as-built fillet radii of batch D are very sharp, roughly
100 pm.

Fig. 7. Detail of a specimen from batch A (compensated and with filleted junctions), a specimen from batch B (compensated and with filleted junctions), a specimen
from batch D (compensated and without filleted junctions) and a specimen from batch E (as A, but unit cell size 3 mm). Compare with the regular cubic lattices
fabricated in [23] (L = 1.5 mm, tp = 0.230 mm, R = 0.130 mm). White arrows indicate printing direction, whereas the red double arrows the load direction. The
white dashed lines (in (A) and (D), enclosed in red circles indicate where the struts failed by fatigue. The scale bars are all 1 mm for (A) to (E).



M. Dallago, et al. International Journal of Fatigue 142 (2021) 105946

1000
Horizontal (X and Y) struts
800 |
£ = [,
Z 600 ] :
2 N
- as-
8 400 7 m as-designed
-
200 7
0

ab ab ab
tZ tXY,Z tXY,XY

Fig. 8. As-built strut cross-section parameters with standard deviation classified according to the inclination of the struts to the printing plane. The dashed bars
indicate the as-designed value of the strut diameter (670 um for batches A to D and 500 um for batch E). In the Appendix (Table A1), the numerical values are listed.
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Fig. 10. The microstructure after the stress relief heat treatment is a + 3 (white a lamellae in a black 3 matrix): (a) section perpendicular to the printing direction
(XY plane); (b) section parallel to the printing direction (YZ plane); (c) XY section of the fully dense specimens. The arrows indicate the printing direction.
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Table 3
Microhardness values for each batch compared with bulk L-PBF bulk Ti6Al4V
specimens printed with the same process parameters.

Bulk specimens A B D E
348 + 15 354 + 13 340 = 20 347 = 11 334 = 20
Table 4

Elastic modulus (calculated from the loading—unloading tests), 0.2% offset
stress and peak stress (monotonic tests) for each batch.

A B D E
Elastic modulus[MPa] 3021 1749 1844 2984
0.2% offset stress[MPa] 16 9 9 14
Peak stress[MPa] 16 9 9 15

As a final note on this matter, it was observed that the specimens
printed horizontally (batch B) show a slight overall curvature out of the
printing plane that is not observed in the specimens printed vertically.
This curvature most likely is detrimental to the mechanical properties
because it causes the rise of bending actions in struts that otherwise
should be loaded by pure compression.

2.3.2. Microstructure

Fig. 10 shows that the microstructure of the Ti6Al4V specimen here
characterized is a coarse lamellar a + (3, where the o lamellae (light
colored phase) are embedded in a  matrix (dark phase). This micro-
structure is obtained after heat treatment able to transform the strong
but brittle fine acicular martensitic microstructure obtained after L-PBF
into the more ductile equilibrium a + P microstructure. The micro-
structure of the fully dense specimens fatigue specimens, manufactured
and tested under same conditions as the lattice specimens, is shown for
comparison (Fig. 10c).

2.3.3. Micro-hardness

There are no significant differences in the micro-hardness values
among the batches (Table 3). Moreover, the results are also comparable
with the measurements carried out on Ti6Al4V bulk specimens manu-
factured with the same process parameters. This result show that using
the bulk material properties in the FE models of the lattice materials is
an acceptable approach. On the other hand, the effect of the surface,
internal porosity and printing direction can have a different effect on
the small struts of the lattice than on the larger bulk specimens. To
clarify this aspect further testing is necessary, using miniature tensile
specimens that represent single struts. This is left for future work.
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2.3.4. Compression testing

The nominal value of the elastic modulus is 3 GPa and it is matched
only by batches A and E (Table 4). On the other hand, the specimens
printed horizontally have very low elastic modulus. Although it might
be difficult to speculate on this result given the small number of spe-
cimens involved, the low elastic modulus of the specimens printed
horizontally can be most likely ascribed to the high irregularity of the
struts and possibly to the overall slight curvature of the specimens,
introducing a spurious bending action that significantly lowers the
global stiffness of the sample.

The 0.2% offset stress and the peak stress values calculated from the
monotonic loading curves (Table 4 and Fig. 11) show that batches A
and E perform very similarly, as expected from the design. No size effect
is observed. Struts with low junction stiffness (batch D) are more prone
to early failures and this can be explained by considering that the cubic
lattice is stretching dominated under compression and it fails by
buckling. The low peak stress of batch B, in which the load bearing
struts were printed horizontally, is most likely related to the in-
trinsically weaker horizontal struts.

2.3.5. Fatigue testing

In this section, we discuss the effect of the junction geometry, the
printing direction, and the unit cell size on the absolute and normalized
S-N curves. The analysis of the correlation of the fatigue failure beha-
vior with the lattice geometry is examined through the analysis of the
failure zones (struts or junctions) and fracture surfaces obtained via
optical and electron microscopy. The notch-like behavior of the junc-
tions is also discussed with the support of FE simulations.

