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1 Abstract

The term Additive Manufacturing (AM) references technologies that grow three
dimensional objects one super ne layer at a time [4]. Each successive layer bonds
to the preceding one of melted or partially melted material.

With AM techniques, it is possible to obtain near net shape parts with quite ne
resolution.

Selection of the right AM technology along with proper design optimization can
lead to very signi cant savings through reduction of buy-to-y ratios, overall
weight and scrap.

AM applications are limitless: from pre-production visualization models to the
fabrication of end-use products in di erent elds, as shown in gure 1.

(a) Aeronautics (b) Dental

(c) Automobiles (d) Medicine

Figure 1: Examples of AM applications

However, the e orts currently underway to develop AM methods will not avoid

the question of anisotropy [5]: indeed, this kind of unidirectional manufacture will

in all probability exacerbate it [6].

Moreover, the presence of defects of di erent natures in the AM products can sig-

ni cantly in uence the fatigue resistance, providing micro-cracks that can propa-
gate and cause the failure of the part.

For this project, two analysis have been performed: one on the mechanical anisotropy
of Ti6AI4V (grade 5), conducting tensile and shear tests on samples manufactured
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by SLM technique, along di erent build directions, and one on the fatigue behav-
ior of SS316L, conducting cyclic tests in traction, torsion and bending on samples
manufactured by SLM technique, subject to di erent surface treatments.

The rst analysis, on the Ti6AI4V pieces, has shown as expected an anisotropic
behavior, with the best results in terms of ductility and strength obtained for
specimens with build direction parallel to the direction of the principal stresses.
The second analysis, on the SS316L pieces, has shown an improvement in fatigue
resistance for polished specimens, and a further improvement for machined and
polished specimens in comparison to the ones without surface treatment. How-
ever, the fatigue limit obtained for every SLM piece has proven to be lower than
the reference limit for wrought samples.



2 Mechanical characterization of the anisotropy
of the titanium alloy Ti6Al4V manufactured by
SLM

2.1 Bibliography report
2.1.1 Introduction

Titanium alloys are amongst the most important of the advanced materials which
are key to improved performance in aerospace and terrestrial system. This is
because of the excellent combinations of speci ¢ mechanical properties and out-
standing corrosion behavior exhibited by titanium alloy, as well as a good heat
resistance [1, 2]. In particular, Ti6AI4V, the "workhorse alloy of titanium indus-
try", captures a large portion of aerospace applications today, as shown in gures
2, 3, as its uses span many aerospace airframe (like general structural material,
bolts, seat rails) and engine (fan blades, fan case) component uses, and also major
non aerospace applications in the marine, o shore and power generation indus-
tries in particular [3].

However, negating widespread use is the high cost of titanium alloys compared to
competing materials.

(a) Structural weight (b) Gas turbine engines

Figure 2. Percentage of aluminum, titanium, and steel alloys and FRP of the structural
weight of modern large commercial aircraft and gas turbine engines [2]
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(a) F-22 airframe

(b) IAE V2500 engine

Figure 3: Some areas of titanium use in military and civil aeronautics [3]
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2.1.2 Presentation of the Additive Manufacturing processes

Additive Manufacturing is a process of making a three-dimensional solid object of
virtually any shape from a digital model. It is achieved using an additive process,
where successive layers of material are laid down in di erent shapes. The ASTM
Committee F42 on Additive Manufacturing Technologies publishes the o cial
terminology standard for the industry. ASTM F2792-12a [7] generically de nes
seven process classi cations for Additive Manufacturing, speci cally:

~ Binder Jetting;

Directed Energy Deposition;
Material Extrusion;

Material Jetting;

Powder Bed Fusion;

N

Sheet Lamination;

A

Vat Photopolymerization.

In these years there has been an exponential growth of the interest on the AM
applications for metals [8] in the elds of research and industry, as shown in g-
ure 4, and the most popular techniques for AM of metals have turned out to be
Selective Laser Melting (SLM), Electron Beam Melting (EBM), both classi ed as
Powder Bed Fusion processes, and Laser Metal Deposition (LMD), classi ed as a
Direct Energy Deposition process [9].

