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Abstract: Titanium alloys are widely used in various technological fields due to their excellent
performance. Since the early stages of the 3D printing concept, these alloys have been intensively
used as materials for these processes. In this work, the evolution of the performance of the 3D printing
process has been studied by analysing the microstructure and the mechanical properties, fatigue and
tensile, of the Ti gr. 23 alloy produced by two different models of Concept Laser M2 Cusing machines
(an old model and a more recent one). The process parameters recommended by the manufacturer
were adopted for each machine. Both microstructural and surface texture characterisations were
carried out to better correlate the differences with the production process technique. For the same
purpose, tensile tests and microhardness profiles were obtained, while the dynamic mechanical
properties were evaluated by means of fatigue tests aimed at determining the fatigue limit of the
material using a staircase approach. The mechanical tests were carried out on specimens with three
different orientations with respect to the building platform, using two different SLM techniques.
The fatigue behaviour was then analysed by evaluating the fracture surfaces and, in particular, the
crack nucleation sites. By comparing the calculated fatigue values with the results of local fatigue
calculations, an estimate of the residual stresses near the crack nucleation site was obtained. The
results showed that the specimens produced on a newer machine had lower roughness (about 10%),
slightly higher ductility, and a higher fatigue limit (10-20 MPa) compared to the specimens produced
with the same material but on older equipment.

Keywords: L-PBF; fatigue resistance; Ti alloy; surface texture; fatigue limit

1. Introduction

In the last few years, additive manufacturing techniques for metal components have
evolved rapidly in terms of applied technology, with the aim of continuously improving the
surface quality, the microstructure, and the mechanical properties of the 3D printed parts.

Titanium alloys are widely studied materials because of their excellent corrosion resis-
tance and good mechanical properties. Nevertheless, the cost of these alloys is high, and
their production by means of conventional subtractive machining techniques is expensive
because of the material losses, tool consumption, demanding CAM/CNC programming
phase, and relatively high machining time due to their low machinability. The additive
manufacturing techniques are very promising since they may allow significant savings in
terms of lead time and costs for these specific alloys.

Among titanium alloys, Ti gr. 5 is commonly adopted in many strategic fields such as
aerospace and energy, while Ti gr. 23 is mainly applied in the biomedical field. The main
difference between these alloys is that Ti gr. 23 has a low amount of interstitial elements
with respect to Ti gr. 5. Both of them are processed by several additive manufacturing
techniques such as L-PBF (Laser-Powder Bed Fusion) [1-32] and EBM (Electron Beam
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Melting) [8,15,33-35]. Many research works study the effects of process parameters on in-
ternal defect generation [22,33,34,36], surface texture [13,30,31], and microstructure [21,34].
Accordingly, process parameters have a strong influence on the final mechanical perfor-
mances [3,7,10,21,30,31,33,36]. In detail, Khorasani et al. [10] showed that an increase in
power density produced a good material microstructure with high hardness, while increas-
ing the hatch spacing reduced the hardness. A more detailed study on the effect of process
parameters on microstructural texture was performed by Zhao et al. [21]. They observed
that low laser power and low scan rates produced coarser columns of Ti martensite. On the
contrary, an increase in both parameters produced a less textured martensitic microstruc-
ture, thus also influencing the final mechanical properties of the material. Some studies
were also devoted to determining the effect of surface texture on mechanical properties [10].
A study more dedicated to the effect of defects on microstructure and mechanical properties
was performed by Gong et al. [33]. In this case, they observed that the amount and dimen-
sion of internal voids in 3D printed samples have no influence on the microstructure of the
material and are strongly dependent on the process parameters. It was recently observed
that samples’ orientation with respect to the building platform has a strong impact on the
mechanical properties as well as on microstructure and surface texture [2,4-6,9,24,28,32].
Concerning the tensile tests, both vertical and 45° printing directions show slightly higher
mechanical properties compared to the horizontal samples in terms of Tensile Strength (TS),
Yield Strength (YS), and Elongation (E%) [5,16,24,32].

Going into the details of the research, Sun et al. [24] observed that the highest tensile
strength was reached by samples oriented at 45°. The materials were heat-treated before
the tests. On the other hand, a strong influence of defects on mechanical properties was
observed. The effect of process parameters on tensile tests is mainly related to grain ori-
entation, microstructure, and defect density. Barba et al. observed that the mechanical
properties are strongly influenced by the macro-columnar grain’s orientation, which de-
pends on growth direction and is also responsible for certain anisotropy in the material.
They also observed a dependence of the mechanical response of the material on alpha lath
orientation. Simonelli et al. [32], instead, stated that there is an influence on the mechanical
response of material due to prior beta boundary orientation and distribution.

Many studies focused on the fatigue performances of the 3D printed samples produced
with Ti gr. 5 or Ti. gr. 23 alloys [1,6,8,12,13,37,38]. Fatigue performance was investigated
by varying the samples’ orientation, surface finishing techniques, and post printing heat
treatments. In most cases, the 3D printed samples were machined before the fatigue life tests.
Only a few researchers measured the samples in their as-built condition. Low Cycle Fatigue
(LCEF tests) [1], High Cycle Fatigue (HCF) [1,12,19,39] or fatigue crack propagation [4,27]
were examined. As a result, fatigue life strongly depends on the number of defects and on
the orientation of samples with respect to the building platform. In particular, the main
defects responsible for fatigue failure of the specimens are close to the external surface in
samples with a printed surface, as observed by Benedetti et al. [1]. In machined samples,
the defects responsible for material failure are internal and usually have a strong influence
on the number of cycles to failure. In detail, the bigger the defect size, the lower the
material resistance in terms of the number of cycles. Surface roughness may also play
a role in the fatigue properties of 3D printed materials [13]. In particular, the printing
process may produce some surface dross in proximity to the valley generated by layer-
by-layer production, which is also responsible for the increase in roughness in samples
produced in the vertical direction [6]. However, a major role in fatigue life is played by
residual stresses [1,4,20]. In particular, the residual stresses in printed samples are in a
tensile condition, which can reduce the fatigue life of the material, as observed by Benedetti
et al. [1] and Syed et al. [4]. This was also assessed by studying the effects of the stress-
relieving treatment on fatigue life [14]. However, the stress-relieving heat treatment may
alter the material microstructure [40], thus further influencing the final result. Nevertheless,
no studies on both the effect of printing machine evolution and samples’ orientation on the
fatigue properties of as-built specimens (not stress-relieved) were found in the literature.
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Considering the scarce literature on the effect of temporal evolution of L-PBF 3D
printing machines, this work aims to analyse and then correlate the effect of machine
temporal evolution on both microstructure, surface texture, and mechanical properties.
In order to achieve this goal, a detailed microstructural characterisation will be carried
out in order to determine both the effect of the temporal evolution on the internal defect
distribution and then on the microstructure. For this purpose, a precise evaluation is carried
out by means of microscopic techniques.

