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Summary

Titanium alloys are a class of metallic materials widely used in several
industrial fields, such as automotive, aerospace and biomedical. Their main
advantages lie in excellent corrosion resistance, high specific strength and low
density. Among these alloys, Ti-6Al-4V shines as the “workhorse” material,
covering almost 50% of the total titanium products market.

The conventional industrial sectors in which this class of materials is
employed are ideal for Additive Manufacturing (AM) implementation, as the
components typically produced are already characterized by a high level of
complexity and the production lots are limited in number. These are typical
manufacturing scenarios where modern AM technologies are highly
advantageous. Moreover, AM technologies grant a lower degree of material usage
and higher levels of customizability, with respect to other techniques.

Among all the titanium alloys conventionally available, only a limited number
were optimized for their processing by AM. The Ti-6Al-4V alloy was one of the
first materials to be processed in general and it is now well-established for being
manufactured via Laser Powder Bed Fusion (LPBF). Oppositely, the Ti-6Al-2Sn-
4Zr-6Mo alloy, a substitute of Ti-6Al-4V with higher strength for some niche
applications, was never processed before using this technology. Ti-6Al1-4V is also
well suited to be produced by Electron Beam Melting (EBM) and Directed Energy
Deposition (DED).

The goal of this thesis was to analyse the microstructure, the mechanical
properties and their relationship for the Ti-6Al-4V alloy produced by EBM and
DED. Moreover, the LPBF produced Ti-6Al-4V samples were compared with Ti-
6Al-2Sn-4Zr-6Mo specimens produced for the first time using the same system.



Initially, the optimal process parameters to manufacture the Ti-6Al-4V
samples by DED were assessed using the single scan approach. This step was
necessary as these were the first specimens produced using this system. The
microstructure of the 3D samples was carefully analysed and correlated with the
environmental factors and thermal history of the process. Consequently, the
mechanical properties were determined. These analyses were also conducted on
samples that underwent different post-processing heat treatments, in which the
cooling means were varied.

In the case of the EBM produced samples, standard process parameters were
used, and the analysis of the heat treatments focused on the significance and effect
of a post-annealing ageing step.

The heat treatments performed on DED and EBM produced specimens were
specifically tailored in order to be comparable. Moreover, the annealing
temperature was set high enough to allow a complete recrystallization of the
initial microstructure. By doing so, the comparative analysis did not result biased
by the significantly different microstructures typically produced using these two
manufacturing technologies.

The innovative Ti-6Al-2Sn-4Zr-6Mo alloy was processed by means of LPBF.
Since no prior works on the subject were found, the most suitable process window
had to be determined. After that, a microstructural and mechanical
characterization of the samples was conducted. Since the industrial relevance of
this alloy is related to its superior mechanical properties with respect to Ti-6Al-
4V, the same investigation was performed on LPBF produced Ti-6Al-4V samples
with the aim to assess whether this feature was maintained when switching to
LPBF as a manufacturing technology or not.
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Chapter 1

Introduction

1.1 Titanium Alloys

Titanium is the 22" element of the periodic table, ranking among the 10 most
abundant elements on the Earth’s crust [1]. It shares the 0.3%-0.5% of the overall
crust weight composition [2,3]. This metal was firstly isolated in reasonable
quantities by Prof. Hunter (Rensselaer Polytechnic Institute, Troy, NY) in 1910.
He developed a system to reduce TiCls (titanium tetrachloride), obtained from
ores, using Na. Although just in 1932 Wilhelm Justin Kroll developed a more
affordable process, named after himself, using Ca instead of Na as a reducing
agent. The Kroll process is the most commonly used method to obtain high-purity
Ti even today [4]. Before World War II, titanium was a rare metal to be found in
industry. Although, from the 1950s, large scale titanium production started. This
family of alloys resulted particularly appealing for aerospace applications (e.g. jet
engines, aircrafts). Since then, titanium has been employed in several industrial
sectors, ranging from nautical, chemical and automotive to medical, deploying
some titanium alloys biocompatibility [5].

Pure titanium is characterized by a hexagonal close packed (hcp) crystal
structure at room temperature, defined as a-Ti. Although, as many other metals,
titanium is polymorphous and at ~880 °C it changes its crystal structure from hcp
to body cubic centred (bcc), becoming B-Ti, characterized by a lower Young’s
modulus (E). It then keeps this form until the melting temperature (Tm) of 1667 °C
is reached. Ti is also among the most ductile hcp metals. a-Ti shows a c/a ratio of
1.587, sensibly lower than the theoretical value of 1.633, and its principal slip
systems are {1010}(1120), (0001){1120) and {1011}(1120) (Figure 1) [6,7].
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Figure 1: Principal slip system in hcp titanium [4].

Titanium is sometimes referenced as the “prima donna” of metals, as it can
achieve exceptional combinations of interesting properties, from an engineering
point of view. Although these combinations also result in a material quite difficult
to handle, as it is very demanding when it comes to refinement and fabrication [5].
The physical properties of unalloyed titanium, reported in Figure 2, show how this
material behaves when compared with other metals, in particular aluminium and
iron, which are the most commonly used material for structural applications. The
key properties of titanium are its low density, relatively high melting point and

high cost.
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Figure 2: Main physical properties of pure titanium [5].
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Titanium and its alloys result particularly appealing due to some specific
properties this class of materials can provide. The most important are the
remarkable strength-to-weight ratio and the exceptional corrosion resistance [4,7].

Even if the yield strength of titanium alloys is not exceptional, their strength-
to-weight ratio, critical in field where weight reduction is very important, such as
the aerospace industry, is very high, mainly due to the low density. In terms of
specific strength, titanium alloys are comparable with the strongest steels [5]. As
visible in Figure 3, Carbon Fibre Reinforced Plastics (CFRP) outperform titanium
alloys until approximately 300 °C, from that temperature up until above 500 °C Ti
alloys stand out in the aerospace sector. Even if their use at even higher
temperature is challenged by their oxidation behaviour, titanium alloys grant
excellent mechanical properties in a moderately high temperature range [4].
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Figure 3: Specific strength at increasing temperature of several structural materials used in the
aerospace industry [4].

Although, for specific applications, a lower Young’s modulus must be taken
into consideration, as in structures this leads to greater deformations. However,
there are specific applications where a low E is ideal, as it leads to a high modulus
of resilience, which results in a large amount of elastic strain energy stored in the
material. Considering sports, tennis racquets and golf clubs are examples of
objects that deploy this property.

Titanium’s outstanding corrosion resistance is the result of a thin oxide layer,
approximately some nanometre thick, that forms immediately on the surface of
the material when exposed to air. This layer is stable throughout a wide range of
pH values and it easily reforms if damaged even if O or H2O are as low as a few
ppm. At higher temperatures, from approximately 200 °C [8], oxygen diffusional
phenomena are favoured resulting in the oxide layer thickening. This is the result
of oxygen being extremely soluble in titanium, which grants this material the
ability to absorb its own oxide , which is a very favourable property when it
comes to some joining technologies, such as diffusion bonding, or powder
metallurgy, where otherwise the oxide would result in internal inclusions [5].

The main downside of titanium alloys surely lies in their extreme reactivity,
which poses very difficult issues during processing phases and results in:
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e Impossibility to use most refractory materials in contact with the
molten alloy, as these are easily dissolved by liquid titanium;

e Impossibility to melt, join or process the material in presence of air, as
these processes would result in oxygen/nitrogen pick-up, which
severely embrittles the material. Moreover the risk of fire is a serious
threat [9];

e Difficulties in machining, as titanium is characterized by a low
thermal conductivity, as a result of the high bonding force between its
atoms, that also causes Tm to be quite high (Figure 2). This results in a
scarce ability to dissipate heat and can eventually lead to a temperature
rise, which causes the reactivity to increase and the base metal to
dissolve the cutting tool. Hence, to process titanium, very low cutting

speeds are necessary, in conjunction with highly efficient cooling
fluids.

In general, the main downside of titanium alloys lies in their cost, which is
quite high for a structural material. As visible in Figure 4, where the cost of
different metallurgical semiproducts is compared for the three main structural
alloys (steel, aluminium and titanium), titanium semiproducts appear extremely
more expensive, even orders of magnitude, when compared to steel.

Material ($/pound)

Item Steel Aluminum Titanium
Ore 0.02 0.01 0.22 (rutile)
Metal 0.10 1.10 5.44

Ingot 0.15 1.15 9.07

Sheet 0.30-0.60 1.00-5.00 15.00-50.00

Figure 4: Comparison of the cost of the three main structural metals: steel, aluminium and titanium alloys
[10].

Although, even if the cost of rutile (precursor of titanium) is quite high, for
example than bauxite (precursor of aluminium), such a difference in terms of final
cost in not justified. In fact, as highlighted before, titanium alloys are also more
difficult to be processed and are characterized by a quite low material efficiency,
due to the necessity of machining. For conventional ingot metallurgy (cast and
wrought), the cost of this operation is extremely high and it can account for
almost half of the prize of an entire component. As an example, in Figure 5 is
provided the cost breakdown for an aerospace titanium component by Boeing.
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Figure 5: Cost breakdown of a Boeing 787 side-of-body chord made of a titanium alloy [10].

Considering the high costs of the machining operations, any technology that
can grant the production of a components closer to the final form (e.g. near-net
shape), without the necessity to machine it, results attractive in the field of
titanium metallurgy [10]

As discussed above, the aerospace industry is certainly the most important
end user of titanium alloys. In the USA, approximately 70%-80% of the overall
titanium consumption is dedicated for aerospace products [11]. These alloys are
particularly appreciated for weight reduction, acting as a steel replacement, and
for solving issues related to space limitations, as an aluminium replacement.
Overall, the possibility to operate at moderately high temperatures, their
outstanding corrosion resistance in addition to their ability to reliably tolerate
damages make titanium alloys even more appreciated in the aerospace industry
[12,13]. On average, titanium alloys are used for 36% of engines and 7% of
airframes [4]. Apart from engine parts (e.g. disks), portions of the fans systems
and compressor sections, titanium alloys find usage in heavily-loaded structures,
like wings and tail attachments (Figure 6). Moreover, the increasing usage of
polymer matrix-carbon fibre composites (PMCs) in the aerospace industry led to a
gain in popularity for titanium alloys in the same field, as PMCs are often
incompatible, for electrochemical reasons, with the lighter aluminium alloys,
which act as a substitute for titanium in some applications. Therefore, titanium
alloys found usage even in aerospace applications without structural requirements
(e.g. fasteners) [13].
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Figure 6: Titanium empennage attachment of a commercial aircraft, connected to PMC parts [13].

Another important industrial field is the automotive industry, in which
titanium components are used for engines parts for F1 race cars since the 1980s. A
widespread diffusion of this class of materials in this industrial sector is prevented
by their high costs. In fact, these are used mostly for racing or special-purpose
cars. However, recently titanium alloys gained popularity due to the growing
attention towards fuel efficiency and performances. Nowadays most valves in cars
and motorcycles are made of titanium alloys [11].

The third important field of application is the medical sector, where titanium
alloys are deployed mostly due to their reduced E, elevate specific strength,
outstanding biocompatibility and corrosion resistance [14]. Particularly
commercial purity titanium (cp-Ti) and Ti-6Al-4V are widely used for
dental/maxillofacial implants, hip/knee prostheses and cardiac devices [15]. An
example of titanium implants is provided in Figure 7.

Figure 7: Two examples of titanium implants used in the medical field [16].

1.1.1 Phase Diagrams and Alloys Classification

Pure titanium is a quite ductile material, although its strength is fairly low,
which is why very often other alloying elements are added. These can be divided
into a phase stabilizers and  phase stabilizers, according to their effect on the 3
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transition temperature (Tp) (Figure 8). The former category raises Tp, enlarging
the temperature range in which the o phase is stable, whilst the latter act in an
opposite way. Of course, the elements that tend to stabilize a certain phase are
more soluble in it. Moreover, some elements, such as Zr and Sn, have a more or
less neutral effect, leaving Tp substantially unchanged.

i
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Figure 8: Schematic representation of the effect of the different types of alloying elements on Tp [4].

The o stabilizing elements can be both substitutional (e.g. Al) or interstitial
(e.g. C, N, O). Among this category, the most important and commonly used
element is by far aluminium, which is fairly inexpensive, strengthens the material
by solution hardening and improves the oxidation behaviour at high temperatures.
Moreover, it reduces ductility by limiting the dislocation motion, even if less
severely than interstitial a stabilizers. Figure 9 shows the variation of the tensile
mechanical properties as a function of Al content. Up until 8%, the tensile
strength drastically increases and the reduction in ductility appears acceptable.
After this compositional threshold, the material is severely embrittled, due to the
formation of the brittle intermetallic Ti3Al [5].
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Figure 9: Tensile properties variations as a function of Aluminium content [7].
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The B stabilizing elements can be furtherly split into: B-isomorphous (e.g. V,
Mo) and B-eutectoid (e.g. Fe, Cr). The most soluble and important elements lie in
the first group, while the latter category represents the elements that tend to form
intermetallic compounds even if present in small quantities [4,6].

In order to understand the phases and classification of titanium alloys, since
more phases are possible at room temperature, investigating the P—a
transformation is a key aspect. Thermodinamically it is a shear type nucleation-
driven process, which obeys the following crystallographic orientation
relationship, described through Burgers vectors:

{110} // {0001},
(111)5 // (1120),

Where the most densely packed B phase planes {110} turn into the {0001}
basal plane of the o phase. After the transformation, the distance between the
basal planes increases, which causes a certain atomic distortion. This is the main
reason why the c/a ratio is sensibly lower than 1.633, as stated before. The
transformation is also related to a certain increase in volume. Unlike the bec B, the
hcp a phase is a close-packed structure. This difference results in a sensitive
difference in terms of self-diffusivity (Dri) between these two phases. In fact, for
example, at 1000 °C Dri.p (=10'° m?/s) is two orders of magnitude greater than
Dria (=107!° m?/s). This difference is very significant for creep behaviour, where a
rich alloys act superiorly due to their far lower diffusivity. Since diffusion is the
driving phenomenon for the B—a transformation, when the material is cooled
from above the Tp very rapidly, this transformation can be kinetically prevented,
in favour of a martensitic transformation. Its product depends on the alloy
composition and can be either o’ martensite, which is hexagonal, or a”” martensite,
which is orthorhombic. A certain martensite start temperature (Ms) exists for each
alloy that can form a’/a”, below which the martensitic transformation begins. In
general, Tp > Ms. Martensite can be decomposed through a heat treatment,
causing the nucleation of a phase. Some studies available in literature suggest that
o’ and o’ generally do not coexist in the same alloy [17].

Titanium alloys are classified according to their equilibrium composition near
room temperature, which is defined by the type and amount of alloying elements.

The general classification divides this class of materials into 3 sub-categories:
a alloys, a+ (or duplex) alloys and B alloys [6]. Although some authors suggest a
further sub-division, adding the near o alloys, which can retain only small
amounts of  phase at room temperature, and the metastable B alloys, which can
achieve a 100% P phase (metastable) microstructure, through air cooling of thin
section or water quenching of larger pieces [4,5]. All these groups can be
represented in a three-dimensional phase diagram, function of the concentration of
a and B stabilizers, as provided in Figure 10.
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Figure 10: Titanium alloys classification on a 3D phase diagram [4].

a alloys contain neutral and a stabilizing elements only. If a low amount of 8
stabilizers is added, then the material becomes a near-a alloy. Both these
categories allow the formation of o’ hexagonal martensite. The duplex alloys,
which are by far the more widely used, are characterized by 5% - 40% P phase
near room temperature and can form both o’ hexagonal and a’’ orthorhombic
martensite, according to their composition. o'"-forming alloys, are characterized
by a larger amount of [ stabilizers, therefore are sometimes referred as near-f3
alloys [18]. B-stabilizing elements tend to lower the Ms. When these are in a
sufficient concentration, Ms can be lower than room temperature, which means
that martensite cannot be formed through conventional processes. When this
happens, the alloys are classified as metastable 8, even if it can still show more
than 50% o phase. In the end, B alloys show exclusively B phase at room
temperature. These are very unconventional materials that are excluded by the
classical titanium alloys [4,6].