Figure 4. Global sales of metal AM systems [8]
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In particular, the samples tested for this project have been manufactured with
the Selective Laser Melting (SLM) technique. With this technique, a high energy
density laser is used to melt and fuse metallic parts together, in an inert gas at-
mosphere. Since the powder is fully melted, it is possible to have low porosity and
a good control over crystal structure, acting on the production parameters (such
as laser power, scanning speed, hatch spacing, and layer thickness).

This process was invented at the Fraunhofer Institute ILT in Aachen, Germany, in
1996 [10], and was initially classi ed as "laser sintering” technique. Nevertheless,
there is a signi cant di erence between SLM and SLS (Selective Laser Sintering):
while the rst fully melts the powder, the second heats it up to a speci ¢ point
where the powder grains can fuse together; thus, SLS cannot achieve the near full
density which characterizes the SLM products, and furthermore it usually requires
postprocessing, such as heat treatment and material in Itration.

The SLM building process starts with laying a thin layer of metal powder on a
substrate plate in a building chamber. After the powder is laid, the laser is used
to melt and fuse selected areas according to the processed data. Once the laser
scanning is completed, the building platform is lowered, a next layer of powder is
deposited on top and the laser scans a new layer. The process is then repeated for
successive layers of powder until the required components are completely built.
The process is represented in gures 5, 6.

Figure 5: SLM process mechanics

There are several physical phenomena that have to be taken into account, such as
the absorption of laser irradiation by the powder material, the balling phenom-
ena, that disrupt the formation of continuous melts, or the thermal uctuation
experienced by the material during the process, that causes residual stress on the
components built, and can therefore lead to crack formation and delamination.

13



Figure 6: E ect of laser on powder bed

The question of residual stress in particular has received a great deal of attention,
since it can generate part distortion, and thus a dramatic functionality deteriora-
tion [11]. It was found that, for a chrome molybdenum steel powder mixed with
copper phosphate and nickel powders, a heat treatment at 608 700 %o for an
hour reduced residual stress by 70%, re-scanning of laser with the same parame-
ters as the SLM forming process reduced residual stress by 55%, and heating of
powder bed to 16(0%o. resulted in a 40% reduction [12].

A literature survey [13] has shown that more than half of all the publications on
SLM from 1999 to 2014 concerned steel and titanium, especially 316L stainless
steel and Ti6AI4V alloy, as displayed in gure 7.

Figure 7. Research publications on SLM of various materials [13]

Regarding titanium, SLM has been proven to be suitable to the material, since
for this process an inert gas, such as argon, is used to ush out atmospheric air
and provide a layer of protective gas from elements such as oxygen, nitrogen, hy-
drogen, and carbon, to which the metal is highly reactive and sensitive, making
it di cult for conventional processes.
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Moreover, small localized heating and rapid cooling in SLM reduce the pick-up
of interstitial elements. Previous studies have shown good results in terms of rel-
ative density, especially under high laser power and low scanning speed [14], and
strength (UTS, YS) of the manufactured pieces, compared to parts produced by
casting or other AM techniques [15].

2.1.3 Microstructure and texture of the titanium alloy Ti6Al4V man-
ufactured by additive manufacturing

In order to analyze the anisotropy of the alloy Ti6Al4V it is necessary to observe
the microstructure and the texture, since they can have a profound in uence on
the mechanical behavior.

This alloy is a two phase + , with aluminum as the alpha stabilizer and vana-
dium as the beta stabilizer. Aluminum and vanadium also reduce the density
and raise the high-temperature ductility; the material shows therefore a positive
response to heat treatments, a good stability under strain and a low resistance to
metal forming processes.