The surface texture is then studied by studying the surface roughness observed on
samples produced with different printing directions and L-PBF techniques.

The effect of machine obsolescence was also evaluated by means of tensile tests and
fatigue tests by evaluating YS, TS, E% (for tensile tests), and fatigue limit (for fatigue
tests). An attempt is made to correlate the fatigue properties with both surface texture and
microstructure using empirical models.

Measurements have been carried out on as-built samples without any post-print stress-
relieving thermal treatment, which may be responsible for altering the microstructure of
the material, also taking into account the effect of different printing directions on the above
properties.

2. Materials and Methods
2.1. Sample Preparation

A commercial Ti gr. 23 powder was used for producing 3D printed samples. The
chemical composition, acquired by optical spectroscopy and gas in metal analysis, is given
in Table 1.

Table 1. Chemical composition (wt%) of the Ti powders used in this experiment.

Al v Fe C [ppml] O [ppm] N [ppml] H [ppm] Ti
Powders 5.7 38 0.22 50 76 32 5 Bal.
Chemical 5.5-6.5 3545  Max0.25 Max 80 Max 130 Max 50 Max 12 Bal.

composition range

The Ti gr. 23 powder consists of spherical particles (Figure 1) with a granulometric
distribution ranging from 8.3 pm (10th %ile) to 40.0 um (90th %ile) and a median diameter
of 23.3 um (Figure 1a). No defects such as voids or blows could be detected in the metal
powders (embedded in epoxy resin and metallographically prepared), which present a Ti
martensite microstructure.

The samples were manufactured using 2 different Concept Laser M2 Cusing machines,
one installed in 2013 (older) and the other in 2017 (newer). Both machines were equipped
with a single-mode CW ytterbium-doped fibre laser with an emission wavelength of
1070 nm and processed the samples under an inert argon atmosphere with less than 0.2%
residual oxygen. The main difference between the machines was the optical system, which
in the older model was composed of the collimator, the beam expander, the scanning head,
and the F-theta lens, while in the newer model it also included a dynamic focusing unit
for adjusting the laser spot size. Consequently, radically different process parameters (see
Table 2) were recommended by the machine manufacturer when processing the considered
titanium alloy in the two machine types. In particular, the optical system of the older
machine forced the use of a small laser beam in a defocused condition, while the focusing
unit installed in the newer machine enabled the use of a much larger laser beam in a focused
condition. Consequently, the other recommended process parameters differ from each other
both when compared one at a time and when combined in synthetic indicators describing
the energy density. The most similar physical quantity in the two cases was the Linear
Energy Density (LED) [22], which was 17% higher on the bulk areas and 27% lower on the
contours with the new machine. The Surface Energy Density (SED) [35] and the Volumetric
Energy Density (VED) [23] were instead remarkably lower. However, the energy density
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is not a good indicator for comparing different process parameters [41], since it neglects
the main effects and interactions among the considered factors. In addition, it also fails to
capture the influence of defocusing, which is a main feature of the tested equipment. For
those reasons, it was decided to investigate the effect of technological advances in LPBF on
the properties of Ti gr. 23 components by comparing the performance of the machines in

their respective optimum conditions instead of equalling the energy input.

30
25
20
15
1

(=]

count density[counts/mm*2]

Figure 1. (a) Progressive granulometric distribution of the Ti gr. 23 alloy powder, measured by SEM.
(b) SEM image of the powders (magnification = 500x). (c) Light microscope analysis of the powders.

Dimensional class [um]

Table 2. Process parameters used for the samples manufacture.

0-5 5-10 10-20 15-20 20-25 25-30 30-35 35-40 40-45 45-50 50-55 55-60

Older Equipment Newer Equipment
Specimens Contour Specimens Contour
Power 180 W 180 W 225 W 200 W
Scanning speed 1250 mm/s 1250 mm/s 1300 mm/s 1750 mm/s
Spot diameter 50 pm 50 pm 155 um 70 um
Hatch distance 105 pm - 90 pm -
Layer thickness 30 um 30 um 25 um 25 um
Dgf::;nsci:g —1.8 mm —1.8 mm 0 mm 0 mm
LED 0.14J/mm 0.14J/mm 0.17 J/mm 0.11J/mm
SED 2.88 J/mm? 2.88 J/mm? 1.12 J/mm? 1.63 J/mm?2
VED 96.00 J/mm?3 96.00 J/mm? 44.66 J/mm?3 65.31 J/mm?
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Similarly, the samples were scanned according to the specific strategy recommended by
the machine manufacturer for each machine model. In more detail, the samples produced
with both machines were scanned according to the island exposure strategy, which consists
of a chessboard pattern of 5 x 5 mm squares that were bi-directionally scanned along
mutually perpendicular directions (Figure 2). Adjacent squares were spaced by 105 um on
the older machine and by 96 um on the newer machine, while in both cases they underwent
an angular shift of 90° and an XY shift of 1 mm at each layer in order to guarantee the
material uniformity.