The comparison of the S-N curves obtained from the fatigue tests of
batches A (filleted junctions) and D (non-filleted junctions) illustrates
the effect of introducing round fillets at the strut junctions. In Fig. 12a it
can be seen that filleted junctions remarkably increase the fatigue
strength (in this case of a factor of 2 at 10° cycles). Batch E is not
significantly different from batch A as expected from nominal CAD
geometry: the nominal relative densities are respectively 7.27% and
7.34% (see also Table 1) and the nominal stress concentration factor (as
per FE calculations) is 63 for both (see Table 5). It is interesting to note
that in the batches printed along their loading direction (A, D and E) the
struts fail very close to the junction, as it would be expected if failure
would correlate to the stress concentration factor caused by the change
in curvature at the fillet (Fig. 13A). Moreover, it was observed that the
fatigue fracture always occurred in the part of the junction below the
horizontal struts (using the printing direction as a reference), at the
fillets identified with “R-“ (see definition in Fig. 9). This is also shown in
Fig. 7A and 7D, where the first struts to fail during fatigue testing,
belonging to specimens from batch A and D respectively, show the

N
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0.020 0.025 0.030 0.035 0.040

Homogeneous axial strain, €

)

Fig. 11. Monotonic compressive stress—strain curves. The stress is normalized by the nominal cross-section of the specimen.
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Fig. 12. Fatigue test results: (a) absolute and (b) normalized S-N curves measured from the fully reversed fatigue tests, for each batch of cellular specimens. (c)

Normalized fatigue strength at 10° cycles as a function of the unit cell size L. Thi

e dashed lines represent the best fitting curve (50% failure probability), while the

lower and upper limit of the shaded bands indicates 10% and 90% failure probability, respectively. The black lines are the S-N curves estimated from the fatigue
curve of bulk specimens and the fatigue stress concentration factor calculated from FE analyses.

crack highlighted by a white dashed line. The location of the fracture is
shown in greater detail in Appendix B. Indeed, in batch A “R-“ are
sharper than “R+” (Fig. 9); on the other hand, it should be also con-
sidered that the region of the fillet close to the underside of the hor-
izontal strut is generally more irregular, leading to the identification of
this area as a weak spot of the lattice.

The comparison of the S-N curve for batch B (printed horizontally)
with the other batches shows that the printing direction of the struts
plays a key role in dictating the fatigue behavior of lattice materials

(Fig. 12a). Batch B performs significantly worse than the batches
printed vertically, regardless of the sharpness of the fillet. Remarkably,
in batch B failure occurs always far from the junction, roughly in the
central part of the strut (Fig. 13B and, in greater detail, Fig. B2 in the
Appendix). The most likely explanation is that in batch B the struts
aligned with the load are printed in the printing plane and hence they
are considerably more irregular than those normal to the printing plane
(Fig. 7A). In other words, if the main load-bearing role is undertaken by
struts printed at small angles to the printing direction, then the junction
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Table 5

Comparison of the K;* at 10° cycles measured experimentally and calcu-
lated via FE simulations for all the batches and the specimens studied in
[23].

A B D E [23]HIPed [23]stress-
relieved
Experimental Kg* 86 442 149 84 188 115
FE(nominal geometry)Ky* 63 63 = 63 65 65
FE(as-built geometry)Ky* 75 - 91 58 76 -
L (mm) 4 4 4 3 15 1.5

M This value was not calculated because the specimens of batch B did not
fail at the strut junction.
@ Sharp junction.

is the weakest link of the lattice. On the other hand, if the main load-
bearing role is undertaken by struts oriented at small angles to the
printing plane, then the strut itself becomes the weakest link. Moreover,
while in the case of batches A, D and E one strut fails first (on the outer
annulus of the specimen) and then the fracture propagates to the
neighboring ones, in batch B cracks nucleate simultaneously in several
struts distributed randomly in the specimen, leading to a diffuse da-
mage of the structure. Finally, we note that the dispersion of cycles to
failure of batches A and E is higher than the others. In other words, for
the same value of the load a wide range of fatigue lives is observed. The
cause can be attributed to the superior morphology of batch A (wider
fillets and more uniform struts) that is thus more sensitive to the pre-
sence of local geometrical defects.