The B phase stability index (SIg) can be used as a useful parameter in order to
investigate how each specific alloying element influences the phase diagram of a
generic alloy, by describing substantially how prone a material is to show § phase
retention at room temperature. It is calculated as the difference between the terms
[Mo]eq and [Al]eq (Wt.%) [6,19,20], where:

[Mo]go = [Mo] + g (V] + % [Nb] + 3[Fe] + ; [Cr] (1)
1 1
[Allgg = [Al] + 3 [Sn] + i [Zr] + 10([C] + [0] + 2[N]) (2)

A Slp of -5 or lower characterizes near a titanium alloys, while in the range -5
< Slg <10 lie all the duplex alloys. In particular, the higher the index, the more
likely the alloy shows o’ martensite instead of a’. For a SIg > 10 up until 30, the
alloys are described as metastable 3, hence Ms < room temperature. In the end, a
SIp value even greater corresponds to 3 alloys [21,22]. The evaluation of Sl for a
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variety of titanium alloys, ranging from the near a to the stable B category, is
provided in Figure 11.
Ti-35V-15Cr : i
Ti-13V-11Cr-3Al —
Ti-15Mo
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Ti-13Nb-132r '
Ti-6Al-28n-4Zr-6Mo
Ti-6Al1-4V
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Figure 11: Slj calculated for some titanium alloys commercially available.

a/near o alloys are not very responsive to heat treatments, due to their
impossibility to obtain  phase (Figure 10). Although these materials are
characterized by a good creep resistance, toughness and weldability, in fact they
are intended for high temperature performances. Instead, the duplex alloys have a
compromise of properties typical of the a and B phases, such as good weldability,
toughness and corrosion resistance. These materials are readily heat treatable and
can be tailored, in terms of phase composition/amount and morphology according
to the application intended. Through heat treatment, o+f alloys can achieve high
strength. Instead, B alloys usually show good mechanical properties, although
their creep resistance is fairly low, due to the higher diffusivity of the B phase [7].
Metastable [ alloys show excellent formability, but these alloys are often
characterized by a low yield strength. It is possible to strengthen these materials
through some heat treatments, in which fine a phase particles are precipitated.

1.1.2 Hardening Mechanisms

In general, four strengthening phenomena exists for metals: solid solution,
dislocation, boundary and precipitation hardening. Whilst the former and the latter
are common for all the titanium alloys, and more dependent on the composition of
the material (alloying elements), dislocation and boundary strengthening are more
significant for duplex alloys, especially when heat treated above Tg and rapidly
cooled. This allows the formation of smaller grains, hence more concentrated
grain boundaries, with relative increase of the concentration of dislocations in the
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material. Solid solution hardening is more effective for the a phase, both for
substitutional elements, such as Al, due to the large difference in atomic size, and
for interstitials elements that fit into the hcp a lattice, such as oxygen. This last
element is particularly effective in raising the hardness and tensile strength of
titanium. Considering commercial purity titanium, its yield tensile strength (YTS)
increases from 170 to 480 MPa when the concentration of oxygen is raised from
0.08% to 0.2%. Even if this alloying element is very promising in terms of
strengthening, its concentration must be kept well under control, because its
presence severely embrittles the material. Precipitation is quite uncommon in
titanium alloys, although it is possible to obtain, among others, the intermetallic
phase TizAl (a2), deploying the alloying elements partitioning in preferential
phases during heat treatments, due to the preferential diffusivity of the elements,
as mentioned previously. In fact, Al diffuses more likely in the a phase. Reaching
the stoichiometric concentration to obtain TizAl is then possible and the
intermetallic strengthens the material due to precipitation hardening [5,6].

1.1.3 Typical Heat Treatments

From now on in this work, only o+f alloys will be analysed, since all the
investigation performed were conducted exclusively on materials that belong to
this class.

Heat treatments are the most common method to achieve the desired
combination of mechanical properties in duplex titanium alloys. The key material
properties to understand, in order to design a proper heat treatment, are the
specific alloy Tp and Ms, illustrated in Figure 12 for the Ti-6Al-4V alloy. The
former parameter, approximately 1000 °C for Ti-6Al-4V, represents the
temperature threshold above which the whole microstructure recrystallizes [23].
The latter is the temperature from which, during cooling, the martensitic
transformation B — a’/a” begins. Note that the product depends on the alloy

composition. For Ti-6Al-4V Ms is approximately 800 °C [24,25].
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Usually, the heat treatments are conducted at temperatures slightly above or
below the Tp, in order to induce a microstructural change in the material, but
different approaches, for examples during ageing treatments, are quite common.
Atmospheric protection is a markedly important aspect for every heat treatment of
the titanium alloys, due to how prone these materials are to oxygen/nitrogen pick-
up. In fact, often using a high vacuum furnace is necessary. Moreover,
temperature control is also very important, especially when conducting a heat
treatment very close, in terms of temperature, to Tp, because reaching this
threshold means risking the complete recrystallization of the material.

Stress relieving is a possible heat treatment that aims at decreasing the
internal residual stresses of the material, which improves the components shape
stability, fundamental if it needs to be machined, and can slightly improve the
material ductility. Considering that the internal residual stresses are the cause of
the dislocation hardening mechanism discussed before, stress relieving is often
related to a reduction in strength. The temperature for this heat treatments usually
ranges from 500 to 700 °C for a duration that ranges from 15 minutes up until 8
hours. Both these parameters depend on the alloy composition and the component
size. In general, higher temperatures are related to shorter durations and vice
versa. Usually the specimen is then furnace or air cooled. Other cooling means,
such as oil or water, would result in a higher cooling rate, inducing residual
stresses in the material again, thus nullifying the overall effect of the heat
treatment. Overageing, which is the result of an excessive temperature and/or
duration choice, must be avoided, as it leads to a drastic decrease in strength. In
general, this family of heat treatments is designed in order to induce as little
changes in the microstructure as possible.

Annealing is a generic term used to describe a family of heat treatments that
aim to increase toughness, ductility, dimensional/thermal stability and sometimes
creep performances. Several sub-categories exist (e.g. mill annealing, duplex
annealing, etc.), although their classification is challenging, as different producers
tend to use personal nomenclatures. Annealing treatments can be conducted both
below and above Tp, although in the latter case the temperature must be kept as
low as possible, in order to prevent excessive grain growth.

Solution annealing and ageing is a standard sequence of heat treatments,
usually performed to achieve high strength materials and optimum mechanical
properties combinations. During the solution annealing, the temperature is raised
in order to achieve a higher amount of equilibrium 3 phase, that can be maintained
through quenching and then decomposed through ageing. For titanium alloys, the
term “ageing” has a different meaning than in other metals, such as the aluminium
alloys, in fact no significant precipitation occurs. Instead, in this case, the ageing
process implies the decomposition of supersaturated retained [ phase or
martensite into a phase. The solution annealing temperature is usually set slightly
above or below Tp. Heat treatments at T > Tp imply a complete recrystallization of
the material, hence the changes induced in the material cannot be recovered.
Concerning the ageing, usually a temperature ranging from 400 to 750 °C is used
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for a maximum duration as high as 8 hours for most conventional alloys. Of
course, the combination of time and temperature is a key aspect and strictly
depends on the specific property to emphasize. The type of cooling applied is
usually fast, in order to retain the metastable characteristics achieved through the
solution annealing phase. Lower cooling rates are usually avoided, as these can
lead to significant diffusion, which is the driver of the f — a+f decomposition,
and variations in terms of ratio and compositions of the phases [23].

In order to understand how different cooling rates can induce significant
changes in the microstructure, a general representation of the micrographs
resulting from a heat treatment from T > Tp is provided in Figure 13 for the Ti-
6Al-4V alloy. When the cooling rate is very high, (Figure 13a), a completely
martensitic microstructure (a’/a” depending on the alloy) is obtained. This is
easily recognizable by its typical “needles” substructure. These laths are usually
arranged in a £45° fashion. For Ti-6Al-4V, the threshold cooling rate to obtain a
completely martensitic microstructure lies around 410 °C/s [4,25]. If the cooling
is lower (magnitude of 10 °C/s), a Widmanstitten pattern is obtained through
nucleation and growth of the a phase at the expense of the B phase, where
multiple variants (orientations) are available for the plates, resulting in the so
called basket-weave morphology (Figure 13b) [27]. In the end, if a very low
cooling rate is applied (magnitude of 1 - 10 °C/min) a typical lamellar pattern is
still obtained. Although, in this case the morphology is usually formed by a plates
arranged in large colonies, which share the same variant. Thus, the number of
possible orientations is markedly more limited than in the previous case (Figure
13¢).
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Figure 13: Schematic representation of the possible microstructure achievable through annealing of the
Ti-6Al1-4V alloy from T > Tp. A fast (a), intermediate (b) and slow (c) cooling rates were considered, which
lead to microstructures characterized by martensitic needles, laths in a basket-weave morphology and laths

grouped in colonies (Ms was represented as a straight line even if it depends on the cooling rate).

1.2 Additive Manufacturing

Additive Manufacturing (AM) is a broad category of disruptive and
innovative technologies that allow the production of semi-finished products in a
layer-by-layer fashion from a digital input. Unlike most of the other conventional
manufacturing technologies, AM techniques do not require subtractive operation
per se, which is particularly appealing in terms of reduction of materials waste.
These kind of systems result also promising in terms of higher flexibility of the
overall process, reduction of the manufacturing time, possibility to produce highly
complex parts and drastic decrease of product development cycle [28-30].

Whilst at the beginning AM was considered mostly viable for prototyping
applications, it grew in popularity in recent years as industries are quickly
adopting these kind of systems for actual components production. For example, in
the aerospace field, AM was adopted in order to produce the F-15 Pylon Rib by
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Boeing [31,32]. The world revenue for AM and associated services more than
doubled from 2012 to 2016, growing from 2.25 billion to 6 billion $ [28].

Among all the classes of materials processable (e.g. polymers, composites),
metals are quite promising and already successfully applied in several industrial
sectors. One of the industrial fields more involved in AM development is certainly
the aerospace industry. Major companies, such as Airbus, Boeing and NASA are
heavily investing and contributing to the development of this industry. The drivers
of this funding campaign are related to two key aspects: reduction of weight and
manufacturing cost. The former, related to flying components, is strictly
connected to reduce fuel consumption and greenhouse gases emissions. The
former depends on the high cost of the high-performance materials typically used
(e.g. titanium alloys, composites) and the high amount of wastes during their
production, thus low material efficiency. The aim is to reduce the Buy-To-Fly
(BTF) ratio, which represents the ratio between the overall mass of the raw
material and the final component mass [33]. This value is markedly low for
conventional manufacturing technologies, lying in the 12-25 range [28]. A
reduction of the manufacturing costs in the aerospace industry can also be
achieved through AM in terms of costs related to the production chain. In fact, in
this industrial sector, small, complex and high-quality parts, produced in low
numbers are usually needed. AM techniques results very cost efficient for small
lots, also considering that production can start as soon as a digital design file is
produced, thus making this technology particularly appealing. Another AM-
oriented industrial sector is the automotive field, where the need for small lots of
high complexity lightweight parts, due to fuel consumption reduction, is very
similar to the aerospace case. Moreover, another significant advantage of AM lies
in the possibility to produce on-demand in-house components only when needed,
with a positive impact on inventory and shipping costs [30,34]. The healthcare
industry is another important filed in which AM is growing in popularity, mainly
due to the high customizability that this family of technologies can provide
associated with relatively low production time and costs. This is a very important
property, specifically to produce prosthetics, dental implants and other highly
customizable components, which can be produced ad hoc according to the patient
needs. This peculiarity would be otherwise unthinkable using more conventional
manufacturing technologies [30,35]. Similar advantages make AM promising also
in the medic field, especially for prosthetics production. Other fields in which AM
was successfully applied are the tooling industry, architecture, jewellery, robotics,
nanomanufacturing [30,36].

Currently several AM techniques were already developed, these can be
grouped according to the feedstock material used and the heat source adopted to
melt it, as represented in Figure 14.
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Figure 14: Metal AM technologies available, grouped according to the heating source and the feedstock
material [28].

In this thesis, only technologies that are based on beams as a heating source
are considered. These can be categorized into two main families: laser and
electron beams. Both utilize the feedstock material in a prealloyed form, either in
the form of a wire or powder. Laser technologies that utilize the latter type of
feedstock material can be furtherly subdivided according to the way it is delivered
onto the fusion area. A powder bed technology implies that the powder layer is
selectively melted, according to the design desired, onto a “bed”, usually a flat
platform of the same composition. It is then subsequently lowered by a piston of a
distance equal to the layer thickness, a new layer is deposited through a
recoater/blade and the process keeps going on until the part in completed, as
illustrated in Figure 15. Upon melting, the selected areas are fused together, but
also welded to the substrate/previous layer. To achieve that, the heating source
penetration depth must be higher than the layer thickness. This technology is
defined as Selective Laser Melting (SLM) or Laser Powder Bed Fusion (LPBF)
[28,37].
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Figure 15: Schematic representation of a powder bed process [38].

Oppositely, a blown powder technology implies that the feedstock powder is
directly delivered and melted onto the platform through nozzles and a carrier gas
flow, as presented in Figure 16. The presence of the gas interferes with the
possibility to use a vacuum chamber, necessary to operate an electron cannon,
therefore this technology is suitable exclusively when opting for a laser source. It
is labelled as Direct Laser Fabrication (DLF) or, most commonly, Directed
Energy Depositipon (DED) .
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Figure 16: Schematic representation of a blown powder system [39].
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A powder bed technology that deploys an electron beam, instead of a laser
beam, is defined Electron Beam Melting (EBM).

1.2.1 Laser Powder Bed Fusion

In LPBF systems, the melting process happens inside a process chamber,
which must be carefully controlled in terms, for example, of moisture content and
oxygen concentration, which is kept under a threshold value by deploying an inert
gas (e.g. N, Ar) flow. These arrangements aim to prevent excessive materials
contamination, particularly critical when processing alloys characterized by a high
affinity with oxygen (e.g. titanium alloys). Moreover, low concentrations of
oxygen are mandatory for security reasons, as fine metallic powder particles
might explode or cause a fire.

The final components obtained usually require some sort of post-processing
treatment, which can be either mechanical or thermal. In the first case, for
example, a common practice is to blast the surface in order to remove the particles
not fully adhered to the component. Even after that, the typical surface of LPBF-
components is quite rougher than machined components, which is an intrinsic
outcome of using powder as a feedstock material. Thus, for applications where
surface roughness is a limiting factor, a mandatory machining/polishing step is
required. An example of the difference in terms of surface morphology between
components produced via LPBF and casting is visible in the scanning electron
microscope (SEM) images in Figure 17.
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Figure 17: SEM images of the surface of Ti-6Al-4V bars produced via LPBF (a) and casting (b) [40].

Post-processing heat treatments are often necessary to relieve the high levels
of stress accumulated in the material due to the localized thermal cycles,
mentioned before, that cause stress build-up. This phenomenon is more critical for
certain alloys that are more prone to accumulate stress (e.g. titanium alloys).
Some other materials can effectively mitigate stress accumulation as a result of
the platform heating (e.g. aluminium alloys).

Typical LPBF powders are characterized by a particle size distribution (PSD)
ranging from 15 to 45 um. The laser powers involved usually reach up to 500 W,
although come machine can provide lasers that can achieve a power of 1 kW.
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Compared with other AM technologies, LPBF systems provide smaller laser
spots, which result in the possibility to build very thin layers, thus finer features.
In fact, LPBF is the most suited AM technology in order to fabricate complex-
shaped components characterized by fine and small details. Moreover, recycling
of the processed powder is possible after a simple sieving operation. Furthermore,
every material needs to be optimized for a certain machine, in terms of process
parameters, such as laser power (P), scanning speed (v) and hatching distance
(h.d.), which can be an expensive and mandatory step both in terms of money and
time. Although, this also means that an ad hoc optimization according to the
specific features, properties or geometries required can be performed on every
component.

The main downsides of this technology lie in its process time, as a typical job
is usually quite slow. In fact, small layer thicknesses and laser spots, hence
meltpools, are adopted. These characteristics in addition to the high level of
stresses induced in the material, due to the extreme thermal gradients reached, can
cause cracking or extensive distortion of the components. The latter is partially
solvable via proper design and platform temperature manipulation [37].

1.2.2 Electron Beam Melting

Even if LPBF and EBM are both powder-bed technologies, thus sharing a
certain number of similarities, such as the presence of a powder bed and a sealed
process chamber, there are significant differences between these two techniques.
For example, unlike LPBF, the EBM technology, invented by the Swedish
company Arcam, deploys an electron beam, which requires the process chamber
to be in vacuum, with a small amount of helium acceptable. This is a necessity in
order to operate the heating source, because in a gaseous environment (e.g. air,
inert gas) the electron from the source would collide with the gas molecules and
be deflected. Another important difference lies in the platform temperature, which
is markedly higher in EBM, reaching up to 1100 °C when processing certain
materials. Therefore, the typical thermal gradients of EBM are significantly less
severe than in LPBF, resulting in a lack of stress building-up during the process.
Hence, a post-processing heat treatment is often not necessary in order to stress
relief the component, although heat treatments with the aim to increase certain
properties are often applied. However, the combination of a vacuum environment
and high temperatures can cause the depletion of some elements that evaporate
during the process (e.g. Al in Ti-6Al1-4V). This issue is only solvable by properly
designing powders with an excess of the depleted element in composition, in
order to counterbalance the variation in composition induced by the system itself.