\\\\\\\\ =

~~~~~~~ ”’ \:(:Ne‘ o

Figure 2. Island exposure strategy used for producing the experimental samples.

Finally, in both cases, the contouring operation consisted of exposing a single curve
along the perimeter of the parts sections. The contour was shifted inward by 0.075 mm
from its nominal position and was aimed at improving the surface quality.

A total of 60 dog-bone (Figure 3) samples were prepared by each machine in multiple
build jobs. One third of them were oriented parallel to the building platform (0°), one
third were oriented perpendicular to it (90°), and one third were built with an intermediate
orientation (45°). The specimens were randomly arranged on the building platform in
order to avoid any possible dependence on their spatial position.

No stress relieving heat treatment was carried out after the printing process. The
fatigue samples were directly detached from the building platform and machined in
proximity to the gripping head in order to avoid misalignments during the fatigue tests.
The supported surfaces of the samples oriented at both 0° and 45° were manually ground
with abrasive papers in order to avoid the surface texture effect caused by the presence of
support residuals.

2.2. Microstructural Characterisation and Microhardness Measurements

The dog-bone specimens that were realised for mechanical tests were also used for
microstructural characterisation. The samples for microstructural characterisation were
derived from the dog-bone cross section in the gauge length. They underwent hot mounting
in epoxy resin followed by a standard metallographic preparation in order to obtain a
mirror-like surface (last polishing step with colloidal silica). The internal voids were
characterised and classified on the whole area of the samples by means of light microscope
analysis at a fixed magnification (100x). Afterwards, a distribution of the defect density as
a function of their dimensions was performed.

The samples, after the void classification, were etched using Kroll etchant (30 s) and
then analysed by a light microscope near the external surface and the bulk.

On the same specimens, a microhardness profile was acquired across the radius (HV
0.3 with a distance between each measurement of 0.5 mm).

2.3. Surface Morphology and Roughness

The roughness (Ra, Ry, Rz, and pr (average curvature of the valley of roughness
calculated in agreement with Arola et al. [42])) values of the samples were measured
using a stylus contact profilometer (Dektak-150) with a stylus tip of 12 um radius. The K
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related to surface topography was calculated by means of the formula suggested by many
authors [43], that is:
Ra\ [ Ry )
Ki=1+2({ =) 5 1
()R »

135

40 . —i20)__, 40

0 20 20 40 50 40 70 80 ?0 100 110 120 130 140 150 150 170
T | )

AL
&P 0

Figure 3. Drawing of the specimens printed in this experiment (a), example of a 3D printed specimen
(b), and representative job with the printed samples (c).
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2.4. Tensile and Fatigue Tests

The mechanical properties of the produced samples were determined by means of
both tensile and fatigue tests at room temperature. The tensile tests were performed under
displacement control by applying a displacement rate of 1 mm/min. After the rupture
of the specimen, the Tensile Strength (TS), Yield Strength (YS), and Elongation (E%) were
acquired. The tests were performed on 3 specimens for each printing direction and for each
3D printing technique used in this work.

Regarding the fatigue tests, the staircase approach was used to determine both the
fatigue data dispersion and the fatigue life endurance. The tests started at a stress level of
200 MPa, close to the fatigue limit found by other researchers [1,14], and the stress variation
(AS) was + 25 MPa (in the case of failure, the stress variation was decreased, while in the
case of runout, the stress was increased). The runout cycles were 10°. Concerning the
fatigue test results, S-N diagrams were obtained and analysed for each printing direction
and instrument used to produce the sample. The fatigue limit was calculated using the
Dixon-Mood approach [43]. Afterwards, the failed specimens underwent SEM analysis
of the fracture surfaces in order to determine the crack nucleation site. In this case, by
combining the microhardness results with the extension of the fatigue crack, the local
fatigue limit (o) in proximity to the discontinuity that generated the fatigue crack was
calculated according to the Murakami approach [44]. The formula used for surface crack
nucleation sites was:

2

ooy 1.43( HV + 120 )

(varea) '/

The local fatigue limit was then compared to the fatigue limit (o}¢) found by the Dixon—
Mood approach in order to have rough information on the residual stress level that affected
the fatigue performance of the material. In particular, as suggested by other authors [2],
Walker’s model was used to estimate the Ry, (ratio between opin and omax considering
also the residual stresses), whereas the model was:

ﬂ _ 1-— Rreal "
~ () ®

Ow0

The n coefficient for the as-built samples in Ti alloy was equal to 0.385. This equation was
used to qualitatively evaluate the residual stresses in proximity to the crack nucleation site.

3. Results and Discussion
3.1. Microstructural Characterisation and Microhardness Measurements

The microstructural characterisation of the samples starts with the analysis of the pore
and void distribution found on specimens printed by either machine (Figure 4). In this
case, the data presented are a summary of the results found for each printing direction.
However, the effect of the printing machines is also clearly visible.

The void/pore density is higher in the specimens produced by the older equipment
compared to the specimens produced by the newer equipment for each dimensional class.
All the specimens present a prevalence of defects smaller than 40 pm. The observed
difference among the results obtained with the two machines is mainly related to the
difference in the process parameters and the focusing condition. In particular, the focusing
condition significantly influences the morphology of the molten tracks and the layers’