Normalizing the S-N curves by the 0.2% offset strength has some
interesting implications. The normalized curves (Fig. 12b) show a
nearly perfect overlap for batches A, D and E while the curve for batch
B is significantly lower. These results suggest that the fillet radius has a
similar effect on the fatigue strength and the monotonic strength for
this lattice topology: the lack of fillets increases the stress concentration
and decreases the joint stiffness. As observed in other works [58,59],
normalized curves for unit cells of different size but with identical to-
pology (as batches A and E), indeed overlap. On the other hand, batch B
shows that the geometrical irregularities of the horizontal struts de-
crease fatigue performance more than monotonic strength. In Fig. 12b
also the fatigue strength at 10° cycles for cubic lattices studied in a
previous work [23] is shown, together with standard deviation. These
lattices have a unit cell size of 1.5 mm and were printed at 45° to the
printing plane, i.e. the load bearing struts are inclined of 45° to the
printing plane. These data suggest that struts printed at 45° perform at
an intermediate level between the struts printed vertically and those

International Journal of Fatigue 142 (2021) 105946

printed horizontally.

The effect of the value of the nominal geometrical parameter of the
unit cell (L, ty, and R) can be investigated by plotting the normalized
fatigue resistance of the lattice at 10° cycles against the unit cell size L
(which is related to the values of the other geometrical parameters t,
and R). This is shown in Fig. 12c and it can be observed that by de-
creasing the unit cell size the resistance is constant until around 3 mm,
then it drops significantly (by a factor of about 2). This result can be
interpreted as an indication of the current limitation of L-PBF tech-
nology: fatigue resistant lattices can be manufactured with unit cell size
down to roughly 3 mm, then the resistance drops due to manufacturing
induced defects. A more precise identification of such manufactur-
ability threshold would require more experimental tests, nevertheless it
can be argued this to be located between 1.5 and 3 mm unit cell side.

Fracture surfaces (Fig. 14) show that fatigue cracks always nucleate
on the surface of the struts, where the highest stresses are expected to
emerge from the presence of notches. On the other hand, internal pores
are observed, but their effect appears to be less detrimental than that of
the surface.

It is interesting at this point to compare the experimental S-N curves
with those predicted from the FE analyses based on the geometry of the
unit cell and the fatigue curves of the bulk material. Clearly, there is a
considerable simplification in assuming that the material properties of
bulk specimens are the same as those of the base material of the lattice
and, to an even greater degree, in assuming that the stress concentra-
tion factor calculated from one idealized unit cell (even if with the
geometrical parameters measured form the as-built lattices) is realistic
for a lattice. The estimated S-N curves (shown in Fig. 12a as black lines)
are thus obtained by multiplying the fatigue notch factors calculated
from the FE simulations on the nominal and on the as-built geometries
of batches A and D by the S-N curve of bulk Ti-6Al-4 V (Fig. 15). The
fatigue curve predicted from the nominal geometry overestimates the
strength of the batch A by 33% at 107 cycles, while that predicted from
the as-built geometry of batch A by only 19%. The overall low error
underpins the previous observation that the fatigue behavior of this
lattice is controlled by the junction geometry. The curve for Ky = 91 is
obtained with the as-built parameters of batch D, but it considerably
overestimates the experimental results, suggesting that likely the not-
ches on the underside of the horizontal struts are considerably more
severe than those measured from the images. Nevertheless, it can be
observed that above 10° cycles, the experimental curves are parallel to
each other and quite similar to that predicted from a simplified geo-
metry. In future work, a more accurate study of the fatigue behavior of
the strut junctions will be carried out by reconstructing the stress dis-
tribution at the junctions via FE simulations based on CT scans. Finally,
we emphasize that even after heat treatment there can be considerable

FATIGUE FAILED
STRUT

(B)

1000 ym

FATIGUE FAILED Z
STRUT

Fig. 13. Struts failed by fatigue: struts printed vertically fail at the junction due to the stress concentration effect of the fillet (A) while struts printed horizontally fail
due to their intrinsic irregularities (B). The black double arrows indicate the loading direction while the white arrows indicate the printing direction.
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Fig. 14. SEM images of struts parallel to the loading direction failed by fatigue crack propagation taken on a specimen coming from batches (A), (B), (D) and (E). The
small white arrows roughly indicate the direction of crack propagation from the nucleation site. Note that the cracks nucleate always on the surface, despite the

presence of pores in the section.
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Fig. 15. Fatigue curve of bulk specimens.

tensile residual stresses that affect fatigue life [23].

The fatigue strength at 107 cycles from the fitted S-N curves was
used to calculate Ky*for each batch of cellular specimens (Table 5).
Batches A and E show the lowest fatigue notch factor, considerably
lower than a value previously measured [23], thereby showing that the
up-scale strategy improves the quality of the junction geometry. The
experimental results are compared with the K;* calculated using the
stress concentration factor at the strut junctions obtained from the FE
simulations as described previously (apart from the FE simulations for
the HIPed specimens, which were carried out on tomography results

[23D.