An important step during the process, that completely lacks in LPBF, is the
defocus phase. During this, the electron beam is defocused, in order to scan the
whole powder bed, causing a slight sintering of the powder. This phenomenon
causes the bed to be more stable and markedly more efficient in supporting the
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parts built. This is advantageous in terms of design, as fewer external supports
need to be designed and added to the original design, with consequent cost and
time saving during post-processing operations. The semi-sintered powder is so
stable that multiple parts can be stacked on top of each other, in order to utilize
the chamber room more efficiently.

The typical power involved in this process is markedly high and can reach 6
kW. This means that powders characterized by larger particles can be used, in fact
the typical PSD lies between 45 and 105 um. Layer thickness is also generally
higher than in LPBF reaching up to 0.2 mm. This means that EBM is a faster
process than LPBF. Although the resulting surfaces are markedly rougher, as
illustrated in Figure 18.
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Figure 18: SEM images of the surface of Ti-6Al-4V bars produced via LPBF (a) and EBM (b) [40].

Surface roughness is noticeably higher mainly due to the presence of a
conspicuous number of unmelted or partially melted particles (large in size) on the
external surface of the components. This behaviour is associated with the higher
thermal radiation typical of the EBM process and also with the larger meltpools
created, as both these are detrimental in terms of surface quality [41]. As
illustrated in Figure 19, the amount of poorly melted particles, that adheres to the
external part of the grown object, can be very abundant, thus impacting
enormously on the final surface morphology.

Figure 19: Representative higher magnification SEM image of the surface of a Ti-6A1-4V sample built via
EBM [42].
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At the end of the process, the components built are encapsulated in a cake of
sintered powder. Unlike in LPBF systems, where the component is surrounded by
unmelt powder, which can be easily removed, in EBM the cake is more difficult
to remove and must be broken down by a specific machine, called powder
recovery system (PRS). This system bombards the cake using a metal powder, in
order to remove the unsintered particles from the component. The powder
obtained from the PRS can then be sieved and reused [37].

Powder reuse is a very important feature of AM processes, as it drastically
increases the level of material utilization. However, powders are affected by the
processes they undergo, especially if used multiple times. Moreover, usually
reused powder is added to virgin powder, making the tracking of the powder
history very complex as it is used more and more. A general process can affect a
powder by inducing a chemical change, which affects the final material
composition, and/or a variation in physical properties (e.g. surface roughness,
particles shape), which might result in issues during the process, such as clogging
or process parameters inadequacy. Using the Ti-6Al-4V alloy as an example,
several studies investigating this issue are available. For example, Zenou et al.
[37] reported a study from Renishaw on LPBF, which highlights how the reused
powder lost the finer fraction of particles, due to sintering and/or volatilization,
thus increasing its D(50). The shape of the particles remained highly spherical
even after processing, therefore the overall flowability increased. Concerning
EBM, Tang et al. [43] found that, after being processed in the PRS, the powder
became rougher and lost sphericity in its particles, moreover aluminium depletion
was evident. In both casees oxygen pick-up was noticed.

The main advantages of the EBM systems lie in the possibility to control
residual stresses, via low thermal gradients; faster processes, with respect to
LPBF, which means that EBM 1s more suited for components bigger in size; in a
reduced importance of the external supports, as the cake easily holds most of the
components weight.

The limits of this technology are the choice of materials, as only conductive
materials can be selected; the complex process necessary to recover the powder,
which is quite unsatisfying in terms of powder reuse, due to the consistent
morphological changes induced in the powder particles; possible element
depletion.

1.2.3 Directed Energy Deposition

As mentioned before, DED technologies deploy a laser beam in order to
deposit a powder on a baseplate, usually of the same composition, through nozzles
mounted on a multiaxis arm. The feedstock material is then melted and the
process keeps going on in a layer-by-layer fashion until the component is fully
built. The most common DED machines are equipped with a 2/3-axis system,
where the base is fixed and only the arms are raised at each layer, or a 4/5-axis
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system, in which also the base can move, granting more movement freedom and
the possibility to manufacture more geometrically complex components. An
interesting feature of these system is the lack of a flat surface requirement in order
to start the process. This characteristic is very promising for
remanufacturing/repairing application. For example, Wilson et al. [44] proved the
worthiness and attractiveness of these technologies for repairing applications in
high-value industrial fields, such as the aerospace sector. The authors were able to
repair a turbine blade by means of laser deposition.

Usually the process is conducted in a protective environment, such as an inert-
filled chamber or a gas shroud. The optimization of the environment is
particularly critical when handling reactive metals, which are very susceptible to
contaminations.

Delivering the powder onto the layers through nozzles, DED systems are
well-suited for high deposition rates. In fact, the typical deposition rate of laser
DED machines lies around 3 kg/h, whilst for LPBF systems is typically an order
of magnitude lower. Considering that and the higher freedom granted by the
possibility to change the process chamber according to the user necessity, DED
results the most suitable technology for producing larger, bulkier components.

A common phenomenon for DED processes is the residual stresses build-up,
similarly to LPBF machines, due to the intense and localized thermal cycles,
which induce very rapid expansions and contractions in the material. These
phenomena might lead to undesired consequences, such as cracking and/or
distortion of the component. Thus, a stress relieving heat treatment is usually
mandatory.

The main advantages of DED systems are the possibility to build on non-flat
surfaces, which makes this technology appealing for repairing or building on pre-
existing parts; the high deposition rates granted; the possibility to mount on the
multi-axis systems a CNC system, by deploying the high degree of freedom
granted by the movement of the robotic arms and achieving a system than can
perform additive and subtractive operations altogether.

The disadvantages of DED systems are mainly the quality of the components,
which is worse than powder-bed fusion systems, both in terms of ability to build
complex features and to create channels/voids; Spraying the powder on a layer is
a quite inefficient way to deliver it, since most of it does not melt and results
wasted, which means that the material efficiency of the process is quite low [37].

1.2.4 Materials for Metals Additive Manufacturing

Currently only a limited number of the alloys available in metallurgy are
processed via AM techniques. Although a growth in the number of materials
available to be processable is expected to grow in the near future. Consistent
efforts are being made in studying, for example, intermetallic compounds and
high entropy alloys specifically designed in order to be optimized for AM
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applications [45]. Among the kind of alloys accessible at present, the main
categories are:

Steels. Probably the wider class, consisting of very different types of
alloys, such as maraging, tool and stainless steels (precipitation
hardenable and not). These materials are generally applied when
strength and hardness need to be maximized. Some of the most
commonly used steels are AISI 316, AISI 316L and PH 17-4.
Aluminium alloys. Characterized by the relatively low cost of the
feedstock material and high machinability, which are the reasons why
initially these alloys were not thoroughly studied. Although this trend
reverted recently as aluminium alloys are gaining increasingly
attention. Aluminium alloys are characterized by some critical
properties, which result in some difficulties when processed via AM.
For example, most of them show low weldability, a key property for
AM materials as in general a weldable material is also processable
[37], high reflectivity for laser wavelengths used in AM systems and
high liquid viscosity, which results in the impossibility to create large
meltpools [29,32]. The latter property is a key aspect, which explains
why most of the aluminium alloys are part of the Al-Si systems, as
silicon increases fluidity in the molten state [46]. Moreover,
Aluminium alloys are not processable via EBM, because the high
temperature of the process in a vacuum environment results in
extensive evaporation of the material. Aluminium alloys gained a lot
of attention due to the studies made on scandium additions beyond the
eutectic point, which resulted in AM materials very promising for the
aerospace industry. These are characterized by both high strength and
a ductile behaviour [47]. A typical AM aluminium alloy is AlSi110Mg.
Nickel superalloys. Specifically designed for high temperature
applications, due to their exceptional mechanical properties, and
oxidation and creep resistance. Controlling the microstructure, in
particular the precipitation of different secondary phases is of upmost
importance for these materials. The most commonly used alloys are
Inconel 625 and 718.

Titanium alloys. As discussed before, this class of materials is ideal
for AM, mainly due to the difficulties linked to processing/machining
them using conventional technologies. The related long lead-time and
high machining costs result in a high appeal of the AM technologies
for reducing costs and wastes, especially when complex structures
need to be produced [32]. These alloys are also the main focus of this
thesis work; therefore their analysis will be conducted more
thoroughly and deeply. The progress in research in this category are
numerous and fast, leading to a number of alloys available
increasingly growing. Alongside the conventional Ti-6Al-4V and cp-
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Ti, several a+f and B alloys are currently processable via AM
techniques (e.g. Ti5553 [48] Ti-6Al-7Nb [49], Ti-24Nb-4Zr-8Sn [50]
and Ti-21Nb-17Zr17Zr [51]). Moreover, more unconventional
compositions are gaining attention recently. For example, among the
rare earths used as alloying elements, erbium resulted particularly
promising, due to its high solid solubility in Ti. Bush et al. [52]
studied the Ti-8Al-1Er alloy, which formed thermally stable Er.O3;
upon precipitation (radius < 0.5 pm). Usually, oxide dispersion is
beneficial in rapidly solidified alloys, as it can cause extensive
strengthening.

In general, AM techniques involve rapidly cooled/heated layer by layer steps,
which result in very complex temperature profiles throughout the whole process,
which are also strictly time-dependant, as illustrated in an example in Figure 20.
Each given layer is melted and heated multiple times, thus phenomena that induce
several repeated transformations in the solid state and upon the solidus-liquidus
transformation, depending on the material, occur.
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Figure 20: Thermal cycle of a given point of laser-deposited Ti-6A1-4V [29,53].

Moreover, during the cooling phase the heat flow is highly directional. This
results in a mostly columnar microstructure, which leads, for example, to
directional grain growth, thus columnar grains. Furthermore, the rapid
solidification drastically reduces elements partitioning, which might result in
metastable phases formation (e.g. martensite in steels), and that repeated thermal
cycles can possibly induce phase transformations, leading to banding or properties
dependant on a given layer. All these phenomena greatly influence the final
microstructure of a material at a complexity level unfamiliar with most
conventional manufacturing processes [29,54,55]. Even if this intricacy of
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phenomena and properties might lead to materials characterized by even superior
properties than their counterparts obtained through conventional manufacturing
techniques, it is also the reason why most alloys are hardly processable via AM.
In fact, most alloys do not result processable due to the melting/solidification
dynamics typical of these technologies, which result in unacceptable features,
such as extensive cracking [32]. Although new studies are trying to solve this
issue, in order to make new alloys processable. For example, Martin et al. [56]
were able to successfully 3D-print the high strength aluminium alloys 7075 and
6061, usually non processable via AM techniques, by inducing the nucleation of
nanoparticles during the process, which granted control over the solidification
behaviour of the material.

1.3 Additive Manufacturing of Ti-6Al-4V

As discussed before, AM is gaining popularity and importance throughout the
years. The first techniques were already known more than 20 years ago, although
these were only considered for the production of porous structures or prototypes
[57]. The growth of these technologies in recent years has been very marked,
especially for some types of alloys which are particularly promising for AM
production, as these materials are already used in industrial sectors already
characterized by the necessity of high-quality, customizable components or small
lots production. In this category lie the titanium alloys, which recently gained a lot
of popularity when associated to AM technologies, both in industry and academia.
In Figure 21a is provided the annual number of papers published relative to the
Ti-6Al-4V alloy produced via different AM technologies for the 2010-2019
decade. The data were gathered using Scopus as a data bank. A certain number of
papers regarding simultaneously more than one technology might slightly change
the resulting trend, as these were counted as separate works each time, providing a
slight overestimation of the total number. Although, the overlaps were found to be
quite negligible if compared to the total number of papers considered (3690), as
illustrated in Table 1. Hence this little variation from the real number was
considered acceptable.
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Figure 21: Number of paper published per year studying the Ti-6Al-4V alloy produced by means of LPBF,
DED and EBM in the period 2010-2019 (a) and relative pie chart for the total amount of papers published
throughout the last decade (b).

Table 1: Numbers of papers accounting for more than one technology throughout the whole decade (in
couples).

EBM - LPBF EBM - DED LPBF - DED

143 28 51

A constant growth throughout the years is evident for all the technologies,
particularly in the second half of the decade. In Figure 21b is presented the pie
chart relative to the total number of publications, from which the marked interest
for this alloy manufactured using the LPBF technology is evident, as the number
of works available exceeds the numbers of the ones relative to EBM and DED
combined. This manifest difference is probably correlated to the ability of this
technology to produce higher quality components, which are particularly
appreciated in the aerospace field, which is the industrial sector in which most of
the titanium alloys are utilized, as mentioned before. Moreover, the EBM systems
commercially available are currently considerably more expensive than LPBF
systems. This translates in a harder diffusion of this technology in
universities/research facilities.

1.3.1. Electron Beam Melting of the Ti-6Al1-4V Alloy

The typical microstructure obtained in Ti-6Al-4V samples produced via EBM
is usually complex, as it is composed of different phases and morphologies
altogether. Commonly to most AM processes, the prior-f grains grow epitaxially
and parallel to the building direction in a columnar morphology. These are usually
very fine due to the combined effect of small meltpools and relatively high
cooling rates [58,59]. The microstructure is composed by transformed o and 3
phases, arranged both in lamellar colonies and following a Widmanstitten pattern,
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resulting from o’ decomposition [60—63]. Additionally, a continuous layer of o
phase commonly delineates grain boundaries (agg). It forms due to the diffusive
phenomena facilitated in the process chamber, whose temperature is quite high
throughout the whole process (=700°C). a phase nucleation is facilitated at grain
boundaries and its growth is usually perpendicular to acs itself, thus generating
lamellae. Their size, length and spatial distribution is a function of the meltpool
temperature and the cooling rate. If the latter increases, the microstructure results
finer, both in terms of grain size and a width [59]. A representative image of a
typical Ti-6Al-4V microstructure obtained via EBM is provided in Figure 22.
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Figure 22: Representative optical micrographs of Ti-6Al-4V microstructures obtainable via EBM [61].

This type of microstructure is the result of multiple complex thermal cycles
that the sample undergoes during fabrication. The solidification of the molten
powder is rather quick. However, as the number of layers increases, a given point
is also influenced by the numerous thermal cycles of the upper layers. As the
process keeps going on, the overall cooling rate decreases and thermal
accumulation becomes consistent. When a given point is melted for the first time,
the cooling rate in high enough to accommodate o’ martensite formation, which is
although seldom present in the final microstructure, as the permanence in the
process chamber acts as a prolonged annealing heat treatment, able to decompose
it [62,64], as illustrated in Figure 23. Furthermore, the chamber temperature is
relatively high, which results in unique microstructures granting a good
combination of strength and ductility in the sample [65,66].
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Figure 23: General representation of the overall thermal cycle that a Ti-6Al-4V part undergoes during
EBM fabrication [64].

As mentioned before, the cooling rate varies during the process. As it is one
of the most important factors that influence the final microstructure in titanium
alloys, a certain degree of variation in the microstructure is present in the sample
if different areas (e.g. top and bottom) are compared. For example, Tan et al. [60]
highlighted significant differences in terms of phase spacing, grain width and
mechanical properties between the top and the bottom parts of samples produced
via EBM. For example, grain width increased accordingly to the sample height, in
fact the cooling rate is reduced as multiple layers are added. Moreover, Zhao et al.
[66] demonstrated how a-laths thickness is lower in components smaller in size,
thus increasing the overall strength of the material. Oppositely, more ductile
samples are associated with a bigger size. The geometry of the specimen is
another factor influencing the microstructure. For example, Murr et al. [67]
highlighted how the microstructures of mesh-type prototypes were instead
composed mainly of a’ martensite or a mixture of a and a’.

In general, a given set of parameters can provide an increase in grain size and
a decrease in o width contemporarily. These two features variations act oppositely
with respect of their influence on yield strength, as the former would decrease it,
whilst the latter would act in an opposite way. Therefore, the micro-melting
provided by the electron beam grants unique material properties in EBM Ti-6Al-
4V, whose relationship between thermal history, process parameters,
microstructural features and mechanical properties is still not completely
understood [59]. Overall, the typical ultimate tensile strength (UTS) is close to
that of wrought samples, but other tensile properties such as YTS and ductility (¢)
are generally superior [59].