surface roughness. This is in accordance with other authors who observed that a negative
defocusing distance may lead to the formation of higher molten tracks with smaller contact
angles, hence a higher surface roughness [45]. This can promote the formation of pores
between the tracks and hinder powder deposition, causing the formation of small voids in
the powder bed (Figure 5). These voids can in turn become pores with a shape and size
similar to those observed in the tested samples. Although the porosity difference is low,
it is possible that their presence can affect the mechanical properties of the material, in
particular the fatigue resistance. The relative porosity, measured by Archimedes principle,
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is <0.1 vol% for all the tested samples, which corresponds to a good density value for
this kind of manufacturing technology. Eventually, the pore/void distribution was not
significantly affected by the printing direction.

0.9
0.8
0.7
0.6

0.5 mo°

0.4 & W 45°
E 200 um

0.3 B = —TTC— o0

0.2 : -’- —

oA | | . :

10-20 20-30 30-40 40-50 50-60

count density [count/mm?"2]

dimensional class [um]

(a)

0.9

0.8

0.7

0.6

0.5 ' . mo°
0.4 : m45°

ma0°
0.2

0.1 .

10-20 20-30 30-40 40-50 50-60

count density [count/mm?"2]

dimensional class [um]
(b)

Figure 4. Pore/void distribution in samples produced with different build orientations on (a) the
older and (b) the newer equipment. The images inside the graphs show the field of view with the
highest porosity captured by a light microscope on representative samples.

In Figure 6, the bulk microstructure of the 3D printed materials is shown. The mi-
crostructure presented is only relevant in one printing direction (90°), close to the external
surface and to the bulk. Indeed, no appreciable differences in microstructure between each
printing direction were observed.
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Figure 5. Pore formation due to the unfavourable shape of the molten tracks and voids in the powder
bed induced by the layers surface roughness.
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Figure 6. Microstructure of the analysed specimens (printing direction: 90°).

The microstructure of the analysed materials is composed entirely of Ti martensite,
and no differences were found between the bulk and the surface for the same batch. It
is possible to observe that the newer equipment has a Ti martensite produced by a more
intense undercooling during solidification [10,21] that produces thicker martensitic laths
compared to the martensite produced by older equipment. This is probably linked to the
different energy densities of the two pieces of equipment used to produce the samples.
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The microhardness profiles, acquired across the radius of the mechanical testing
specimen, are shown in Figure 7.

600
500
oo | s s 08 b8
o 400 e o o
= °
& 300 ®0°
(O]
o
o 0 45°
© 200
T 90°
100
0
0 1 2 3 4 5
Distance from surface [mm]
(a)
600
500
[ )
o 8 ., o ¢ ¢ ¢
o 400 4 ® ® @
>
T
A 300 ®0°
(]
C
o 045°
© 200
T 90°
100
0
0 1 2 3 4 5

Distance from surface [mm]

(b)

Figure 7. Microhardness profiles acquired across the diameter of a specimen used for mechanical
testing: (a) older equipment and (b) newer equipment.

The microhardness profiles, for both the equipment and for each printing direction,
are smooth and have an average hardness of about 430 HV. In this case, the slight difference
in material microstructure has no effect on the hardness of the specimens. Moreover, there
is no clear hardness variation versus distance from the sample surface.

3.2. Surface Morphology and Roughness

By analysing the surface morphology, many undercuts were noticed that were caused
by the production process. The surface texture is strongly influenced by the layer-by-layer
growth of material, as indicated in Figure 8. The undercuts are probably related to the
overlay of the scan lines produced during the growth of the sample.
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growth

N+3
N+2
N+1
N

N=layer

Figure 8. Scheme that indicates the correlation of the printing process to the surface texture.

This texture, induced by sample production, has a great effect on the surface roughness
of the quasi-vertical samples (Figure 9).

25 .
B Newer equipment

H Older equipment
20
1
| II I
Ra Rq Ra Rq Ra Rq

0° 45° 90°

o [€,]

Ra, Rq [um]

(€]

Figure 9. Roughness measurements (Ra and Rq) for the samples analysed in this work.

It is possible to observe that the Ra is strongly dependent on the printing direction.
In particular, the horizontal samples show a smoother surface compared to the samples
printed at 45° and in the vertical direction, while no significant differences were observed
between the samples printed at 45° and 90°. The difference in surface roughness between
the horizontal and 90° /45° directions is linked to the printing process. Indeed, the smoother
surface of the 0° samples is related to the fact that the measured surface corresponds to the
small laser scan lines. On the other hand, the rougher surface of the other printing directions
is due to the presence of deep undercuts (Figure 8) or unmelted particles adhering to the
surface. The results obtained are in agreement with previous experimental findings [18,20].

From the analysis of surface texture, it was possible to determine the severity of the
surface by calculating the surface K¢ with Formula (1). The results of this calculation are
presented in Figure 10.
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B Newer equipment
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H Older equipment

| I I I
0° 45° 90°

Figure 10. Comparison among K; values obtained from Formula (1) applied to the inspected specimens.

Kt
IN o)) o)

N

o

In this case, it is possible to observe that K; is lower for the specimens that were aligned
with the building platform. This is in agreement with the Ra measurements presented in
Figure 9, and it also explains the effect on surface texture. In addition, it is worth noting that
the samples obtained with new equipment show a slightly lower K;. The differences among