11

3. Conclusions

This work has investigated the fatigue response of Ti-6Al-4 V reg-
ular cubic lattices 3D printed via L-PBF at given printing directions and
for prescribed morphological characteristics of the samples. In parti-
cular, the focus has been on the role of the width of the fillet radius at
the strut junctions and the orientation of the struts to the printing di-
rection in determining the S-N curves and the fatigue failure behavior.
It was observed that the fatigue resistance of the lattice was markedly
increased by adding round fillets between the struts at the joints. The
results showed that the printing direction affects the morphology of the
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struts both in terms of random surface irregularities and a systematic
deviation in thickness (as-built/as-designed mismatch): the smaller the
angle between the strut and the build plane, the stronger these effects
are. Indeed, by appropriately orienting the structure during printing,
the fatigue properties can be greatly improved.

The results of this work lead to the following conclusions:

The orientation of the struts to the printing direction strongly affects
the S-N curves and the fatigue failure behavior. In lattices with the
main load bearing struts printed normally to the printing plane,
cracks nucleate in the region close to the junction of the weakest
strut of the lattice and then propagate to the neighboring struts. In
lattices with the main load bearing struts printed parallel to the
printing plane, cracks nucleate concurrently in several struts far
from the filleted junctions causing diffuse damage in the structure.
The fillet radii have been rather accurately reproduced by L-PBF,
and regular shape fillets have been also obtained for the smallest
nominal radius considered (200 pum). The scatter of the data is quite
high, warning the designer on the fact that considerably sharp
junctions can be found, due to local irregularities in the accumula-
tion of parasitic mass or lack of melting. The radius on the underside
of the struts (with respect to the printing direction) is consistently
smaller than the fillet radius in other locations, constituting a weak
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spot for fatigue. In the lattices printed vertically, failure always
occurred at these locations. Nevertheless, providing the strut junc-
tions with round fillets remarkably improves fatigue strength.

e The normalization of the S-N curves by the 0.2% offset stress
showed that the printing direction affects to different degrees the
fatigue and the monotonic properties. The specimens with the main
load bearing struts printed parallel to the build plane show a re-
markable decrease in fatigue strength while the monotonic strength
is not similarly compromised.

e Upscaling the unit cell size of the lattices was shown to improve the
fatigue performance due to an overall lower effect of manufacturing
defects compared to lattices of a smaller scale.
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Appendix A
Table Al
Nominal and as-built cross-section parameters (see parameters definition in Fig. 8).
Batch CAD As-built strut cross-section parameters
b b b
to(um) I e, 3y
u(um) o(um) Dev. from CAD(%) u(um) o(um) Dev. from CAD(%) pu(um) o(um) Dev. from CAD(%)
A 670 693 27 3.4 769 97 14.8 587 45 —-12.4
B 670 705 27 5.2 759 115 13.3 590 58 -11.9
D 670 698 28 4.2 811 118 21.0 575 48 —14.2
E 500 527 28 5.4 524 88 4.8 450 53 -10.0
Table A2
Nominal and as-built strut junction parameters (see parameters definition in Fig. 9).
Batch CAD As-built struts junction parameters
R(um) R, R. Riat
pu(um) o(um) Dev. from CAD (%) w(pm) o(um) Dev. from CAD (%) pu(um) o(um) Dev. from CAD (%)
A 600 586 103 -23 318 148 —47.0 778 130 29.7
B 600 576 168 —-4.0 383 172 —-36.2 824 219 37.3
D 600 90 25 —85.0 102 33 —-83.0 176 98 -70.7
E 450 442 126 -1.8 445 180 -1.1 789 113 75.3
Appendix B

In this Appendix, more details of the fracture surfaces of the specimens are provided. We created one figure for each batch (Figs. B1-B4) in which
we reconstructed, pasting together several pictures obtained with the SEM, a small part of the fractured section of one specimen. The region of the
specimen where the struts failed by fatigue is highlighted by a white dashed square in the picture of the entire specimen. The same region is shown
magnified in the collage of SEM pictures where the red arrows indicate the propagation of the fatigue crack front on the specimen cross-section. The
fracture surfaces of the struts are further magnified to show both the fracture surface and the location of the fracture relative to the junction. The
fatigue tests were stopped after a 1 Hz decrease in frequency (4-5 broken struts) and then the two parts of the specimen where separated via a
monotonic tensile load. It is thus possible to identify the nucleation site of the fatigue crack, given that the fatigue fracture surfaces are smooth, while
the fracture surface of the struts failed by monotonic load show the typical dimples. The magnified fracture surfaces of the struts failed by fatigue are
enclosed in red dashed rectangles and the white arrows indicate the fatigue crack propagation direction.

12
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Fig. B1. Fracture analysis of one specimen of batch A.
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Fig. B2. Fracture analysis of one specimen of batch B.
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Fig. B3. Fracture analysis of one specimen of batch D.
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Fig. B4. Fracture analysis of one specimen of batch E.
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