The orientation of the sample during the fabrication process is also markedly
important. In fact, it has a strong influence on the mechanical properties of the
component produced. Specimens built parallel to the development direction are
usually characterized by a slightly higher YTS, mainly due to texture effects and
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microstructural anisotropy [68]. The initial studies on the specimens of Ti-6Al-4V
manufactured by means of EBM suggested contrasting results in terms of tensile
properties with respect to the same material produced using conventional
technologies [67,69]. Facchini et al. [70] were able to obtain samples
characterized by a superior UTS than wrought or annealed ones, although ductility
resulted lower. Oppositely, Koike et al. [40] highlighted how the tensile
mechanical properties of EBM Ti-6A1-4V were inferior, both in terms of UTS and
g, than samples produced by means of casting. The opposite results in these two
examples were probably caused by different process parameters adopted and
possibly by variations, for example, in terms of powder composition or porosity
[58]. Although, these works are now 10 years old and since then the knowledge
on how the machines work sensibly increased. Moreover, the experience gained
on the process allowed to achieve higher levels of optimization. In fact, EBM
tensile properties are now widely accepted as comparable with other conventional
manufacturing processes. In fact, EBM-ed Ti-6Al1-4V can even meet the minimum
requirements in order to be considered in the mill-annealed condition, according
to ASTM-B348, which also correspond to the inferior threshold values for
additive manufactured products in ASTM-F2924 [71], reported in Table 2.

Table 2: Minimum tensile mechanical properties for the mill-annealed condition.

YTS [MPa] UTS [MPa] £

825 895 10%

Even if there are reports highlighting that the requirement for ductility is
not always granted, EBM is the only AM technology providing such a promising
combination of mechanical properties already in the as-built state, without even
stress relieving. In fact, the study on the possible heat treatments gathered much
less attention than, for example, LPBF, in which thermal post-processing is
mandatory [72]. However, some studies are available concerning the heat
treatment of the Ti-6Al-4V alloy produced via EBM. Among those, the most
interesting seem to be the ones performed at T > Tp, in order to achieve a
completely acicular or Widmanstitten morphology, usually obtained via
annealing in specimens produced using other AM techniques [59].

Data scattering is currently still an issue, as highlighted by the collection
of data provided in Figure 24, where the dispersion of the number is evident, as
the UTS ranges from approximately 900 to 1200 MPa and ¢ variates from 7% to
18%.
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Figure 24: Collection of data on UTS and ¢ of EBM produced Ti-6Al-4V in different conditions [72].

The most probable causes of these phenomena are possible differences in
terms of oxygen content/pick-up or the insurgence of some critical issues/defects,
typical of the EBM process, during the manufacturing step. Of course, the latter
depends on the choice of process parameters, which then have a direct influence
on mechanical properties, by influencing for example the meltpool size,
temperature and the cooling rate of the process, and an indirect influence by
inducing the generation of process-related defects. Among these, the most
common one is pores formation, which may be spherical (Figure 25a) or irregular
(Figure 25b). The former type of pores is usually caused by residual gas entrapped
into the feedstock material during the atomization process. The distribution of
these defect throughout the sample is not uniform, as these tend to accumulate
more consistently at the end of scanning lines [73]. Instead, the irregular shaped
voids are often referred to as “lack of fusion”. In fact, these types of defects are
strictly related to the process parameters and they often form when the energy
delivered is insufficient to completely melt the layers underneath the powder. This
kind of pores usually forms between layers and results perpendicular to the
development direction [62].
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Figure 25: Example of a spherical gas pore (a) and a lack of fusion void (b) [74].

Even if the formation of lack of fusion voids can be avoided via proper
process parameters choice, gas porosities can only be minimized, as these types of
defect is intrinsic in the feedstock powder. In general, EBM samples achieve
density values higher than 99.9% [65]. Gaytan et al. [75] investigated hot isostatic
pressing (HIP) (0.1 GPa, 900 °C, 2 h) as a possible mean in order to solve the
porosity issues of Ti-6Al-4V components produced by means of EBM. This
technique resulted promising in eliminating most of the porosities, therefore
showing a beneficial effect, for example, in extending the fatigue resistance of the
material, as most initiations sites are usually near these defects [76]. However, the
smaller pores (< 10 pm), which are also the most marginal in terms of impact on
the tensile mechanical properties, were still present at the end of the HIP process.
These voids are extremely hard to eliminate, mostly due to the low gas pressure
and the high surface tension. In conclusion, HIP appears as a promising post-
processing step in order to, most of all, improve the material fatigue resistance.
Unfortunately, it also causes grain coarsening, therefore lowering YTS, nullifying
one of the biggest advantages of the EBM technology. Adopting a lower
temperature during HIP might partially limit this downside. Ideally, the optimal
solution would consist in minimizing the porosity without using a HIP system.
Although, the mechanism driving the formation of these defects is still not
completely understood [60], the most likely causes might be the presence of pre-
existing defects in the feedstock material, incorrect process parameters choice,
balling, excessive element vaporization and inhomogeneous collapse of the
keyhole [77]. The latter is a vapour capillarity forming due to the effect of a recoil
pressure occurring due to the evaporation of the metal during the process, which
pushes the liquid away from the melting area. In order to occur, the temperature of
the meltpool must exceed the boiling point of the molten metal itself. This
condition is more likely to happen in EBM systems, in which the vacuum
environment aids evaporation. It is also more common in Ti-6Al-4V due to the
aluminium depletion typical of this process [59]. Some defects form during the
solidification of the capillarity, which corresponds to the central part of the
meltpool. Furthermore, the electrons from the source are likely to be reflected by
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the inner walls of the keyhole, thus being focalized at the bottom of it. This
phenomenon causes a localized rise in temperature in the lower part, causing a
deep penetration of the electrons into the material. In general, when the cooling
rate is higher in the lower portion of the meltpool, pores, or similar defects, are
generated [77]. An example of a typical keyhole-related porosity is provided in
Figure 26.

Keyhole geometry

Figure 26: Example of a pore forming in the lowest part of the keyhole [78].

Delamination is another common process-related issue, consequence of the
excessive selective heating of small areas, typical of the EBM technology, in
conjunction with an unproper design, which cause the detachment/collapse of
layers in the specimen (Figure 27). If the energy delivery is not properly designed
and not uniform, the resulting residual stresses, caused during solidification,
might exceed the bonding ability of the material [79].

= ¥

Figure 27: example of delamination [80].
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1.3.2. Laser Powder Bed Fusion of the Ti-6Al-4V Alloy

In general, the Ti-6Al-4V alloy produced via LPBF is characterized by a
microstructure rather different than its EBM-manufactured counterpart. The
columnar prior-f grains parallel to the development direction are a shared
characteristic between these two powder bed technologies. However, in LPBF
machines, the chamber temperature is rather low and the ‘“annealing” phase,
typical of the EBM technology is completely absent. Therefore, the resulting
microstructure is mainly or completely formed by acicular o’ martensite, as a very
high cooling rate, lying in the 10°-10% °C/s range(>> 410 °C/s), is applied from
temperature well above the Ms [81], as a result of the very high temperature
gradients typical of this technology. As discussed before, the cooling rate is one of
the most impacting factors on the microstructure. Therefore, its control via proper
process parameters manipulation is a powerful tool to tune the microstructure,
hence the mechanical properties, for specific applications [35]. However, the
influence of the process parameters on the microstructure of Ti-6Al-4V samples is
still not understood completely. For example, Do et al. [82] obtained larger
martensitic laths in correspondence of a lower cooling rate, derived from a high
volumetric energy density (VED) value, suggesting that a slower cooling lead to
the formation a coarser microstructure. Oppositely, Han et al. [83] found that an
increase in VED resulted in a decrease in o’ width and spacing, but grain width
grew instead. Moreover, the process does not grant a lot of freedom in terms of
process parameters variation, as these are strictly defined in order to maximize the
density of the sample. Therefore, the final microstructure is still largely
martensitic, if porosity minimization is considered [35]. An example of a
representative microstructure is provided in Figure 28.

Figure 28: Representative microstructure of a Ti-6Al-4V sample built by means of LPBF [84].
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Yang et al. [24] reported the presence of fine o’ needles, ranging from
primary (1-3 pm in width) to quartic (< 20 nm in width) martensite (Figure 29).
Of course, the type and size of the martensitic features is directly dependant on
the thermal history of the process, therefore depending on process parameters and
scanning strategy. The formation of stable a phase is possible in small amounts in
a o+a’ mixture, if the process is properly planned in order to allow the production
of a meltpool large enough to promote diffusion [85].
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Figure 29: Hierarchical o’ microstructure found in Ti-6Al-4V processed via LPBF [24].

In terms of the effect that the microstructure has on the mechanical properties,
o’ grains grown epitaxially are a more efficient barrier to dislocation motion than
a grains in similar conditions. This outcome is interesting for some applications in
which high strength and hardness are required. Although, ductility results severely
reduced and well lower than 10%, which makes LPBF as-built components
unacceptable, for example for biomedical applications, as described by the
aforementioned ASTM-F2924 [71]. To achieve that, a more thermodynamically
stable lamellar a+p microstructure is mandatory [35]. Martensite decomposition
can be obtained via in-process or post-process steps. The former method aims at
achieving the o’ transformation in situ, via proper process parameters
manipulation in order to induce a localized annealing heat treatment [86,87].
Another possible mean consists in powder bed pre-heating, a common way-to-go
to reduce thermal cracking and residual stresses. If properly managed, a raise in
platform temperature corresponds in a reduction of the cooling rate, which
promotes diffusion, hence the o’ — o + B decomposition [88]. However, all these
methodologies require a certain freedom to manipulate process parameters, which
are however only slightly adjustable, as mentioned before. Post-process
microstructural changes are instead achievable via heat treatment and/or HIP
[89,90]. These are usually the common way-to-go, which requires less time and
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money to be optimized. However, a common consequence is usually grain
growth, which has a negative impact, for example, on the yield strength.
Moreover, the in situ decomposition, even if more expensive and less understood,
can provide more precisely tailored microstructures [81].

In general, as the ability to model and deeply understand the LPBF systems
and related phenomena increases and the process becomes more appealing, the
focus of the research shifted from trying to obtain mechanical properties similar to
the conventional technologies towards tailoring unique microstructures and
optimized mechanical properties, deploying the added complexity and freedom
granted by this technology [81]. Unlike in EBM technologies, which provide a
good balance of strength and plasticity, SLM-manufactured Ti-6Al-4V is
characterized by an outstanding yield strength (~ 1100 MPa) in the as-built state.
Although, its ductility is rather low (5% - 7%) [89]. This outcome is the result of
the presence of very fine o’ martensite, which is particularly efficient at hindering
dislocations motion. Not considering heat treatments, the same alloy produced via
casting is comparably ductile (& ~ 5%) but definitely less strong (YTS <900 MPa)
[91,92]. Being the mechanical properties already superior pre-heat treatment,
naturally the study of post-processing gathered much more attention in the field of
optimizing specific properties (e.g. ductility), without compromising the optimal
mechanical properties obtained via LPBF, rather than achieving a close similarity
to other conditions, typical of a different manufacturing route[93].

As mentioned before, a post-processing heat treatment is the most widely
used approach in order to decompose o’, as it is the main cause of the brittle
behaviour of the samples. The main goal is usually to achieve a duplex
microstructure with the proper morphology. This causes an increase in ductility,
due to the intrinsic superior plasticity of a and B phases. In fact, o’ slip length is
confined within a single grain, resulting in dislocation pile-up. In a duplex
lamellar microstructure instead, slip transfer is possible between different phases,
resulting in an increase in dislocation movement, which results in improved
ductility [94].

In general, a heat treatment is defined based on 3 important parameters:
temperature (T), time (t) and cooling rate. Concerning the former, Wu et al. [95]
conducted a study on the microstructural evolution of Ti-6Al-4V samples
produced by means of LPBF via optical and SEM imaging. They obtained
negligible variations when the heat treatment was performed at temperatures
lower than 600 °C. However, when T was raised, especially in the 750 — 990 °C
range, martensite disappeared in favour of an increasing volume fraction of a
phase. Moreover, if a temperature higher than 1000 °C was used, value which lies
above Tp, a similar result to the previous case was obtained, although the
recrystallization, linked to the complete B transformation at high temperatures,
allowed a change in the grain shape, from columnar to equiaxed. As the
temperature is increased, the complete o’ — o + B decomposition takes place, but
at the same time the average grain size increases, leading to a reduction in YTS
and UTS [89,96] (Figure 30). Therefore, the heat treatment must be carefully
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planned in order not to nullify the excellent properties induced by the

manufacturing route.
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Figure 30: Two examples of the effect of different annealing temperatures on the yield strength of the Ti-
6Al-4V alloy produced by means of LPBF [35,89,96].

Another important parameter in the planning of the post-processing heat
treatment 1s the duration. Plaza et al. [97] evaluated how the residence time in the
furnace during a heat treatment in the o+ field influenced the microstructure and
mechanical properties of Ti-6Al-4V samples. In general, grain size is dependent
on t, as grain growth is favoured during longer heat treatments, due to diffusive
phenomena occurring. As previously discussed, a larger grain size provides more
plasticity to the sample. This was also confirmed by Vrancken et al. [89], who
also noticed that this effect is somehow more limited at high temperatures in the
a+pB field, as the equilibrium amount of a phase, which is more efficient at
hindering grain growth, is limited, therefore grain enlargement takes place easily
even for short periods. When the heat treatment is conducted at T > Tg, t must be
controlled carefully, as in this case no o phase is present to limit grain
enlargement, therefore extensive gran growth takes place almost uncontrollably,
requiring prudent planning in order not to make YTS and UTS drop excessively
[35]. Residence time is also important for its influence on microstructural
coarsening. In Figure 31, two samples heat treated sub-transus for 2 (Figure 31a)
and 20 (Figure 31b) hours respectively are compared. It is evident that the latter
scenario provides a much rougher microstructure, characterized by larger a laths.
Moreover, the formation of globular o began, as highlighted by the arrows. Of
course, a rougher microstructure means a less strong sample.
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Figure 31: Microstructural comparison of two samples that underwent the same heat treatment in the o+f
field for 2 (a) and 20 (b) hours respectively [89].

As mentioned before, the cooling rate is one of the most useful tools in order
to control the outcome of a heat treatment for titanium alloys. Of course, at low
temperatures its effect is marginal, as the high volume fraction of a phase slows
down diffusive phenomena. Although, at higher temperatures in the a+f field,
laths size is highly dependent on the cooling mean, as a higher a lamellar width
corresponds to lower cooling rates. Vrancken et al. [89] evaluated the effect of
different cooling rates (water, air and furnace cooling) on o’ size, discovering that
the effect is much more important at higher temperatures, where the variation is
more consistent (Figure 32). Therefore, for temperatures close to Tp or higher, the
cooling rate results the most influencing parameter in order to determine o/ o’ size
and morphology [35].
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Figure 32: Needle size variation at different cooling rate after heat treatments at high temperatures in the o+f
field [89].

If a very high cooling rate is applied from T > Tp, new martensite formation is
possible in equiaxed grains [96].

The most common defects found in Ti-6Al-4V samples manufactured via
LPBF are porosities, which are classified, similarly to EBM, as spherical and
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irregular. The former type depends on gas entrapped in the feedstock powder due
to the rapid solidification of the atomization process and on the process
parameters used, that can minimize or emphasize this issue. Instead, the latter
kind of porosity is usually caused by a lack of fusion, resulting from a poor choice
of the process parameters that result in suboptimal metallurgical bonding between
two neighbour layers. In general, irregular shaped pores are associated with a low
energy input during the process [98]. These types of defects might be also induced
by a non-uniform processing environment, in terms of gas flow, which results in
an inefficient ability of the system to remove vaporized powder in certain area of
the chamber. If this happens, in these localized zones the process parameters are
less effective, due to the interference of the vaporized by-product, which can
potentially cause lack of fusion defects. Moreover, if the debris are not removed,
their presence might also induce a variation in layer thickness [99]. Overall,
porosities should be avoided as much as possible due to their detrimental effect on
fracture properties and most of all on fatigue performance as pores act as initiation
sites for cracks propagation [35]. In general, a process window definition is
possible, as described by Han et al. [83], in which density is evaluated as a

function of the energy density (Figure 33).
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Figure 33: Process window determination of a group of Ti-6Al-4V samples by means of porosity
minimization [83].

In general, three possible process zones can be found:

e Zone A, characterized by a low energy density and low density values
due to the weak metallurgical bonding caused by the inability of the
system to perform an optimal melting phase;

e Zone B, characterized by an intermediate energy density level, which
is considered the optimized area, as it corresponds to the highest
density values;
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e Zone C, characterized by an excessive energy density, which results in
an increase in porosity, mainly cause by a partial evaporation of the
powder [83].

Another common defect is balling, which is caused by some residues of the
molten material inability to wet the layer underneath due to consistent differences
in terms of surface tension, result of a variation in thermal properties in the
meltpool. The presence of these impurities hinders the correct deposition of the
successive layer, that might cause a poor quality deposition or even cracking
[100-102].