For this study, the analyzed specimens were made of Ti6Al4V grade 5, the most
commonly used of the titanium alloys. Its chemical composition consists of [16]:

A

Nitrogen (maximum weight: 0.05%)

A

Carbon (maximum weight: 0.1%)

A

Hydrogen (maximum weight: 0.0125%)
Oxygen (maximum weight: 0.2%)
Iron (maximum weight: 0.3%)

Aluminum (maximum weight: 6.75%; minimum weight: 5.5%)

A

Vanadium (maximum weight: 4.5%; minimum weight: 3.5%)

A

Titanium (balance)

It has been stated that, since SLM materials solidify with high cooling rates,
there is the formation of a metastable structure; in the case of Ti6Al4V, the
microstructure typically consists of ' martensite [17].
The solidi cation starts in this case from crystallization of cubic phase from the
liquid. Commonly, cubic phase is crystallized with a preferential crystallographic
direction <100>. Further cooling leads to a transformation of phase to ' at
high cooling rates (SLM), or + at lower cooling rates (EBM). In both cases,
there is a relationship between the crystallographic orientation of the hexagonal
phase with that of the parental
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It is suggested that when the laser hits the powder bed, the grains in the previous
deposited layers and the powder particles of the top layer transform into the
phase eld [18]. The grains then solidify and grow epitaxially along the direction
of heat conduction (typically in a columnar way in the build direction), since there
Is no nucleation barrier to solidi cation. Therefore, the orientation of these grains
is highly dependent on the scanning velocity and scanning strategy. Finally, as the
laser moves away across the powder bed multiplé martensitic laths precipitate
within the elongated columnar grain of the parent grain.

Thus, the microstructure of the components is composed of ne aciculat grains
throughout the sample and only prior grain boundaries are left behind after the
solidi cation. The presence of prior columnar grain boundaries is due to the
fact that Ti-6Al-4V solidi es in the  phase eld and heat is mainly conducted
away vertically. Prior grains have a lenticular morphology with an high aspect
ratio, as shown in gure 8.

Figure 8: Optical micrograph of an as-deposited component. The dark bands are
attributed to the molten pools [19]

Instead, 'grains do not vary in size along the build and scanning directions. The

" martensitic laths are organized within prior grain boundaries with di erent
inclinations, mainly at +45° and 90 to the build direction. The ' grains do
not precipitate along the grain boundaries, and this suggests that the' grains
originate simultaneously from di erent points within the parent grain which is
typical of martensitic transformations. The ' phase appeared as relatively long
and narrow laths characterized by high vanadium content and high dislocation
density. The overall ' texture appears random because of the relatively high
number of ' variants within each prior grain, i.e. the large number of micron
sized ' grains that precipitate within the columnar grains, which grow in
multiple directions and random orientation. These variants precipitate in clusters
forming boundary misorientations that minimize the strain energy associated with
martensitic transformation.

16



During the deposition of successive layers texture inheritance seems to occur
within prior  grains. Moreover, ' grains of similar inclination have the same
crystal orientation. Although variant selection at prior grain boundaries is un-
likely due to the fast cooling that occurs during SLM it is possible that certain
variants might be chosen among others to minimize the phase transformation en-
ergy.

Furthermore, it was observed that the fast solidi cation during the SLM process
leads to segregation of aluminum. When a relatively amount of heat is applied to
the material, i.e. the parameters hatch spacing and scanning velocity are set to
low values, precipitation of an intermetallic TgAl phase occurs [19].

Previous studies have remarked that, while the presence of a ne-grained mi-
crostructure can improve the yield and tensile strengths, the tensile elongation
values at rupture for AM components (6%-11%) are lower than those observed
in wrought conditions (12%-17%) [20]. This can be possibly attributed to sev-
eral reasons: the presence and cracking of grain boundary hexagonal close-packed
(hcp) -phase [21], the ne-grained microstructure [22], and the presence of tita-
nium martensite [23].

The e ects of heat treatments have also been investigated [24]: when the mate-
rial is treated above the transus temperature, the typical structure with ne
acicular martensite and prior columnar grains is erased: during heating, the SLM
material gradually transforms back to the original columnar grains. However,
these columnar grains are no longer present after cooling from above théran-
sus. Instead, the microstructure consists of colonies inside large, semi-equiaxed,
previous grains. Therefore, a Widmanstatten structure is formed for interme-
diate cooling rates between air cooling and furnace cooling, and thephase is
present as at plates or needles.

It was remarked that heat treatments at temperatures above the transus cause
extensive grain growth, up to the point where the columnar grains resemble a
coarse equiaxed microstructure with large grains.