the K; values can be explained by considering the different process conditions. In detail,
the effect of the growth direction of the specimens is mainly related to the presence of the
undercuts shown in Figure 8. They correspond to the overlay of the printed layer, and they
are clearly visible in all the samples except the horizontal ones. The slightly different K;
values obtained from the two machines are likely due to the different process parameters,
especially the single layer thickness. This parameter is strongly dependent on the hatch
distance and on the molten pool geometry, which in turn depend on the laser power, the
scanning speed, and the laser spot diameter [26]. For a given shape of the molten pool,
a disproportionate combination of layer thickness and hatch distance may result in the
formation of a lack of fusion pores, according to the mechanism represented in Figure 11.
At the same time, the layer thickness and the molten pool shape influence the formation
of surface irregularities (Figure 11), possibly affecting the surface roughness and, in turn,
the surface K;. In particular, an increase in these parameters could increase the surface
roughness and thus the surface K;. In this regard, machine manufacturers tend to maximise
the layer thickness to increase productivity, which was a severe problem for older machines
working with small laser beams. It is likely that this affected the fatigue properties of the
material.

Laser source

Hatchdistance

Radiaticn Convection

pour

Hatch distance
Layern+2
Layer n+2

Layerntl

Large layer thickness

Layer n+l

Layern Layern

Figure 11. Relationship between the layer thickness, hatch distance, and molten pool shape and size
and their effect on the surface quality.
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3.3. Tensile and Fatigue Tests

The results of the tensile tests are presented in Figure 12.

1500
B Newer equipment
1450
B Older equipment
1400
— 1350
&
2 1300
wny 1250
I_
©
2 1200
®©
w» 1150
>-
1100
1050
1000
YS TS YS TS YS TS
0° 45° 90°
(@
9
s B Newer equipment
W Older equipment
7
x 6
c
o5
%4
Qo
c
o3
[
2
1
0
0° 45° 90°

(b)

Figure 12. Tensile test results for the samples analysed in this work: Yield Strength (YS) and Tensile
Strength (TS) (a) and Elongation (b).

From the analysis of the obtained results, Yield Strength (YS) and Tensile Strength (TS)
do not significantly depend on the adopted production equipment, and neither depend
on the printing direction. This result is probably related to the fact that the microstructure
of the material (Ti martensite) is the same for all the samples tested, although a slight
difference was detected between the martensite of the samples obtained by different
printing techniques. The absence of differences between each printing direction is more
related to the similarity of the microstructure of the material. This behaviour is also expected
from the same hardness profiles observed in Figure 7. On the other hand, some differences
were observed in terms of material ductility expressed through Elongation. Specifically, the
horizontal samples show lower ductility compared to the vertical and 45° samples. This
is probably a consequence of the macrostructure of the additively manufactured samples.
As remarked by other researchers through EBSD analysis [21,32], the macrostructure of
titanium alloys is generally composed of columnar macrograins, which are produced by
epitaxial growth of metal during solidification. The orientation of macrograins affects
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material ductility. In detail, material ductility is at its maximum when considering the
vertical samples, whose macrograins are aligned with the applied load direction. This effect
is not observed on TS and YS, in agreement with other works [18,24]. In this experience, no
effects of the printing technique on ductility were detected.

The results obtained by uniaxial fatigue tests on the tested samples are shown in Figure 13.

In general, the horizontal samples (produced at 0°) exhibit better fatigue behaviour
than the samples printed at 45° and 90°, before and after the fatigue limit elbow, for both
production equipment. This is probably due to the lower surface roughness of horizontal
samples with respect to those produced at 45° and 90°. In fact, the applied load during the
uniaxial fatigue test is perpendicular to the undercuts observed in Figure 8 for the 45° and
90° specimens. No microstructural effects on fatigue life are expected since the quasi-static
mechanical response is similar between the different specimens. The slight differences
between the samples printed on older and newer equipment are more likely to be related to
the internal void distribution or the slightly higher roughness found in the samples printed
on older equipment. Using the Dixon-Mood approach (Figure 13c), a higher fatigue life
was observed for the samples produced on the newer equipment. A possible reason for this
better performance is the lower number of voids that characterise the samples produced
by the newer equipment and the slightly lower surface roughness, as mentioned above.
The fracture surfaces of some representative samples that failed at a stress level close to the
fatigue limit are shown in Figure 14.
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Figure 13. S-N curves of samples produced with older equipment (a), newer equipment (b), and
fatigue limits comparison (c).

oLF [MPa]
o o o o o

o

Older equipment Newer equipment

45°

90°

200 pm 200 pm

Figure 14. Representative fracture surfaces obtained on samples printed with the two different
techniques and in the three different orientations. The fracture surfaces are related to samples tested
at the same stress level (80 MPa).
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The crack nucleation sites are all found near the external surface and on the opposite
side with respect to the surface that was supported when producing the 0° and 45° samples.
The surface defects are mainly related to morphologies similar to the undercuts observed
and described in Figure 8. These discontinuities are related to an overlay of each molten