An additional critical issue of this process is the high amount of residual
stresses induced in the samples, mainly due to the interactions of rapid expansion
and contraction between neighbour layers. These phenomena mostly depend on
the process parameters chosen and on the geometry of the sample. Of course,
being absent the “annealing phase” typical of the EBM process, this issue is much
more critical for LPBF systems. In order to partially mitigate that, the platform
temperature is usually raised during the process with the aim of reducing the
thermal gradients. Moreover, an optimized scanning strategy is helpful in
avoiding excessive stresses build-up [81].

1.3.3. Directed Energy Deposition of the Ti-6A1-4V Alloy

The microstructure of Ti-6Al-4V components manufactured via DED is
mostly determined by the peculiar thermal history typical of this process, which is
defined, for example, by the high cooling/heating rates and thermal gradients
[103]. Other important factors impacting on the final microstructure are the
repeated re-heating cycles and, of course, possible post-processing heat treatments
[104]. Another important influencing feature is the solidification rate of the
meltpool, which has a primal role in determining the final microstructure and
grain morphology. The latter is also influenced by the material properties and
piece geometry. In order to obtain equiaxed grains, a high solidification rate value
is needed, which corresponds to a low G to R ratio, where G is the thermal
gradient at the solidus-liquidus interface and R is the cooling rate/thermal gradient
ratio [105,106]. Moreover, G/R affects the shape of the solidification front, while
G-R determines the dimension of the microstructural features obtained [107,108].
Equiaxed grains are usually considered the optimal outcome, although other
morphologies are possible, such as columnar or equiaxed/columnar mix. The
former type of grains is developed epitaxially along the building direction from
the meltpool due to very high cooling rates, typical of this process, and results in a
strong texturizing effect and anisotropy, similarly to LPBF and EBM. Working on
single scans, Liu et al. [109] noted that the bottom part of the meltpool develops
columnar grains due to the high thermal gradients present. Although, if the
melting area is extended enough, the cooling rate decreases significantly along the
meltpool height and the formation of equiaxed grains is allowed on the upper part.
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Instead, the overlapping area between two neighbour single scans is characterized
by the re-melting of these equiaxed grains which then reform again in a columnar
morphology, due to the reduced depth of the meltpool in these regions, which are
therefore characterized by consistent temperature gradients, thus cooling rates.
Similarly, in a multi-layer system, melting does not occur exclusively on the last-
deposited layer only, instead re-melting/heating of the areas underneath occurs. In
these regions, the previously equiaxed grains act as nuclei for the epitaxial growth
of the columnar grains in the lower part, effectively allowing their growth. Wang
et al. [110] evaluated how the grain development mechanisms are influenced by
the mass deposition rate (m). This parameter is exclusive of DED machines, as in
EBM and LPBF systems the feedstock powder does not need to be delivered onto
the building platform during the melting step, due to the presence of the powder
bed. According to their study, when the feeding rate is high enough, the formation
of an almost completely (~80%) equiaxed grain morphology was possible.
However, this parameter cannot be freely increased excessively. In fact, the
penetration depth of the laser decreases as m increases, which might prevent a
fully dense component to be produced, due to the laser power not being high
enough in order to melt all the particles. Therefore, a threshold m value exists,
below which, for a given set of process parameters, the resulting grain
morphology is 100% columnar, as shown in Figure 34, in which is highlighted
how the shift towards an equiaxed morphology is correlated to a reduction of the

penetration ability of the laser.
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single scans [110].
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In general, an equiaxed or mixed columnar/equiaxed grain morphology is
related to a lower laser energy input [107]. A shift from a columnar microstructure
towards a mixed one is correlated to an increase in the solidification rate [106],
while a finer microstructure is the resulted of a process characterized by a high
cooling rate [111]. Notwithstanding all the possible variations that might be
induced by varying laser-related parameters or the feed rate, the typical
microstructure obtainable in the Ti-6Al-4V alloy processed via DED is composed
of columnar prior-f grains of a fine Widmanstitten morphology of a
platelets/colonies in a f matrix and/or a mix of o/a’ laths, depending on the
process parameters chosen [104]. A representative microstructure, in which the
columnar grain morphology and the o’ laths are easily recognizable is provided in
Figure 35.

-i;a

Figure 35: Representative micrograph of a mainly martensitic microstructure of a Ti-6Al-4V component built
via DED (a) with the inset area zoomed (b) [112].

Another typical feature of DED-produced samples consists in local
microstructural, hence hardness, variations inside the same sample, for example
along the height, as reported by Baufeld et al. [113]. The authors attributed these
dissimilarities to localized thermal effects induced by the thermal history during
the fabrication process. These phenomena are of course reflected on the
microstructure, possibly resulting in finer or coarser features. Specifically, they
reported the top region of the sample (Figure 36a) to be mainly composed of fine
lamellae, mostly grouped in colonies, while the lower part (Figure 36b) was
characterised by a thicker lamellar structure. This phenomenon is correlated to a
change in the heat dissipation mechanism, according to the reference height, or
layer. In fact, in the lowest part heat flows rapidly through conduction, as the
platform effectively acts as a heat sink. However, as the number of layer
increases, this effect becomes somehow more limited, thus convection and
radiation gain importance [107].
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Figure 36: Optical micrographs of the top (a) and bottom (b) region of a DED-produced Ti-6Al-4V sample.

Microstructural inhomogeneity is a process-related issue of AM technologies,
particularly relevant for DED systems. It is a direct consequence of the layer by
layer approach used to build components, which relies on meltpools penetrating
multiple layers, in order to provide the minimum metallurgical bonding required
to build acceptable components. The overlap of multiple melting areas, as
described before, leads to microstructural, hence mechanical, variations, mostly
due to the differential cooling rates involved. For example, higher cooling rates
allow o phase precipitation, during cooling, along prior-f3 grain boundaries. These
precipitates act as nuclei for the formation of the duplex o+f Widmanstitten
microstructure. Oppositely, low cooling rates induce the formation of a
continuous a layer and the formation of coarser colonies within the grain itself
[114]. Another typical issue is related to anisotropy, due to the preferential
development of the columnar grains, parallel to the building direction, whose
width is a function of the thermal history of the process. Moreover, texturing is
also not negligible and mainly caused by the continuous remelting of the prior-3
grains upon themselves [16].

Apart from porosities/voids, which can be minimized if the process is
properly conducted, another typical defect of the samples produced via DED is
the presence of consistent residual stresses, similarly to the LPBF technology.
These are critical as they can drastically reduce the fatigue life and dimensional
accuracy of the samples. Formed upon cooling, residual stresses are mostly
dependant on the local material properties (e.g. thermal conductivity, Young’s
modulus), geometry of the component, scanning strategy, process parameters and
the phase transformations [115]. Titanium alloys are particularly susceptible to
residual stresses accumulation, being characterized by relatively high values of
YTS at high temperatures. In fact, these types of material lack the ability to
accommodate the volume variations thermally induced during deposition via
plastic flow [116]. Residual stresses were found to be aligned along the scanning
direction and more concentrated at the end of it. Furthermore, compressive
stresses are commonly found at the centre of a scanning line, whilst tensile
stresses tend to accumulate at the edge of it.

LPBF and DED technologies are markedly alike under multiple point of
views: similar microstructures, related to comparable thermal histories, can be
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achieved by both technologies, as well as typical defects/issues. However, in
terms of process parameters, DED technologies are markedly dissimilar from
powder-bed technologies in terms of the way the feedstock material is delivered
onto the melting area, as described before. As a consequence of that, the process
optimization/possibility to vary the machine parameters must be performed taking
into account new variables related to the feeding system, such as the powder feed
rate and the gas flow rate. The former is roughly proportional to the layer
thickness [117]. Moreover, a higher feeding rate, at a fixed set of machine
parameters, induces a coarser microstructure, as the amount of powder to be
melted is increased, thus effectively reducing the energy density. This
phenomenon is known as laser attenuation and it is more negligible when a high
laser power is used. Instead, the gas flow rate influences the amount of powder
injected into the system. These two values are roughly proportional, leading to an
increase in layer thickness and powder density. Although, after a certain gas rate
threshold value, a reduction in the amount of powder effectively deposited
happens, due to mass reflection gaining importance, as the faster particles are
delivered with a higher amount of kinetic energy.

The tensile properties of the Ti-6Al-4V alloy produced using a DED system
are reported to be comparable, if not superior than cast or wrought ones, mainly
due to the high cooling rates typical of this process (~5-10 - 10° °C/s) [118,119]
that allow the formation of a fine microstructure. Therefore, YTS and UTS are
extremely high, even comparable with the LPBF properties. Reports of samples
elastically deforming up until an applied stress of 1200 MPa are present in
literature [120]. However, ductility is rather limited instead, with reports of it far
lower than 5% [121]. A common way to increase € is HIP, which also reduces
porosity and anisotropy. This approach also provides the added value to improve
the fatigue life of the components [16], and the formation of an a+f lamellar
microstructure at the expense of a’. Although, HIP must be carefully planned as it
might result in a YTS decrease too marked.

1.3.4. Effect of the Building Orientation

The orientation of a component during the manufacturing phase is a key
parameter to consider, as it deeply influences, for instance, the final mechanical
properties and surface quality of the material [122,123]. This phenomenon is
important in all the AM technologies considered; thus, it is described in this
separate section.

Barba et al. [124] compared the mechanical properties of several LPBF
manufactured specimens, obtained from bars that were built along different
directions. The authors found than the samples developed along the building
direction were characterized by a lower strength, due to the columnar prior-f8
being aligned along the tensile test direction. This phenomenon causes a higher
portion of the a-laths to be well oriented along the Z direction, causing a reduction
in the yield strength.
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Several studies [60,125,126] highlighted a similar relationship between the
orientation and the mechanical properties in EBM produced specimens. For this
particular technology, a reduction in ductility and strength was recorded for
vertically-manufactured samples. Apart from the phenomena described earlier, for
these systems the coarsening of the prior-f grains along Z is another important
phenomenon which plays a key role in the reduction of the resistance.

In a work from Shamsaei et al. [105], the differences in terms of tensile
properties in DED produced samples built along different directions, as
highlighted in Figure 37, were assessed.

Figure 37: Schematic representation of bars produced horizontally (X-direction) (a), laterally (Y-direction)
(b) and vertically (Z- direction) (c) [105].

The authors found that the samples built vertically were characterized by
worse tensile properties, especially ductility, which resulted severely reduced.
This effect was linked to the columnar grain morphology and to the limited
possible grain growth perpendicular to the development direction [127].
Moreover, significant differences intercurring between the fracture surfaces, when
comparing samples built along different directions, were reported by Qiu et al.
[128], as visible in Figure 38.
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Figure 38: SEM images of the fracture surfaces of DED samples built vertically (a,b) and horizontally (c,d)
[128].

The fracture surfaces of the vertically-built samples showed the presence of a
certain number of large, open voids, characterized by the presence on unmelted or
partially melted powder particles. Instead, the horizontally built samples were
characterized exclusively by closed pores. This significant difference is due to the
intrinsic anisotropy of the pores distribution typical of DED, related to the
directional loading during the test. In fact, the irregular pores are induced in the
material during the deposition, usually between layers and perpendicular to the
development direction. During a tensile test, for a horizontally-built sample, the
voids are parallel to the load, therefore they are closed during the test. In the
opposite case, pores are torn apart instead [123,128].

1.3.5. Mechanical Properties Comparison

As explained in the previous sections, the Ti-6Al-4V alloy can present
multiple types of microstructures in relation to the process parameters used, but
most importantly on the AM technique adopted in order to process the material.
Therefore, comparing the possible outcomes of the different major technologies
available is very important in order to choose the most suitable technique for a
given specific application. In Figure 39 are presented the YTS and ¢ data found in
literature relative to the LPBF, EBM and DED technologies. In order to obtain the
most accurate comparison possible, only the works in which the samples were
built vertically and mechanically machined in order to obtain the tensile
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specimens were considered. Of course, a great data variability is present and it is
possibly mostly attributed to the effect of the process parameters choice on the
mechanical properties, as well as possible differences in the feedstock material.
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Figure 39: Tensile mechanical properties of the Ti-6Al-4V alloys produced using DED [128-131], EBM
[68,70,130,132-136] and LPBF [89,90,96,132,137-141].

The LPBF technology appears to produce samples characterized by maximum
YTS values unmatched by the other techniques, although ductility is fairly
limited, not even reaching the 10% threshold given by the ASTM-F2924 [71].
This combination of mechanical properties is correlated mostly on the
microstructure of the material. In fact, as discussed before, LPBF produces
typically mostly o’ martensitic microstructures with fine columnar prior-f grains,
as a result of the localized extremely intense heating/cooling cycles, characterized
by very high cooling rates. Therefore, as-built LPBF samples must undergo a
post-processing heat treatment in order to be used in most conventional
applications.

Oppositely, the EBM samples are mostly characterized by comparatively very
high ductility, showing frequently € > 10% already in the as-built state. Instead,
YTS is markedly lower than LPBF’s, rarely showing values significantly above
1000 MPa. Even if the typical cooling rates in the EBM process are very high, the
process chamber is kept at high temperatures throughout the whole process, thus
acting as an annealing heat treatment, characterized by a long duration,
considering that a typical EBM job lasts several hours. This induces changes in
the microstructure, most noticeably o’ decomposition in favour of the formation
of a lamellar a+f microstructure and in some cases 0a.Gg.

In the end, the DED technology is characterized by the greatest variability in
terms of tensile mechanical properties. In fact, most of the data available in
literature fit in an intermediate area between the properties of LPBF and EBM.
This is probably mostly due to certain process-related factors that might greatly
change the process outcome, such as the possibility to conduct the deposition in a
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sealed environment or under a protective gas flow. Moreover, even if the process
parameters typical of the laser AM technologies (e.g. scanning speed, laser power)
are kept constant, in DED the user has more freedom to vary the final
microstructure via proper feeding-related parameters variations (e.g. feeding gas
flow rate, powder flow). In fact, both martensitic and lamellar microstructures are
reported for this technology.



Introduction

48




Chapter 2

Materials and Methods

2.1. Powders

Four different powders were used in this thesis: 3 different batches of Ti-6Al-
4V Extra Low Interstitial (ELI) powder, each one of these was used in a different
machine (DED, EBM and LPBF), and a single batch of Ti-6Al-2Sn-4Zr-6Mo
powder, processed in a LPBF machine.

Ti-6A1-4V ELI Powder for DED

A gas atomized Ti-6Al-4V ELI powder provided by LPW Technology Ltd,
characterized by the chemical composition listed in Table 3, was used. Its particle
size distribution (Figure 40a) was evaluated via SEM images analysis and
provided a D(10), D(50) and D(90) of 49.08 pum, 79.92 um and 119.92 pm,
respectively. The observation of the powder particles via SEM (Figure 40b) and
their cross-section (Figure 40c) highlighted an appropriate shape for being
processed, since most particles appeared quite spherical and the satellites content
was low, coupled with a high relative density.

Table 3: Nominal composition of the Ti-6Al-4V ELI powder processed via DED given by the supplier.

Chemical element Composition (wt.%)

Al 6.3

A" 4.0

Fe 0.16
0O 0.09
C 0.01
H 0.001
N 0.001

other <0.5
Ti bal.
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Figure 40: Particle size distribution of the Ti-6Al-4V ELI powder for DED (a), representative SEM image of
the powder (b) and cross-section of some particles (c).

Ti-6A1-4V ELI Powder for EBM

A gas atomized Ti-6Al1-4V ELI powder provided by Arcam AB was used in
this work. Its nominal chemical composition is available in Table 4. The powder
particles appeared highly homogeneous and spherical by SEM observation
(Figure 41a). Only a small number of elongated particles was visible and the
overall satellite content appeared negligible. The particle size distribution,
evaluated by image analysis and visible in Figure 41b, provided a D(10), D(50)
and D(90) values of 44.63, 62.26 and 83.57 um respectively.



Materials and Methods 51

Table 4: Nominal powder composition as provided by the supplier.

Chemical element Composition (wt.%)
Al 6
A" 4
Fe 0.1
o 0.10
C 0.03
N 0.01
H <0.003
Ti bal.
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Figure 41: Representative SEM image of the particles (a) and the relative particle size distribution (b) of the
Ti-6A1-4V ELI powder for EBM.

Ti-6A1-4V ELI Powder for LPBF

A gas atomized Ti-6Al-4V ELI powder, supplied by TLS Technik GmbH,
was used in this work. The chemical composition, measured by the supplier, is
reported in Table 5. The particle size distribution was evaluated via SEM images
analyses (Figure 42) and resulted in a D(10), D(50) and D(90) values of 22.26,
33.35 and 47.08 um respectively. The powder was formed by highly spherical
particles and no significant satellites presence was detected (Figure 42b).