Instead, for heat treatments at temperatures below the transus, the mixture of
and phase prevents grain growth and the original, columnar prior grains
remain visible after cooling. The two di erent microstructures are displayed in

gure 9.

The optimal results for tensile properties have been obtained for heat treating
at intermediate to high temperatures below the transus, followed by furnace
cooling, with deformability levels safely above the prescribed standards and yield
stress and UTS levels close to 1 GPa.
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(&) Component after heat treatment below (b) Component after heat treatment above
transus temperature, followed by furnace transus temperature, followed by furnace
cooling cooling. The arrows indicate grain boundary

Figure 9: Microstructures of heat treated components [24]

2.1.4 Anisotropy of the mechanical properties of the titanium alloy
Ti6Al4V manufactured by SLM

The unidirectionality, one of the de ning characteristics of every AM process, in-
duces an anisotropic microstructure in the produced components. Therefore, it
IS necessary to investigate how the anisotropy in the microstructure can in uence
the mechanic behavior of SLM products.

In general, it was observed that the the tensile strengths of SLMed Ti-6Al-4V
samples are superior to those of the as-cast and wrought ones, while the elon-
gations of SLMed Ti-6Al-4V samples are fairly lower, compared with the as-cast
or wrought ones [16]. The better performances in terms of yield stress and UTS
were attributed to the martensitic microstructure [25, 26], while the worsening in
ductility was ascribed to porosity, as well as to the martensitic microstructure:
as the ' grains do not form colonies of laths sharing the same orientation, the
e ective slip length is con ned to single grains. [27, 38].

In fact, it was remarked that a heat treatment, able to reduce the lack-of-fusion
defects [28] and to change the microstructure, from the martensitic one to a bipha-
sic one, with columnar -phase crystals formed at the boundaries of the original
martensitic plates and an - mixture within [27], signi cantly increased the duc-
tility (from around 8% to around 119%).

Previous studies were plagued by two types of pores: round gas entrapment pores
and lack-of-fusion pores in which the melted metal in one layer did not completely
Il the gaps between material passes in previous layers, resulting in thin at cracks
perpendicular to the build direction [29].

18



The sharp angles in lack-of-fusion pores result in local stress concentrations during
loading; thus, these pores have been shown to play a signi cant role in early
fracture, particularly in the transverse direction.

A review of existing articles [30] has proven that, in general, the specimens are
more ductile in longitudinal direction than in the transverse one, as shown in table
1 and gure 10. It was hypothesized that this tendency is strongly in uenced by
the lack-of-fusion pores, existing between the layers.

Reference| Tensile axis orientation| Elongation (%)
[31] Longitudinal 6.5 0.6
[27] Longitudinal 8.2 0.3
[26] Longitudinal 7.6 2
[26] Transverse 1.7 0.3
[24] Longitudinal 73 1.1
[32] Transverse 1.6
[25] Longitudinal 5 05
[25] Transverse 4.89 0.6
[30] Longitudinal 13.3 1.8
[30] Transverse 18.7 1.7
[35] Longitudinal 7
[35] Transverse 24

Table 1. Summary of relevant Ti 6Al 4V mechanical properties reported in literature
- Elongation

Figure 10: Summary of relevant Ti 6Al 4V mechanical properties reported in litera-
ture - Elongation [24, 25, 26, 27, 30, 31, 32, 35]
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However, when a heat treatment was applied, and therefore the porosity was
greatly reduced, the elongation was increased; in particular, it was observed that
the ductility in the transverse direction was greater than that in the longitudinal
direction [30, 35, 37].

This was related to the anisotropic microstructure: in fact, it is well documented
that the presence of grain boundary phase tends to reduce elongation in con-
ventionally processed Ti 6Al 4V by furnishing a preferential path for damage
accumulation along the prior- grain boundaries [33]. Tensile loads perpendicular
to the grain boundary act to separate adjacent prior- grains. Therefore, the mor-
phology of the prior- grains in the SLM component results in di erent amounts

of the grain boundary phase being exposed to a tensile opening mode depending
on whether tension is applied along the longitudinal or transverse direction.