layer produced during the 3D printing process. Larger defects (surface notches) were
observed on the samples produced by the older equipment compared to those observed
on the samples produced by the newer equipment. The reason is the different process
parameters and dynamics, i.e., the different layer thickness and molten pool shape that
influenced the formation of surface irregularities according to the mechanism described
in Figure 11. At the older machine, a larger layer thickness combined with a lower laser
power and a smaller and defocused laser beam were adopted, which may have determined
slightly more unfavourable conditions, resulting in more detrimental surface defects.

The previously analysed defects also have an effect on the local fatigue limit calculated
by means of the Murakami formula [44] close to the defect that caused the fatigue crack
nucleation (Figure 15).
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Figure 15. Local fatigue limit calculated by the Murakami approach for the tested samples as a
function of printing direction.

It is possible to observe that the local fatigue limit is similar between all the tested
samples and roughly seven times higher compared to the measured fatigue limit. This
discrepancy between the local fatigue limit and the real fatigue limit can be correlated to the
presence of residual stresses that have an effect on the fatigue behaviour of materials and
are usually present on materials produced by the L-PBF process [4,20]. The local fatigue
does not vary considerably when considering different printing directions; it is slightly
smaller when considering the samples produced by the older equipment. This is probably
related to the higher defects” extensions, which are mainly undercuts originated by the
molten pool overlay found on broken specimens.

A rough evaluation of the local residual stresses—which were responsible for the
fatigue crack nucleation (to be considered only in this area)—can be carried out by means
of Walker’s relation (3), as suggested by other authors [14]. For this purpose, the real Ry,
should be acquired, which is correlated to the average applied stress corresponding in this
work to the axial residual stresses of the tested samples. To calculate the R, parameter,
both the oy, and the o) were previously presented, while the n exponent was taken in
agreement with Cutolo et al. and was equal to 0.385 [14]. The results obtained are shown
in Table 3.
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Table 3. R, values calculated from Walker’s relation for the samples tested in this work.

Printing Direction Older Newer
0° 0.97 0.96
45° 0.98 0.98
90° 0.98 0.98

The calculated values for Ry, are close to one. In this experience, the fatigue tests
were performed to R = —1. Thus, the axial residual stresses are close to the YS of the
material. This justifies the low values of fatigue limit acquired by the fatigue tests, and it
is in agreement with other tests on Ti gr. 23 in as-built conditions [14,19]. Eventually, the
Rieq] parameter was approximately constant independently of the printing direction and
the production equipment used.

4. Conclusions

The present work aimed to determine the effect of 3D printing machine temporal
evolution on the properties of the as-built Ti gr. 23 alloy that was produced by using three
different growth directions.

The main results are summarised below:

- The microstructural characterisation showed that the samples printed with the older
equipment had a larger amount of external and internal defects of coarser size com-
pared to the samples printed with the newer equipment. The occurrence and number
of internal defects are mainly correlated to the printing parameters;

- Surface texture analysis of samples printed on older equipment showed a rougher
surface texture (about 10% higher). This is related to both the process parameters and
the different optical systems of the laser;

- Tensile test results showed no difference in the YS, TS, or E% of the samples tested;

- Regarding the fatigue properties of the as-built specimens, in general, poor fatigue
resistance was observed, especially for the specimens printed at 45° and 90° (10-20
MPa less compared to the horizontal specimens). This result is mainly due to the
surface texture (especially the undercuts generated by the overlay redeposition) and
the residual stresses rather than the presence of internal defects. However, the fatigue
performance of the specimens produced on the newer equipment is slightly better
than that of the specimens produced on the older equipment (10-20 MPa) for the
horizontal and 45° specimens. This is mainly due to the higher quality of the surface,
which is the typical crack initiation site for the specimens tested.

The observed results were a direct consequence of the improved equipment operation
and the use of more powerful process parameters, which in turn were made possible by the
novel equipment installed on the newer machine. Taken together, these results ultimately
reflect the technological progress of the equipment.

Author Contributions: Conceptualisation, A.L. and E.V.; methodology, A.L.; validation, A.L., E.V.,,
and G.T.; formal analysis, A.L., E.V.,, and M.M.; investigation, A.L. and M.M.; data curation, E.V.
and G.T.; writing—original draft preparation, A.L. and E.V.; writing—review and editing, M.S., L.F,,
and G.T.; supervision, L.F. and M.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was carried out within the Interconnected Nord-Est Innovation Ecosystem
(iNEST) and received funding from the European Union Next-Generation EU (PIANO NAZIONALE
DI RIPRESA E RESILIENZA (PNRR)—MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.5—D.D.
1058 23/06/2022, ECS00000043). This manuscript reflects only the authors” views and opinions;
neither the European Union nor the European Commission can be considered responsible for them.

Data Availability Statement: Restrictions apply to the availability of these data.

Conflicts of Interest: The authors declare no conflict of interest.



Metals 2023, 13, 1247 18 of 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Benedetti, M.; Fontanari, V.; Bandini, M.; Zanini, F.; Carmignato, S. Low- and High-Cycle Fatigue Resistance of Ti-6Al-4V ELI