Table 5: Chemical composition of the powder provided by the supplier.

Chemical element Composition (wt.%)

Al 5.86
VvV 3.99
Fe 0.183
0] 0.083
C 0.01

N 0.003
H 0.002
Ti bal.
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Figure 42: Particle size distribution (a) and representative SEM image (b) of the Ti-6A1-4V ELI powder for
LPBF.

Ti-6A1-28Sn-4Zr-6 Mo Powder for LPBF

A Ti-6Al-2Sn-4Zr-6Mo powder, provided by TLS Technik GmbH, was used
in this work. The nominal chemical composition was provided by the supplier
(Table 6). Its particle size distribution was measured via SEM images analysis and
appeared bimodal, providing a secondary peak in correspondence of
approximately 5 pum (Figure 43a). Notwithstanding that, the powder did not
provide significant flowability issues during processing. The relative D(10), D(50)
and D(90) values were 24.1, 38.0 and 54.7 um respectively. The observation of
the powder particles allowed to investigate the shape, which resulted quasi
spherical. A certain amount of satellites was also detected, as visible in Figure
43b.

Table 6: Nominal chemical composition of the powder.

Chemical element Composition range (wt.%)

Al 55-65
Mo 55-6.5
Zr 3.5-45
Sn 1.75-2.25
Fe <0.15
O <0.15
H <0.125
N <0.04
C <0.04

other <0.4
Ti bal.
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Figure 43: Particle size distribution (a) and representative SEM image (b) of the Ti-6Al-2Sn-4Zr-6Mo
powder.

Comparison of the Powders

All the powders presented in this work appeared quite homogeneous from a
morphological point of view. The particles resulted highly spherical and the
presence of satellites was negligible to fairly low. The most significant difference
lied in the particle size distributions of the powders, which are graphically
compared in Figure 44. As visible in the graph, the powders suitable for LPBF
usage were characterized by the narrower curves shifted towards lower size
values. Among these, the Ti-6Al-4V powder appeared finer than its Ti-6Al-2Sn-
47Zr-6Mo counterpart. This is also confirmed by the D(50) values, equal to 33.35
and 38.0 um for Ti-6Al-4V and Ti-6Al-2Sn-4Zr-6Mo powders, respectively. As
discussed in the previous chapter, the powders to be used in EBM and DED
systems are often characterized by larger particles. In this case, the powder
processed in the EBM machine, with a D(50) of 62.26 um, was significantly finer
than that processed by DED, characterized by a D(50) of 79.92 um.
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Figure 44: Particle size distribution curves of the powders used in this work. Possible significant
differences between the LPBF curves provided in this graph and in the previous ones are due to the
mandatory variation of the step size, performed in order to make all the curves present comparable.

2.2 AM Systems

In this thesis, different AM machines were used. The description of each
specific set of parameters adopted is provided in the relative sections in the next
chapter.

The DED produced samples were all built in a SUPSI (University of Applied
Sciences and Arts of Southern Switzerland) laboratory (ARM lab — DTI). The
Laserdyne®430 system used consisted of a customised three axis laser processing
system that employed a Convergent Photonics CF1000 fibre laser, with a
maximum laser power of 1000 W, a wavelength (A) of 1070 nm and a laser spot
diameter (D) of 1 mm. A multi-nozzle deposition head (Optomec Inc.) was also
employed. Further details on the system are available elsewhere [142]. The gas
used was argon (4.6 purity). Its flow rate was 4 1/min when used as a carrier. The
same gas was also used at variable flow rates as a shielding gas in order to protect
the melting area from oxidation and interstitial elements enrichment. Its delivery
was performed by an external circular device equipped on the deposition head.
This allowed to provide a homogeneous gas flow around the melt pool in an area
of 89 mm in diameter.

The EBM produced samples were built using an Arcam A2X machine, whilst
the LPBF Produced ones using an EOS M270 Xtended machine.
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2.3 Furnaces

In the works presented in this thesis, multiple furnaces were used in order to
thermally process the samples analysed. The equipment used depended on the
requirements regarding the cooling rate that the specimens had to undergo.

When a low cooling rate was allowed, such as at the end of an ageing heat
treatment, a Pro.Ba VF800/S high-vacuum furnace was used. This furnace
provided the maximum control on the oxygen content during the heat treatment
among all the systems used, since the internal gas pressure can be kept as low as
10 mbar.

For intermediate cooling rates (air cooling), a Tav minijet HP S/N 235 low
pressure furnace, characterized by an operating pressure of 10 mbar, was used.
In order to achieve a cooling rate of 10-20 °C/s, a nitrogen quench at a pressure of
6 bar was performed. To prevent the samples from nitrogen enrichment due to the
interaction with the atmosphere inside the furnace, these were wrapped in a 0.5
mm AISI 304 stainless steel bag.

For even higher cooling rates via water quenching, a Nabertherm RHTC 80-
170/15 tube furnace, using a protective argon flow of 1.5 I/min, was used. This
resulted necessary as the samples had to be immediately removed at the end of the
heat treatments and dropped in a steel bucket filled with water. The operation was
performed as quickly as possible, in order to minimize the time that the hot
samples spent in direct contact with the external atmosphere.

2.4 Characterization

For general metallographic observations, the samples were cut, mounted and
mechanically polished using silicon carbide papers (#400 - #2400) for the
grinding step and then colloidal silica (0.04 um) for the finishing operations. The
investigations of the microstructures were conducted after etching the samples
using a Kroll solution (93% H>20, 5% HNO3, 2% HF). The on-top analysis of the
single scans, aimed at evaluating the morphology of the samples, were performed
using a Leica EZ4W stereomicroscope. The observation of the micrographs was
conducted using a Leica DMI 5000M optical microscope and a Phenom-XL SEM.

The evaluation of the grain size was performed adopting the intercept method:
a grid of vertical and horizontal lines, crossing the whole cross-section of the
sample, was created. Therefore, the average grain size/width for every line
corresponded to the L/#gp ratio, where L is the length of the line and #gs
represented the number of grain boundaries that crossed the segment. The lines
used were approximately 2 mm apart from each other, as schematically
represented in Figure 45.
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Figure 45: Schematic representation of the lines used as intercepts during the grain size evaluation.

The in-depth microstructural characterizations, such as the evaluation of the
width of the o’/a” needles and a laths in a Widmanstétten pattern, were conducted
using the software ImagelJ to process the optical/SEM high-magnification
(minimum 500x) micrographs, appositely pre-treated as described by Zhang et al.
[143]. The measurements were obtained by manually selecting and measuring
each feature. This resulted necessary as the different orientations of the
needles/laths did not allow to use the intercept method, which would have been
poorly representative. To provide statistical significance, the areas analysed were
randomly taken throughout the whole cross-section. More than 20 micrographs
per measurement were analysed, accounting at least 500 measurements per each
value obtained. In order to perform this measurement on the single scans, a
different methodology was used, in which the o’ spacing was measured (o), using
the methodology described by Vander Voort [144] for evaluating the interlamellar
spacing of paerlite in steels. 15 different optical micrographs per specimens were studied
by superimposing a circular grid, whose diameter value was known (d.), and counting the
number of times an o’ needle intersected the circle (n). The use of a circular grid allowed
to obtain more accurate results, with respect of a straight line, when evaluating features
oriented in multiple directions. The average spacing is then evaluated as:

1 md,
ToN, " 2n

3)

Where Ny is the number of intersections per unit length of test line.

This methodology was already successfully used to study titanium alloys by
Galarraga et al. [134] in order to evaluate a-lath thickness (o¢) in EBM produced Ti-6Al-
4V samples. In this thesis, this procedure was used to determine the average spacing



Materials and Methods 57

between o’ needles, instead of a laths. This is a good indicator as lower spacing
corresponds to a higher martensitic density, hence a finer microstructure.

The width of the a laths in the samples that provided a more oriented microstructure,
for instance colonies of lamellar o+fp, was measured using the intercept method,
described in ASTM-E112 [145]. Even if it is meant to be used for the determination of
the average grain size, there are works available in literature in which it was adapted to
measure other microstructural features [144]. The micrographs were pre-treated using the
Otsu thresholding (Figure 46a), as described by Zhang et al. [143], and then a line was
superimposed on a specific area, characterized by the presence of parallel lamellae. The
software ImagelJ allowed to remove the portions of the line that crossed a lamellar border
(B phase), as highlighted in Figure 46b. The remaining segments were approximated as
particles, in which the length corresponded to the maximum Feret’s diameters, and
analyzed using the software ImagelJ, thus obtaining a distribution of data.
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Figure 46: An example of a lamellar o+ micrograph treated using the Otsu filter (a) and relative
segmentation of a line during the evaluation of the a width (b).

The identification of the phases constituting the samples and the calculation of
the cell parameters were performed by analyzing the X-ray diffraction (XRD)
data, gathered using a PANalytical X-Pert PRO diffractometer in a Bragg
Brentano configuration. The instrument was set to work with a Cu K radiation,
characterized by a wavelength of 1.5406 A, at 40 kV and 40 mA. A 20 range from
30° up to 90° and a step size of 0.013° were used. The cell parameters were
obtained by combining the Bragg law and the plane spacing equation for the type
of lattice investigated [146]. For a hexagonal system, the governing equation
resulted:

sin? 9 =

“4)

A% (4 hz+hk+k2+l2
4\3 a? c?

Where 0 is the diffraction angle relative to the peak considered; h, k and 1 are its
Miller indices; a and c are the hexagonal cell parameters.
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Instead, for an orthorhombic system, the related equation was:

L, (R k%12
sin 9—: ; +ﬁ+c_2 ®))

Where a, b and ¢ are the cell parameters of the orthorhombic cell.

In order to avoid possible deviations due to texturing, each parameter was
evaluated from multiple peaks, following an approach called “intensity averaging”
[146].

The concentration of the interstitial elements was assessed by performing at
least three measurements per condition, using a 736 series O/N LECO analyzer.

Vickers microhardness measurements were performed using a Leica VMHT
microhardness tester, setting the instrument to apply a force of 300 g for a total of
15 s. The measurements were performed by virtually creating a grid on the cross-
section, similar to the one illustrated in Figure 45, and indenting the samples
every time a lines intersection occurred.

Tensile tests were performed in order to evaluate the mechanical properties of
several specimens, using a Zwick Roell Z050 tensile tester, operating at a strain
rate of 0.008 s'. All the samples analyzed were obtained via mechanical
machining of bars and resulted compliant to ASTM ES8 [147]. Specimens from
different works had different geometries, sizes and were built with different
orientations, as briefly described in Table 7.

Table 7: Geometries of the tensile specimens used in this work.

Gauge length Diameter

Sample Geometry (mm) (mm) Orientation
Ti-6Al-4V (DED) flat 25 i horizontal
dogbone
Ti-6Al1-4V (EBM)  cylindrical 40 8 vertical
Ti-6Al-28n-4Zr- cylindrical 16 4 vertical

6Mo (LPBF)




Chapter 3

Results and Discussion

In this chapter, the data obtained from the various investigations conducted will
be split into four main sub-chapters, defined as follows:

Analysis of the microstructure and the mechanical properties of the
Ti-6Al-4V alloy produced by DED. The samples analysed were built
in SUPSI as part of a collaboration in the 4D HYBRID European
project. The optimized process parameters had to be determined yet.
Therefore, the initial analysis focused on the evaluation of the most
suitable process window via single scan approach. After that, a further
investigation on the effect of different environmental factors during
deposition was conducted on 3D samples. In the end, the influence of
different process parameters on the microstructure and mechanical
properties was assessed.

Analysis of the microstructure and the mechanical properties of the
Ti-6Al1-4V alloy produced by EBM. These samples were produced in
Politecnico di Torino, using a system localized in the IAM (Integrated
Additive Manufacturing) centre. The specimens were manufactured
using the standard process parameters for this material suggested by
Arcam. Thus, the analysis of the EBM produced samples focused on
the significance and effect of different post-processing heat treatment
and their effect on the microstructure and mechanical properties.
Analysis of the heat treatments on the Ti-6Al-4V alloy produced
by DED and EBM. The heat treatments performed as part of the
previous investigation were also carried out on the DED samples. In
this way, a comparative analysis between the heat treated samples
manufactured using different AM technologies (DED, EBM) was
possible.

Analysis of the microstructure and the mechanical properties of the
Ti-6Al-2Sn-4Zr-6Mo alloy produced by LPBF. The production and
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analysis of the samples was part of the MANUELA European project.
All the specimens were built in Politecnico di Torino, using a system
localized in the IAM centre. The Ti-6Al-2Sn-4Zr-6Mo alloy is a
duplex titanium alloy never processed before by LPBF. It is
conventionally used for specific industrial application in which better
mechanical properties (e.g. strength) are needed, with respect to the
Ti-6Al1-4V alloy. After assessing the most suitable process window,
the related microstructure, mechanical properties and the significance
and effect of a post-processing heat treatment were analysed.
Moreover, since the industrial relevance of the Ti-6Al-2Sn-4Zr-6Mo
alloy is intrinsically related to its ability to provide better mechanical
properties than the Ti-6Al-4V alloy, a comparison between these two
materials was conducted. Concerning the latter material, a mix of data
self-obtained and available in literature was used.

3.1. Ti-6Al-4V Alloy Produced by DED

The determination of the most proper process window was a mandatory step for
the DED system, since the Ti-6Al1-4V alloy was processed using this machine for
the first time. Consequently, the single scan approach was adopted in order to
determine the most suitable parameters to process the Ti-6Al-4V alloy.

3.1.1 Determination of the Most Suitable Process Parameters to
Process the Ti-6A1-4V Alloy via DED

The optimization of the process parameters in AM technologies is a
mandatory step in order to manufacture components characterized by the desired
properties, such as porosity, dimensional stability, microstructure and mechanical
properties. This step is particularly critical for the DED technology, usually
relying on prototypes or custom-made machines composed of parts from different
producers [129,148,149]. Moreover, the optimization of the process parameters is
very time consuming, as a large number of samples had to be produced and then
characterized. Furthermore, it is far from a standardized methodology, as testified
by several works available in literature, in which different methodologies were
used [150-152]. For example, Kobryn et al. [150] studied the effect of several
combinations of laser power and scanning speed on DED produced Ti-6Al-4V
samples. The criteria used in order to evaluate the quality of the resulting samples
were the average porosity, microstructure and the height of the samples. Instead,
Mahamood et al. [152] used hardness as a parameter to choose the most suitable
combination of process parameters. Most articles rely on the characterization of
3D samples, which is very expensive, both economically and in terms of time. A
more cost-effective approach consists in investigating single scans (or beads),
which results in a drastic reduction in the amount of feedstock material used and
in the duration of the fabrication and characterization processes. However, this
methodology cannot be used to evaluate the effect of some process parameters,
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which are connected to the interaction of multiple meltpools, such as the layer
height and hatching distance. Notwithstanding that, it is promising in order to
study the effect of the laser power, scanning speed and some environmental
factors, such as the mass flow rate of the shielding gas. The single scan approach
was already used on several materials. For example, Peng et al. [153] investigated
Nickel alloys single scans to study the relative meltpools and some cross-sectional
geometrical features, such as the height and width of the bead itself. However, all
the specimens obtained were cracked, probably due to an excessive oxygen
enrichment of the alloy and/or residual stresses build-up. Therefore, the authors
moved to bigger samples (single layers and cubes) to assess the most suitable
process window. Similarly, Mazzucato et al. [142] utilized this approach in a
work aimed at determining the effect of different scanning strategies on DED
produced steel samples. In this work, the authors performed a stability
investigation, by analysing the on-top view of several single scans and then
categorizing them according to their morphology. The most promising specimens
were also cross-sectioned in order to determine the one characterized by the
lowest porosity and most proper substrate remelting. Aversa et al. [154] were able
to correlate the stability and geometrical features of AISi10Mg single scans to the
process parameters used during the process. By doing so, they were able to assess
the proper process window, proving that this type of analysis can be a powerful
tool in order to characterize new powder compositions in future works.

Concerning the Ti-6Al-4V alloy, only a few works, in which the single scan
approach was used, are available. For example, Gockel et al. [155] investigated
how different machine-related parameters influenced the microstructure and
meltpool size via simulation. Instead, Katinas et al. [156] investigated Ti-6Al-4V
single beads in order to study the laser capture efficiency, without focusing on the
material properties of the actual specimens.