In specimens in which tension is applied along the transverse direction, only the
short axes of the prior- grain boundaries and grain boundary are subjected to
Mode | opening tension.

Conversely, in specimens where tension is applied in the longitudinal direction,
the long axes of the prior- grains are loaded in tension, causing the entire length
of the grain boundary phase to be subjected to Mode | opening tension.

Thus, the anisotropic microstructure predisposes the longitudinal specimens to
Mode | opening failure along the prior- grain boundaries, but not the transverse
specimens. The reduced elongation of the longitudinal specimens compared with
the transverse may be a result of discontinuous grain boundary phase and the
presence of the preferentially oriented prior- grain boundaries [34, 36].

Anisotropy was observed also for yield stress and UTS: in general, both these
guantities are greater for specimens tested along the longitudinal direction with
respect to the specimens tested along the transverse direction, even if in a less
signi cant when compared to the elongation, as shown in table 2 and gure 11.
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Reference| Tensile axis orientation| yield stress (MPa) | UTS (MPa)
[31] Longitudinal 1100 12 1211 31
[27] Longitudinal 1040 10 1140 10
[26] Longitudinal 1137 20 1206 8
[26] Transverse 962 47 1166 25
[24] Longitudinal 1110 9 1267 5
[32] Transverse 1008 1080
[25] Longitudinal 1195 19 1269 9
[25] Transverse 1143 30 1219 20
[30] Longitudinal 960 26 1063 20
[30] Transverse 945 13 1041 12
[35] Longitudinal 1037 1181
[35] Transverse 1000 1182

Table 2. Summary of relevant Ti 6Al 4V mechanical properties reported in literature
- Strength

Figure 11: Summary of relevant Ti 6Al 4V mechanical properties reported in litera-
ture - Strength [24, 25, 26, 27, 30, 31, 32, 35]

The ' phase present in the coupons contributes to the yield stress anisotropy
since titanium is plastically anisotropic [39].

The orientation of the grains to a preferred slip system will promote dislocation
movement; therefore, the mechanical properties are dependent on the crystallo-
graphic direction. Longitudinally built coupons have been shown to contain a
larger number of grains in a stress state which are easier to slip than transverse
coupons [37].
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Another important contribution to the strength anisotropy derives from the pres-
ence of the defects, depending on their orientation with respect to the loading
direction [40].
Finally, it is also possible that the di erence in yield stress and ductility can be ex-
plained with respect to the combination of varying volumes of coarse and ultra ne
" martensite. The grain size can have a signi cant in uence on the yield stress of
Ti-6Al-4V, where ultra ne grained Ti-6Al-4V can have much higher yield stress
than a coarser grained version of the same phase distribution. Therefore, slight
variations in yield stress can occur with alterations in the volume fraction of ul-
trane . The increased yield stress with grain re nement is typically associated
with the loss of ductility [41, 42].

2.1.5 Conclusion

AM techniques are rapidly developing in these years, as they can bring bene ts
in terms of weight and scrap reduction. SLM is one of the most considered AM
processes, and a large part of SLM products is in the titanium alloy Ti6Al4V, the
"workhorse alloy of titanium industry".

However, as SLM produces components with an anisotropic microstructure, con-
sisting of prior columnar grains and ne acicular ' grains, it is important to
analyze the anisotropy of the mechanical behavior of SLMed Ti6Al4V specimens.
A dependency on orientation was observed for yield stress and UTS, and, to a
greater extent, for the ductility. This was attributed to the microstructure and to
the presence of defects typical of the process, especially lack-of-fusion pores.
When these defects are dominant, the elongation at failure for the specimens
tested along the build direction is greater than that for the specimens tested per-
pendicularly to the build direction; instead, when these defects are eliminated
through a heat treatment or through the optimization of the process parameters,
the ductility is greatly increased, and the best results are observed in case of
transverse tensile axis orientation.

The anisotropy for yield stress is less evident, yet not negligible; the tendency is
opposite to the one for the elongation at rupture: the increased strength is typi-
cally associated with the loss of ductility. Therefore, the best results are obtained
in the case of longitudinal tensile axis orientation.
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