Additively Manufactured via Selective Laser Melting: Mean Stress and Defect Sensitivity. Int. ]. Fatigue 2018, 107, 96-109.
[CrossRef]

Rans, C.; Michielssen, J.; Walker, M.; Wang, W.; Hoen-Velterop, L. Beyond the Orthogonal: On the Influence of Build Orientation
on Fatigue Crack Growth in SLM Ti-6Al-4V. Int. ]. Fatigue 2018, 116, 344-354. [CrossRef]

Ali, H.; Ghadbeigi, H.; Mumtaz, K. Effect of Scanning Strategies on Residual Stress and Mechanical Properties of Selective Laser
Melted Ti6Al4V. Mater. Sci. Eng. A 2018, 712, 175-187. [CrossRef]

Syed, A K.; Ahmad, B.; Guo, H.; Machry, T.; Eatock, D.; Meyer, J.; Fitzpatrick, M.E.; Zhang, X. An Experimental Study of Residual
Stress and Direction-Dependence of Fatigue Crack Growth Behaviour in as-Built and Stress-Relieved Selective-Laser-Melted
Ti6Al4V. Mater. Sci. Eng. A 2019, 755, 246-257. [CrossRef]

Hacisalihoglu, L; Yildiz, E; Celik, A. The Effects of Build Orientation and Hatch Spacing on Mechanical Properties of Medical
Ti-6Al1-4V Alloy Manufactured by Selective Laser Melting. Mater. Sci. Eng. A 2021, 802, 140649. [CrossRef]

Cutolo, A.; Elangeswaran, C.; Muralidharan, G.K.; Van Hooreweder, B. On the Role of Building Orientation and Surface Post-
Processes on the Fatigue Life of Ti-6Al-4V Coupons Manufactured by Laser Powder Bed Fusion. Mater. Sci. Eng. A 2022, 840,
142747. [CrossRef]

Wysocki, B.; Maj, P.; Krawczyniska, A.; Rozniatowski, K.; Zdunek, J.; Kurzydtowski, K.J.; Swieszkowski, W. Microstructure and
Mechanical Properties Investigation of CP Titanium Processed by Selective Laser Melting (SLM). |. Mater. Process. Technol. 2017,
241, 13-23. [CrossRef]

Chastand, V.; Quaegebeur, P.; Maia, W.; Charkaluk, E. Comparative Study of Fatigue Properties of Ti-6Al-4V Specimens Built by
Electron Beam Melting (EBM) and Selective Laser Melting (SLM). Mater. Charact. 2018, 143, 76-81. [CrossRef]

Dareh Baghi, A.; Nafisi, S.; Hashemi, R.; Ebendorff-Heidepriem, H.; Ghomashchi, R. Experimental Realisation of Build Orientation
Effects on the Mechanical Properties of Truly As-Built Ti-6Al-4V SLM Parts. |. Manuf. Process. 2021, 64, 140-152. [CrossRef]
Khorasani, A.M.; Gibson, I.; Awan, U.S.; Ghaderi, A. The Effect of SLM Process Parameters on Density, Hardness, Tensile Strength
and Surface Quality of Ti-6Al-4V. Addit. Manuf. 2019, 25, 176-186. [CrossRef]

Cerdoun, M.; Carcasci, C.; Ghenaiet, A. An Approach for the Thermal Analysis of Internal Combustion Engines’ Exhaust Valves.
Appl. Therm. Eng. 2016, 102, 1095-1108. [CrossRef]

da Costa, PR.; Sardinha, M.; Reis, L.; Freitas, M.; Fonte, M. Ultrasonic Fatigue Testing in As-Built and Polished Ti6Al4V Alloy
Manufactured by SLM. Forces Mech. 2021, 4, 100024. [CrossRef]

Vayssette, B.; Saintier, N.; Brugger, C.; El May, M.; Pessard, E. Numerical Modelling of Surface Roughness Effect on the Fatigue
Behavior of Ti-6Al-4V Obtained by Additive Manufacturing. Int. J. Fatigue 2019, 123, 180-195. [CrossRef]

Cutolo, A.; Elangeswaran, C.; Van Hooreweder, B. On the Effect of the Stress Ratio on Fatigue Properties of Ti-6Al-4V Produced
by Laser Powder Bed Fusion. Mater. Des. Process. Commun. 2022, 2022, 3530603. [CrossRef]

Wysocki, B.; Maj, P; Sitek, R.; Buhagiar, J.; Kurzydiowski, K J.; Swieszkowski, W. Laser and Electron Beam Additive Manufacturing
Methods of Fabricating Titanium Bone Implants. Appl. Sci. 2017, 7, 657. [CrossRef]

Funch, C.V.; Somlo, K.; Poulios, K.; Mohanty, S.; Somers, M.A.].; Christiansen, T.L. The Influence of Microstructure on Mechanical
Properties of SLM 3D Printed Ti-6Al-4V. MATEC Web Conf. 2020, 321, 03005. [CrossRef]

Varela, J.; Arrieta, E.; Paliwal, M.; Marucci, M.; Sandoval, ].H.; Gonzalez, J.A.; McWilliams, B.; Murr, L.E.; Wicker, R.B.; Medina, F.
Investigation of Microstructure and Mechanical Properties for Ti-6al-4v Alloy Parts Produced Using Non-Spherical Precursor
Powder by Laser Powder Bed Fusion. Materials 2021, 14, 3028. [CrossRef]

Cai, W.; Song, Q.; Ji, H.; Gupta, M.K. Multi-Perspective Analysis of Building Orientation Effects on Microstructure, Mechanical
and Surface Properties of Slm Ti6al4v with Specific Geometry. Materials 2021, 14, 4392. [CrossRef]

Agius, D.; Kourousis, K.I.; Wallbrink, C. A Review of the As-Built SLM Ti-6Al-4V Mechanical Properties towards Achieving
Fatigue Resistant Designs. Metals 2018, 8, 75. [CrossRef]

Nikiel, P.; Wrébel, M.; Szczepanik, S.; Stepiery, M.; Wierzbanowski, K.; Baczmarniski, A. Microstructure and Mechanical Properties
of Titanium Grade 23 Produced by Selective Laser Melting. Arch. Civ. Mech. Eng. 2021, 21, 152. [CrossRef]

Zhao, R.; Chen, C.; Wang, W.; Cao, T.; Shuai, S.; Xu, S.; Hu, T.; Liao, H.; Wang, J.; Ren, Z. On the Role of Volumetric Energy
Density in the Microstructure and Mechanical Properties of Laser Powder Bed Fusion Ti-6Al-4V Alloy. Addit. Manuf. 2022, 51,
102605. [CrossRef]

Bayat, M.; Thanki, A.; Mohanty, S.; Witvrouw, A.; Yang, S.; Thorborg, J.; Tiedje, N.S.; Hattel, ].H. Keyhole-Induced Porosities in
Laser-Based Powder Bed Fusion (L-PBF) of Ti6Al4V: High-Fidelity Modelling and Experimental Validation. Addit. Manuf. 2019,
30, 100835. [CrossRef]

Scipioni Bertoli, U.; Wolfer, A.].; Matthews, M.].; Delplanque, ]J.P.R.; Schoenung, ].M. On the Limitations of Volumetric Energy
Density as a Design Parameter for Selective Laser Melting. Mater. Des. 2017, 113, 331-340. [CrossRef]

Sun, W.; Ma, Y.; Huang, W.; Zhang, W.; Qian, X. Effects of Build Direction on Tensile and Fatigue Performance of Selective Laser
Melting Ti6 Al4V Titanium Alloy. Int. |. Fatigue 2020, 130, 105260. [CrossRef]

Prashanth, K.G.; Scudino, S.; Maity, T.; Das, J.; Eckert, ]. Is the Energy Density a Reliable Parameter for Materials Synthesis by
Selective Laser Melting? Mater. Res. Lett. 2017, 5, 386-390. [CrossRef]


https://doi.org/10.1016/j.ijfatigue.2017.10.021
https://doi.org/10.1016/j.ijfatigue.2018.06.038
https://doi.org/10.1016/j.msea.2017.11.103
https://doi.org/10.1016/j.msea.2019.04.023
https://doi.org/10.1016/j.msea.2020.140649
https://doi.org/10.1016/j.msea.2022.142747
https://doi.org/10.1016/j.jmatprotec.2016.10.022
https://doi.org/10.1016/j.matchar.2018.03.028
https://doi.org/10.1016/j.jmapro.2021.01.027