The Ti-6Al-4V alloy is an optimal material to be processed by DED, mainly
due to the high costs related to process it via conventional manufacturing
technologies. However, its processing in general is fairly difficult, mainly due to
its high susceptibility to oxygen pick-up [4,157]. The deposition of this material
can be conducted either in a sealed environment (glovebox-like) or in an open
environment [158,159]. The former grants a tighter control on the process and
results in higher quality samples, but limits the maximum size of the component
to the dimension of the chamber itself. The latter usually relies on a secondary
protective gas flow to protect the melting area. In this case, the mass flow is
another parameter to optimize , as it must be kept as low as possible, due to the
high cost of the gas, usually argon [160]. However, the flow rate must be high
enough to prevent extensive embrittlement in the material.

In this work, the single scan approach was used to find the proper process
window (laser power, scanning speed) for DED produced Ti-6Al-4V samples
through the analysis of several geometrical features (e.g. scan’s height, width) and
related parameters. The specimens were manufactured in an open environment,
thus the effect of the shielding gas flow on the geometrical and microstructural
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quality was also assessed. This step is fundamental in order to understand the
applicability of an open deposition environment on DED manufactured titanium
alloys, as this feature is very promising in terms of large components production.
Moreover, the powder efficiency and resulting microstructure were also evaluated
and incorporated in the final process map in order to further analyse the process.

50 different 20 mm long singles scans, corresponding to the combination of 5
laser power (P) values and 10 scanning speed (v) values were produced using a
constant powder feed rate (F) of 0.017 g/s, as summarized in Table 8.

Table 8: Process parameters corresponding to the single scans analysed.

P (W) v (mm/min)

150, 300, 450, 600, 750, 900,

100, 300, 500, 700, 900 1050, 1200, 1350, 1500

The machine was equipped with an external circular device, that provided a
homogeneous flow of shielding gas around the deposition area. The samples were
built in two different environmental conditions in order to evaluate the effect of
the additional shielding gas:

e ArS0, without using the additional shielding gas system
e ArS15, using the additional shielding gas system at a flow rate of 15
1/min.

Geometrical Analysis

The on-top analysis of the single scan tracks allowed to find the most critical
samples from a morphological point of view. Whilst most tracks resulted highly
homogeneous, the specimens built using a laser power of 100 W were markedly
irregular due to incomplete melting of the feedstock material delivered onto the
platform, as illustrated in Figure 47. This phenomenon resulted particularly
evident when the samples built using a low scanning speed (e.g. ArS15, v =300
mm/min in Figure 47) were considered. When a higher v value was applied,
melting became even less efficient and merely any particle at all could be found
adhered to the substrate (e.g. ArS15, v = 1200 mm/min in Figure 47).
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Figure 47: On-top and cross-section view of the DED Ti-6Al-4V scans built using P = 100 W, both ArS0 and
ArS15 condition. The two different scalebars are related to the on-top and cross-sectional views.

By looking at the cross-sections, the poor adhesion between the platform and

the scan was evident, even at low scanning speeds. In fact, the contact areas were

characterized by delamination cracks (e.g. ArS15, v =150 mm/min). Therefore, as
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a consequence of the low deposition rates and defective adhesion between the
specimens and the platform, the samples built using P = 100 W will not be
considered in further analysis, as the use of such parameters would certainly
generate very low-quality samples.

The on-top observation of the other samples highlighted the surface oxidation
of the scan, which highly varied according to the process parameters (P, v,

additional shielding gas) used, as illustrated in Figure 48.
Scanning speed (mm/min) Scanning speed (mm/min)
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Figure 48: On-top view of the ArS0 (a) and ArS15 (b) DED Ti-6Al-4V samples built using P = 300, 500,
700, 900 W and v = 150, 1500 mm/min.

The ArSO samples provided colorful external surfaces for all ranges of P and
v considered (Figure 48a). This was correlated with oxidation. In fact, in o+f
titanium alloys, the color of the surface can be linked to the temperature at which
oxidation occurred [8,161]. The samples built without using the additional
shielding gas system showed surfaces ranging from golden to blue-purple, which
can be correlated to oxidation phenomena occurring in the 500-650 °C range.
Usually different phases are involved, such as TiO, TiO> and Ti2O3. Such surfaces
result unacceptable for fusion welding as correlated to excessive oxygen
enrichment [161,162]. Even if this is just a qualitative analysis, the American
Welding Association (AWS) has specifications for the application of fusion
welding to aerospace components in which this simple observation is suggested in
order to evaluate excessive oxidation in titanium welds [163]. Instead, the ArS15
specimens proved to be much more regular in terms of surface coloring (Figure
48b). In fact, all the samples resulted reflective, thus less oxidized. A similar
comparison between the two shielding scenarios can be made by considering the
substrate of the samples built using P = 100 W (Figure 47). This was clearly
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visible, due to the poor number of particles adhered to the surface, which allowed
to clearly see the “melting” area. When the additional shielding system was used,
the substrate appeared reflective, while in the opposite scenario it showed severe
oxidation. Therefore, a secondary gas flow proved to be markedly beneficial in
terms of oxidation protection.

All the samples were then cross-sectioned and analyzed in order to evaluate
several geometrical features, such as the scan’s width (W), growth (G) and depth
(D), which are schematized in Figure 49.

single scan

heat affected zone

baseplate

Figure 49: Schematic representation of the cross-section of a single scan and relative geometrical features.

In order to consider the influence of multiple parameters simultaneously, all
the geometrical features were plotted as a function of the linear energy density
(LED), which was calculated as:

LED—P 6
= ©)

The corresponding trends are visible in Figure 50.
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Figure 50: W, G and D evaluations for all the ArS0 (a) and ArS15 (b) DED Ti-6Al1-4V specimens.

The analysis of W provided positive variations at increasing LED values, both
for ArSO (Figure 50a) and ArS15 (Figure 50b) samples. Moreover, for fixed laser
power values, the samples built using a higher energy density, thus lower v,
resulted larger. For low to intermediate LED values (< 200 J/mm), the trends for
the high P samples (700 and 900 W) overlapped, suggesting a power threshold
over which the width cannot grow anymore, by just varying the laser power used.
Overall, the increasing W values correlated to higher LED used were probably
due to the improved ability of the system to melt the feedstock powder, thus
effectively depositing a higher amount of material. Considering G, this parameter
was characterized by a different behavior with respect to W. In particular, steeper
trends resulted linked to lower P values. However, a higher P allowed to reach
higher LEDs, which still provided higher G values. Instead, D showed a similar
behavior to W. However, a P threshold was not found, unlike in the former case.
Furthermore, the slope of the curves at higher LED values decreased consistently.
When comparing the two different shielding scenarios, negligible variations (<
10%) were detected on W. Oppositely, for G and D, the ArS15 samples were
characterized by bigger features with the respect to the ArSO ones, especially at
higher LED values.
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Most samples showed very negligible porosity values. As a consequence of
that, the minimization of the porosity was not considered as a defining criterion in
order to obtain the optimized process window. This proved that the process is
quite stable in most of the conditions analyzed. The high densities reached are in
good agreement with the values available in literature [128,129], which are also
obtained with low powder feed rates (< 10 g/min).

Another important parameter that can be used in order to find the most
suitable process window is the G to D ratio. Capello et al. [164] adopted it to
discern the energy spent to effectively melt the deposited material from the one
used to remelt the platform. Moreover, this parameter is an indicator of the quality
of the metallurgical bonding between the scan and the baseplate. The authors also
found a threshold value for G/D = 1, over which this bond is not strong enough,
thus making the process parameters adopted to produce the samples characterized
by such values to avoid. Basically, if G/D > 1, the growth of the deposited layer
exceeds the ability of the system to fully remelt the previously deposited one. This
can lead to the insurgence of undesired phenomena, such as debonding and
pores/crack formation [153]. The evaluation of the G/D ratio provided the trends
visible in Figure 51.
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Figure 51: G/D plotted as a function of LED for the ArS0 (a) and ArS15 (b) conditions.

Most of the conditions analyzed provided G/D < 1. The exceptions were more
frequent at lower P values. This means that, when a higher laser power is adopted,
the user has more freedom to change the process parameters without
compromising the quality of the 3D samples manufactured. The ArSO samples
showed higher G to D ratio values in correspondence of low powers (300, 500
W). This was a consequence of the stronger effect of the additional shielding gas
flow on D, whilst G was mostly unchanged by the variations of this parameter at
low P (Figure 50).

In order to further optimize the assessment of the process window, the powder
efficiency (Pe) can be estimated. This parameter can be used to assess the amount
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of the feedstock powder that is effectively delivered and then melted on the
platform. Its evaluation is very important to make the process more efficient and
reduce the production of waste material. De Oliveira et al. [165] estimated it using
the following equation:

AV Py (g %)

C
P, =100 ——

In which A. represents the upper area of the cross-section, as highlighted in
blue in Figure 49, p,, is the density of the powder (4.43 g/cm®).

The resulting trends, provided in Figure 52, highlighted a marked increase in
the deposition efficiency for high P values. Overall, an increase in LED leaded to
more consistent increases for lower P values instead.
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Figure 52: Pe plotted as a function of LED for ArS0 (a) and ArS15 (b) shielding conditions.

When comparing the ArSO and ArS15 results, the former (Figure 52a)
provided P. values lower than 60%. The only exceptions were the low LED
specimens built using the highest power (900 W). The maximum efficiency
detected in this condition corresponded to 70.9% for the scan built using a LED of
180 J/mm (900 W, 300 mm/min). When the ArS15 case is considered (Figure
52b), comparably with the former case, most P. values resulted lower than 60%.
However, the exceptions were more numerous (samples built using P = 700, 900
W) and characterized by even higher efficiencies. The maximum value detected
was 84.3% for the specimen built using a LED of 51.4 J/mm (900 W, 1050
mm/min). Therefore, the adoption of an additional shielding gas system seemed to
provide a beneficial effect on the system, in terms of deposition efficiency. In
order to further analyse the impact that the shielding conditions have, the APe
parameter was also evaluated and plotted in Figure 53. It was calculated as the
difference in powder efficiency between the two shielding scenarios:

APe — PgArSlS _ PeArSO (8)
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Figure 53: Comparison of the shielding efficiency via AP. evaluation.

According to the data gathered, the beneficial effect of the additional
shielding gas was marginal for lower P values. In fact, considering the low power
samples (300, 500 W), all the relative points lied in the range between -5% and
10%. For P = 700 W, the rise in AP. resulted more consistent, specifically for the
samples built using a high LED, which provided increases > 10%. When the
highest laser power was considered (900 W), the increase in efficiency, connected
to the shielding scenario, was markedly evident, in particular for low-LED
samples (< 75 J/mm), which provided a variation ranging from approximately
10% to more than 25%. These specimens were also the ones that were
characterized by the highest efficiency values (Figure 52). This confirms the
beneficial effect of the supplementary protective flow, particularly if high P and
low LED, thus high v, are used.

P. depends on several parameters (Ac, v, pp, F), however only the specimens
built using the same process parameters were compared, during the AP,
evaluation, and the density was considered constant. Therefore, AP. was
exclusively dependent on the geometrical features of the scans in this evaluation.
When analysing the deposition efficiency of DED produced Ti-6Al-4V,
Mazzucato et al. [160] encountered a similar P. behaviour. They found that the
additional shielding gas system allowed to better concentrate the flux of feedstock
powder, allowing the delivery of an increased amount of material in the melting
area. A similar phenomenon was encountered in this analysis, as testified by the
on-top images of the single scans built using a P of 100 W and a v of 750
mm/min, as illustrated in Figure 54.
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Figure 54: On-top views of two scans, characterized by the same machine parameters, but different shielding
conditions.

The specimens characterized by P = 100 W were already rejected in this
evaluation, due to the very poor powder delivery rates, connected with the lack of
effective melting phenomena. However, the absence of an actual single scan
allowed to investigate how the powder behaved during the process, as only sparse
particles poorly adhered to the surface were available in most samples.
Considering the samples built using the same process parameters, a greater
concentration of particles in the central area of the single scan was evident in the
ArS15 scenario. Then, the beneficial effect of the supplementary shielding gas
apparatus was probably due to an increase in the total gas flow for the system,
resulting from the additional shielding gas and carrier gas flow. This augmented
flow rate reduced the chances of the particles to flow outside of the melting area,
thus reducing Pe.

Microstructure

All the samples analyzed showed prior-p grains in a columnar morphology,
characterized by a mainly martensitic microstructure, in which the o’ needles were
clearly recognizable. In order to be able to numerically quantify the
microstructures, the o’ spacing was chosen as the most representative parameter.

In order to compare the effect that different laser power values had on the
microstructure, all the samples built using P = 300 W and 500 W were analyzed,
as illustrated by the trends available in Figure 55.
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Figure 55: o’ spacing evaluated for all the DED Ti-6Al-4V samples built using a laser power of 300 W and
700 W, in both the ArSO0 (a) and ArS15 (b) conditions.

Martensite formation and size are strictly dependent on many factors, in
particular the cooling rate that the sample undergoes [24,25]. The evaluation of
the martensitic spacing, which is correlated to its size, is fundamental in order to
assess how the process parameters influence several properties of the material,
including the mechanical ones. All the conditions considered provided a clear
downward sloping trend for increasing LED values, thus an inverse correlation
was found between these two parameters. In fact, the samples characterized by the
finer martensitic microstructure (lower o’ spacing) corresponded to the highest
energy densities. In fact, as confirmed by a study by Yan et al. [166], the samples
built using higher LED values undergo a lower cooling rate, which results in a
finer martensitic microstructure [157].

When comparing the ArSO (Figure 55a) and ArS15 (Figure 55b) conditions, a
similarity in the relative trends is evident, even if the samples of the former group
provided finer microstructures overall. This might have been correlated to a more
consistent enrichment in interstitial elements (e.g. O, N) that the ArSO samples
underwent during fabrication, which can be reasonably assumed to be superior
with respect to the case where the additional shielding system was used. This
enrichment in the concentration of interstitials elements in the alloy must be
avoided at all costs. In fact, even in low concentrations, these elements can cause
severe embrittlement, a moderate increase in the Ms and a sudden rise in Tg [167].
These variations cause an enlargement of the temperature range between Tp and
Ms, thus favouring the f — o+f transformation upon cooling from the molten
state. This assumption is in good agreement with the experimental data and with a
previous work [157], in which the DED produced Ti-6Al-4V specimens
characterized by a higher concentration of interstitials provided a finer
microstructure, characterized by traces of a and 3 phases alongside a’.

To further investigate the assumptions made, a further microstructural
comparison between the ArSO and ArS15 condition was conducted. The samples
built using the same parameters (P, v) were compared to better understand the
effect of the additional shielding system on the microstructural quality of the
single scans, as representatively illustrated in Figure 56.
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400 pm

Figure 56: Representative cross-sectional micrograph of an ArS0 sample (a) and relative higher-
magnification microstructures of the scan (b) and heat affected zone (c); representative cross-sectional
micrograph of an ArS15 sample (d) and relative higher-magnification microstructures of the scan (e) and heat
affected zone (f). The samples shown share the same building parameters (P = 700 W, v = 300 mm/min).

Whilst all the ArS15 samples provided a completely martensitic
microstructure (representative micrograph in Figure 56d), most of the ArSO
specimens showed (representative micrograph in Figure 56a) the mixed o’/a+f
microstructure mentioned before, in which the martensitic needles lie in a a+f
matrix. This difference was even more evident when comparing the
microstructure of the scan and its heat affected zone (HAZ). The samples built in
the ArSO condition, provided a microstructure (Figure 56b) markedly different
from their HAZ (Figure 56¢), which appeared completely martensitic instead.
Similarly to the bulk area and relative HAZ of the ArS15 specimens (Figure
56e,f), both the scan area and the HAZ recrystallized due to the energy input
provided by the laser, that caused the temperature to rise above Tp. However, in
the former case the temperature exceeded the melting temperature (Tm) of the
alloy, whilst in the latter case Tg < T < T, only resulting in the recrystallization
of the material. In general, oxygen pick-up and oxidation are phenomena
markedly more efficient in the molten state, in which oxygen mobility is greatly
increased, allowing it to efficiently disperse [168]. The mixed microstructure was
only found in the bulk area of the ArSO sample, whose HAZ resulted instead
martensitic. As oxygen dispersion is less efficient in the solid state, a direct
correlation between the lack of an additional shielding flow and a microstructural
variation was found. In another work from the authors [157], the Ti-6Al-4V
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samples, whose interstitial elements enrichment resulted consistent enough to
induce a microstructural change, resulted very brittle and correlated to some in-
process unacceptable issues, such as the insurgence of cracks and/or layer
debonding. Therefore, as a result of these considerations, the additional shielding
gas must be used at all times in order to avoid the formation of such defects.
Consequently, when evaluating the process window, the ArSO condition was not
considered.