https://doi.org/10.1016/j.addma.2018.09.002
https://doi.org/10.1016/j.applthermaleng.2016.03.105
https://doi.org/10.1016/j.finmec.2021.100024
https://doi.org/10.1016/j.ijfatigue.2019.02.014
https://doi.org/10.1155/2022/3530603
https://doi.org/10.3390/app7070657
https://doi.org/10.1051/matecconf/202032103005
https://doi.org/10.3390/ma14113028
https://doi.org/10.3390/ma14164392
https://doi.org/10.3390/met8010075
https://doi.org/10.1007/s43452-021-00304-5
https://doi.org/10.1016/j.addma.2022.102605
https://doi.org/10.1016/j.addma.2019.100835
https://doi.org/10.1016/j.matdes.2016.10.037
https://doi.org/10.1016/j.ijfatigue.2019.105260
https://doi.org/10.1080/21663831.2017.1299808

Metals 2023, 13, 1247 19 of 19

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

Vaglio, E.; De Monte, T.; Lanzutti, A.; Totis, G.; Sortino, M.; Fedrizzi, L. Single Tracks Data Obtained by Selective Laser Melting of
Ti6Al4V with a Small Laser Spot Diameter. Data Br. 2020, 33, 106443. [CrossRef]

Qian, G; Jian, Z.; Pan, X,; Berto, F. In-Situ Investigation on Fatigue Behaviors of Ti-6Al-4V Manufactured by Selective Laser
Melting. Int. J. Fatigue 2020, 133, 105424. [CrossRef]

Qian, G.; Li, Y,; Paolino, D.S,; Tridello, A.; Berto, F.; Hong, Y. Very-High-Cycle Fatigue Behavior of Ti-6Al-4V Manufactured by
Selective Laser Melting: Effect of Build Orientation. Int. |. Fatigue 2020, 136, 105628. [CrossRef]

Mishurova, T.; Artzt, K.; Rehmer, B.; Haubrich, J.; Avila, L.; Schoenstein, F; Serrano-Munoz, L; Requena, G.; Bruno, G. Separation
of the Impact of Residual Stress and Microstructure on the Fatigue Performance of LPBF Ti-6Al-4V at Elevated Temperature. Int.
J. Fatigue 2021, 148, 106239. [CrossRef]

Barba, D.; Alabort, C.; Tang, Y.T.; Viscasillas, M.].; Reed, R.C.; Alabort, E. On the Size and Orientation Effect in Additive
Manufactured Ti-6Al-4V. Mater. Des. 2020, 186, 108235. [CrossRef]

Hu, Y.N.; Wu, S.C.; Withers, PJ.; Zhang, ].; Bao, H.Y.X,; Fu, Y.N.; Kang, G.Z. The Effect of Manufacturing Defects on the Fatigue
Life of Selective Laser Melted Ti-6Al-4V Structures. Mater. Des. 2020, 192, 108708. [CrossRef]

Simonelli, M.; Tse, Y.Y.; Tuck, C. Effect of the Build Orientation on the Mechanical Properties and Fracture Modes of SLM
Ti-6Al-4V. Mater. Sci. Eng. A 2014, 616, 1-11. [CrossRef]

Gong, H.; Rafi, K.; Gu, H.; Janaki Ram, G.D.; Starr, T.; Stucker, B. Influence of Defects on Mechanical Properties of Ti-6Al-4V
Components Produced by Selective Laser Melting and Electron Beam Melting. Mater. Des. 2015, 86, 545-554. [CrossRef]
Nandwana, P.; Lee, Y. Influence of Scan Strategy on Porosity and Microstructure of Ti-6Al-4V Fabricated by Electron Beam
Powder Bed Fusion. Mater. Today Commun. 2020, 24, 100962. [CrossRef]

Li, Y,; Zaloznik, M.; Zollinger, J.; Dembinski, L.; Mathieu, A. Effects of the Powder, Laser Parameters and Surface Conditions on
the Molten Pool Formation in the Selective Laser Melting of IN718. J. Mater. Process. Technol. 2021, 289, 116930. [CrossRef]
Yeratapally, S.R.; Lang, C.G.; Cerrone, A.R.; Niebur, G.L.; Cronberger, K. Effect of Defects on the Constant-Amplitude Fatigue
Behavior of as-Built Ti-6Al-4V Alloy Produced by Laser Powder Bed Fusion Process: Assessing Performance with Metallographic
Analysis and Micromechanical Simulations. Addit. Manuf. 2022, 52, 102639. [CrossRef]

Romero, C.; Yang, F.; Bolzoni, L. Fatigue and Fracture Properties of Ti Alloys from Powder-Based Processes—A Review. Int. ].
Fatigue 2018, 117, 407-419. [CrossRef]

Kliinsner, T.; Marsoner, S.; Ebner, R. Procedia Engineering Effect of Microstructure on Fatigue Properties of WC-Co Hard Metals.
Procedia Eng. 2010, 2, 2001-2010. [CrossRef]

Nicoletto, G. Anisotropic High Cycle Fatigue Behavior of Ti-6A1-4V Obtained by Powder Bed Laser Fusion. Int. |. Fatigue 2017,
94, 255-262. [CrossRef]

Win Khun, N.; Quan Toh, W,; Liu, E. Study on Changes in Hardness and Wear Resistance of 3D Printed Ti6Al4V with Heat
Treatment Temperature. Tribol. Ind. 2023, 45, 129-135. [CrossRef]

Attar, H.; Prashanth, K.G.; Zhang, L.; Calin, M.; Okulov, L.V.; Scudino, S.; Yang, C.; Eckert, J. Journal of Materials Science &
Technology Effect of Powder Particle Shape on the Properties of In Situ Ti-TiB Composite Materials Produced by Selective Laser
Melting. J. Mater. Sci. Technol. 2015, 31, 1001-1005. [CrossRef]

Arola, D.; Williams, C.L. Estimating the Fatigue Stress Concentration Factor of Machined Surfaces. Int. ]. Fatigue 2002, 24, 923-930.
[CrossRef]

Lanzutti, A.; Pujatti, M.; Magnan, M.; Andreatta, F.; Nurmi, H.; Silvonen, A.; Hlede, E.; Fedrizzi, L. Uniaxial Fatigue Properties
of Closed Die Hot Forged 42CrMo4 Steel: Effect of F1 Ash and Mechanical Surface Treatments. Mater. Des. 2017, 132, 324-336.
[CrossRef]

Murakami, Y. Metal Fatigue; Elsevier: Amsterdam, The Netherlands, 2019; ISBN 0080430228.

Paraschiv, A.; Matache, G.; Condruz, M.R.; Frigioescu, T.F,; Ionica, I. The Influence of Laser Defocusing in Selective Laser Melted
in 625. Materials 2021, 14, 3447. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.dib.2020.106443
https://doi.org/10.1016/j.ijfatigue.2019.105424
https://doi.org/10.1016/j.ijfatigue.2020.105628
https://doi.org/10.1016/j.ijfatigue.2021.106239
https://doi.org/10.1016/j.matdes.2019.108235
https://doi.org/10.1016/j.matdes.2020.108708
https://doi.org/10.1016/j.msea.2014.07.086
https://doi.org/10.1016/j.matdes.2015.07.147
https://doi.org/10.1016/j.mtcomm.2020.100962
https://doi.org/10.1016/j.jmatprotec.2020.116930
https://doi.org/10.1016/j.addma.2022.102639
https://doi.org/10.1016/j.ijfatigue.2018.08.029
https://doi.org/10.1016/j.proeng.2010.03.215
https://doi.org/10.1016/j.ijfatigue.2016.04.032
https://doi.org/10.24874/ti.1421.12.22.02
https://doi.org/10.1016/j.jmst.2015.08.007
https://doi.org/10.1016/S0142-1123(02)00012-9
https://doi.org/10.1016/j.matdes.2017.07.017
https://doi.org/10.3390/ma14133447

	Introduction 
	Materials and Methods 
	Sample Preparation 
	Microstructural Characterisation and Microhardness Measurements 
	Surface Morphology and Roughness 
	Tensile and Fatigue Tests 

	Results and Discussion 
	Microstructural Characterisation and Microhardness Measurements 
	Surface Morphology and Roughness 
	Tensile and Fatigue Tests 

	Conclusions 
	References