Process Window Evaluation

In order to obtain the most promising parameters to process the Ti-6Al-4V
alloy, the following criteria were considered:

e The ArSO condition was not considered as a result of the investigation
of the microstructures, as it was connected to excessive oxygen pick-
up. Therefore, the process window had to be applied exclusively to the
ArS15 condition.

e The samples built deploying a laser power of 100 W were rejected,
due to the low deposition rate and defective interface between the scan
itself and the platform.

e The combinations of parameters that provided specimens
characterized by G/D > 1 were unacceptable, as these would result in
low quality 3D components.

The remaining possible combinations are illustrated in Figure 57. These were
numerous, proving the stability of the process for this alloy, which implies a
certain degree of freedom in the choice of parameters.
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Figure 57: Color-coded process window obtained as a result of all the analysis performed in this work; the
environmental condition considered is ArS15.

Choosing to operate the laser at high powers provided more promising
efficiency values. However, a lower P resulted in a rougher microstructure (o’
spacing), which might be beneficial in terms of processability, as a tight
martensitic spacing provides a microstructure in which the dislocation motion is
severely hindered. This results in the embrittlement of the material, which might
cause debonding or cracking [24].

Conclusions

The aim of this work was to investigate how several process parameters (P, v,
shielding) affected the quality of DED produced Ti-6Al-4V. The final goal
consisted in finding the proper parameters combinations in order to process the
material. Moreover, the influence of these parameters on the microstructure was
also identified. The most significant results obtained were:

e The laser power must be higher than 100 W, value too low to
effectively melt the delivered feedstock powder.

e Using a supplementary argon flow to protect the melting area allows
to avoid undesired phenomena, such as interstitials pick-up and severe
oxidation of the samples, which result in a severe embrittlement of the
material.

e G/D proved to be a useful parameter in order to discern the acceptable
process parameters. In particular, its adoption allowed to exclude some
parameters combinations, characterized by low P and v values.

e The efficiency of the process resulted higher when high P values were
used. Moreover, the additional shielding flow allowed to better
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concentrate the feedstock material, resulting in a further increase in Pe.
Among all the combinations considered, the one that provided the
highest efficiency had P =900 W and v = 900-1050 mm/min.

e A correlation between the process parameters adopted and the
microstructure was found. Finer microstructures (lower o’ spacing)
corresponded to higher LED values. This information allows to
customize the process according to the desired properties to achieve,
as in fact o’ influences, for example, the mechanical properties (e.g.
hardness, strength) of the material.

e An overall best combination was not found, proving that the DED
process is quite stable and flexible for the Ti-6Al1-4V alloy. A proper
choice of process parameters allows the user to customize the process
according to his necessities (e.g. microstructural customization,
efficiency maximization).

3.1.2 Investigation of the Effect of the Process Environment on
the Quality of Ti-6Al-4V Samples Built via DED

Most works on the optimization of the deposition process of the Ti-6Al-4V
alloy available in literature focus on the determination of the machine process
parameters, such as the laser power and scanning speed [150—-152]. However, a
correlation between the properties of the final component (e.g. microstructure,
mechanical properties) and the process environment is still lacking.

One key aspect is the process atmosphere, which is fundamental to optimize,
as some gaseous elements, such as nitrogen and oxygen, are critical for titanium
alloys containing mainly o phase, such as Ti-6Al-4V. As mentioned in the
introduction, these a-stabilizing elements fit well in the octahedral vacancy of the
hep a lattice (= 0.60 A). Moreover, even if present in small concentrations, these
elements cause a drastic reduction of the ductility [4]. Furthermore, this aspect is
even more critical for AM produced components, usually characterized by the
extensive presence of the embrittling o’ martensite. Yan et al. [169] estimated a
0.22% threshold value for the concentration of oxygen allowed in a Ti-6Al-4V
component produced by means of AM, over which the embrittlement of the
material results unacceptable. Thus, the interstitial elements pick-up must be
carefully controlled during DED processes in order to avoid undesired
consequences in terms of ductility reduction. Carrying the process in a sealed
environment filled with inert gas (e.g. glovebox) is surely the safest option to
conduct the deposition, as this choice provides a strict control over the process
atmosphere, resulting in negligible increases of oxygen concentration in the final
specimens [128]. However, this limits the maximum size of the component, which
must be smaller than the chamber itself in order to fit, and makes repairing
operations of larger components, one of the most promising aspects of the DED
technology, more complex. Therefore, a certain number of authors investigated
the possibility to conduct the deposition in an open environment, aided by a
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shielding gas flow in order to avoid excessive interstitials enrichment in the alloy
[159,170]. However, a direct comparison between these two process environments
is lacking.

Another important aspect to consider is the platform temperature. Raising this
is a key strategy in order to reduce excessive stress build-up in the samples [115].
This phenomenon is particularly critical for titanium alloys, which are usually
characterized by high strength even at high temperatures [104]. In fact, excessive
residual stresses might result in cracks or shrinkage (distortion) of the samples
[171].

To sum up, most works available in literature evaluated the influence of
different machine-related process parameters by varying them in a fixed
environment. Instead, in this work an opposite approach will be followed and the
process environment (atmosphere, temperature) will be varied as the machine
parameters will be fixed, as described in Table 9.

Table 9: Process parameters used to build the Ti-6Al-4V samples.

Scanning Powder Hatching .
Pz)x;r Speed Feed Rate distance Z(-S;le)p SSct:::lelng
(mm/min) (g/s) (mm) M gy
300 700 0.017 0.58 100 0°/90°

Several 15x15x15 mm cubic samples and 10x10x100 horizontal bars were built in
order to assess possible differences given by the size of the specimen. Three total
conditions were considered:

e SE-CB (Sealed Environment, Cold Base), for the samples built using a
glovebox-like chamber and a non-heated platform;

e SE-HB (Sealed Environment, Hot Base), for the samples built using a
glovebox-like chamber and a heated platform (220 °C);

e ArS (Argon Shielding), for the samples built in an open environment
using an additional shielding gas system in order to protect the samples
from contaminations.

Microstructure

The optical micrographs of the cross-section of the samples analysed are provided
in Figure 58. All the samples shared the presence of columnar prior-f grains,
developed perpendicularly to the baseplate via epitaxial growth [148,172]. This is
a typical outcome for samples produced via several AM techniques, as the ability
of the system to dissipate heat is highly directional towards the platform direction.
Moreover, banding, another typical DED feature, was noted in all the samples
(Figure 58a,c,e). The microstructure of the samples built in a sealed chamber (SE-
CB, SE-HB) (Figure 58b,d) resulted quite homogeneous and characterized by the
presence of o’ martensite. Massive martensite formation is usually the results of
manufacturing processes/heat treatments in which the sample undergoes a very
fast cooling. Therefore, o’ formation is kinetically favoured over more
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thermodynamically stable phases, such as a and . Oppositely, the ArS samples
showed, other than martensitic needles, a lamellar microstructure, arranged in a =
30°/60° fashion (Figure 58f). This is a duplex microstructure of a+f in a basket-
weave morphology. Its formation might be caused by a” decomposition.

(@) il ST (0)

Figure 58: Optical micrographs of the ArS (a,b), SE-CB (c,d) and SE-HB (e,f) DED Ti-6Al-4V samples.

In order to confirm the assumptions made during the analysis of the
micrographs, the XRD patterns of all the three groups of samples were
investigated. These were all characterized by the peaks relative to the o/a’ phases
[24], as visible in Figure 59. A complete distinction between the pattern of o and

o’ is very complex, due to those two phases sharing a common hcp lattice
[173,174].
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Figure 59: XRD patterns of all the conditions considered.

The samples built in a sealed environment provided a shift of the peaks
towards higher angles, with respect to the ArS specimens. This might be possibly
caused by a different level of internal stress/dislocation concentration. Moreover,
the samples built using the additional shielding gas system provided the (110)
peak relative to the B phase (bcc) [175]. Thus, confirming that in this group of
specimens there is a non-negligible amount of this phase, alongside o’, as
supposed by the micrographs observation. Considering the possible differences in
the manufacturing of the samples, a possible explanation might be the O/N pick-
up in the ArS specimens, which would result in a change in composition and
phase diagram.

To further investigate the microstructures, the determination of the cell
parameters of a/a’ was conducted. Then the c/a ratio and cell volume were used as
parameters to compare the three families of samples, as visible in Figure 60.
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Figure 60: c/a ratio and cell volume for all the conditions considered.

Once again, the samples built in a sealed and controlled environment provided
similar results. Instead, ArS resulted characterized by a higher c/a ratio and larger
cell. This is coherent with the assumption of an increase in the interstitial elements
concentration, particularly oxygen, in the ArS samples [176,177]. However, in
order to confirm that, the concentration of the interstitials elements must be
quantified. To evaluate the effect of multiple elements (O, N) simultaneously, the
equivalent oxygen concentration ([O]gg) can be used. This parameter is used to
express the impact of different interstitial elements and it is defined by Ogden et
al. [9] as:

2
[0]gq = [0] + 2[N] + §[C] )
The outcome of the evaluation, resumed in Figure 61, provides the lowest O
and N concentration, hence [O]rq, in the powder. This means that during the
deposition a slight increase in interstitials concentration occurs in all the
environments considered.
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Figure 61: Oxygen, nitrogen and relative equivalent oxygen concentrations evaluated for all the conditions
considered. The 0.22% threshold is highlighted in red.

The samples that provided the greatest [O]eq were the ArS ones, with a value
of 0.42%, which greatly exceeds the 0.22% threshold over which the
embrittlement of the materials results unacceptable, as mentioned before. Instead,
the samples built in a sealed environment provided [O]gq values well below the
limit. SE-HB was slightly more enriched in interstitials elements (0.152%) than its
cold-based counterpart, possibly due to an increase in oxygen and nitrogen
diffusivity, due to the slightly higher temperature of the system, because of the
heated platform. To sum up, the evaluation of the concentration of the interstitial
elements confirmed and explained two main assumptions made on the ArS
specimens:

e The abundant presence of oxygen and nitrogen in the ArS samples can
effectively explain the difference in microstructure observed for these
samples. In fact, these a stabilizers have a fairly low effect on Ms,
leaving this temperature substantially unaffected, when relatively low
concentrations are considered. However, they imply a significant
increase in Tp, even if present in very low amounts. Substantially, the
temperature range between Ms and Tjp is increased, thus favouring the
B — otp transformation [167]. In fact, these two temperatures
represent the edges of the interval in which the formation of an a+f
transformation is the only possible phenomenon occurring.
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e The larger cell of the ArS samples is the result of oxygen and nitrogen
fitting in the octahedral vacancy in the hcp cell, which results in the
distortion of the lattice.

After assessing the types of microstructures involved and the relative causes
of the differences observed, a more in-depth analysis and numerical quantification
of the micrographs allowed to furtherly investigate the solidification behaviour of
the specimens in all conditions.

One of the microstructural features that is mostly influenced by the complex
thermal history of the process is certainly the grain size. However, in this case and
in general in AM, grains show a columnar morphology, which leads to a strictly
anisotropic microstructure. These grains can reach up to the height of the sample
and are roughly perpendicular to the baseplate, hence parallel to the development
direction [89,178]. Therefore, in AM the typical property used to evaluate grains
is the grain width, which is then perpendicular to Z. Grains characterization is
extremely important in titanium alloys, as it has a direct impact on mechanical
properties. However, the complex heating/cooling cycles typical of DED are not
homogeneous throughout the whole samples. In fact, the ability of the system to
dissipate heat depends on how close a given point is to the platform. In particular,
the typical cooling rates of layers characterized by low Z values are higher, as the
baseplate effectively acts as a heatsink [105,179]. A correlation between the
position of a given point and its relative grain width is then possible. To
investigate this phenomenon, the intercept method was used to evaluate grain
width at different heights (Z values) in the samples, as illustrated in Figure 62.
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Figure 62: Width of the prior-f grains at relative heights and relative linear interpolations for all the
conditions considered.
For all the conditions considered, there was a clear upward sloping trend,
which was consistent with the considerations made on the cooling rate variations
along the samples. The ArS samples provided a steeper slope, which was probably
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related to the change in the solidification behaviour given by the different
compositions, as demonstrated by the interstitial elements’ evaluation.
Considering the samples built in a sealed environment, the SE-HB samples were
characterized by larger grains. In fact, the heated platform kept the system at a
higher temperature during deposition, thus lowering the thermal gradient and
relative cooling rate.

Another microstructural feature that can be quantified, in order to further
investigate the samples, is the size of the o’ needles. This is directly influenced by
the process environment and has a strict correlation with mechanical properties
[24,180]. o' width was chosen as the representative parameter to investigate. Its
evaluation provided the data distributions shown in Figure 63.
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Figure 63: o’ width relative and cumulative distributions for all the conditions considered.

The ArS samples provided a very fine martensitic sub-structure, with an
average o’ width value of 0.69 pm, markedly finer than 1.83 and 1.60 um of the
SE-CB and SE-HB samples, respectively. However, the different microstructures
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involved must be considered, as the ArS specimens also provided a lamellar a+f
microstructure. This significant difference, related to the process environment,
had certainly an impact on this measurement. Concerning the samples built in a
sealed chamber, their different martensitic width values were mostly due to the
different cooling rates involved in the process, as in the grain width evaluation.
During cooling (solidification), conduction is the most important heat dissipation
phenomenon occurring determining the final cooling rate [25,105]. It is mostly
dependant on the difference in temperature between the meltpool and the
platform. Therefore, different thermal gradients lead to different cooling rates
which then cause a difference in o’ size. SE-HB underwent a lower cooling rate,
as confirmed by the grain width evaluation. However, their microstructure was
finer, when compared to SE-CB. o’ growth is an athermal transformation and SE-
HB samples were characterized by larger grains, which lead to a slightly lower Ms
and Age [181,182]. The last term is a thermodynamic parameter roughly
correlated with the dislocation density of the material [183]. Wollants et al. [184]
used it in order to describe the change in Gibbs free energy (AG) in a
transformation which forms martensite as a product, by approximating it as an
elliptic inclusion in the B phase:

AG = 2nrty — gnrzc(Agch — Ager) ) (10

Where c is half the thickness of the inclusion, r is the radius, Age is the
chemical driving force per volume unit. The AG value is in fact a balance between
this last term and the elastic strain energy [181]. Moreover, a correlation between
a lower Agel value and the growth of the martensitic needles was proved [182].

From a phenomenological point of view, a lower cooling rate induces less
stress-related defects in the material, such as the insurgence of dislocations, which
favour the nucleation of growth of o’ [24,185]. Therefore, samples characterized
by a higher cooling rate, such as SE-CB, were characterized by a rougher
microstructure, as confirmed by the experimental data. It must be considered that
this thermodynamic behaviour is exclusively typical of martensite in titanium. In
fact, more stable microstructures, such as lamellar o+, which formation and
growth are diffusion-driven, act oppositely [186].

Hardness

In order to evaluate the mechanical properties of the small samples studied,
hardness measurements were performed at different heights, similarly to the grain
width evaluation. By doing so, a correlation between this last property and the
hardness was possible. The outcome of this evaluation is provided in Figure 64.
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Figure 64: Vickers hardness at different heights (Z) in the samples for all the conditions considered.

The ArS samples provided an average hardness of 398 + 20 HV, which was
markedly higher than 311 + 27 and 325 + 11 HV values, obtained for the SE-CB
and SE-HB samples, respectively. The increase in hardness of the former samples
is probably due to the finer martensite (Figure 63) and the different
microstructures involved (Figure 58). Instead, the slight difference in hardness
between the samples built in a sealed environment was probably correlated to the
microstructural refinement. In fact, the SE-HB samples were characterized by a
slightly finer microstructure.

A clear correlation between the grain width and the hardness was observed in
all the conditions considered. Unlike the samples built in a sealed environment,
the ArS samples appeared harder as the distance from the platform increased. This
markedly opposite behaviour was probably due to the different microstructure and
interstitials content involved. Instead, the other group of samples provided a strict
correlation between cooling rate, grain width and hardness. All the specimens
provided a highly anisotropic behaviour.

However, these intrinsic variations in local microstructural and mechanical
properties were localized in small samples in direct contact with the platform. The
resulting anisotropy might become negligible for specimens bigger in size.
Moreover, a certain portion of the DED produced components is usually removed
via machining, due to the low quality surface, typical of this process. In this case,
this phenomenon becomes even more negligible. Although, intrinsic anisotropy
must be carefully considered for repairing applications, as usually the rebuilt areas
are rather small. Further studies are needed on this subject, in order to identify
how the variations in cooling rate impact the quality of bigger specimens.

In order to investigate more deeply how some properties, specifically
hardness, change along Z, being able to distinguish between the effect of the
microstructural refinement and the effect of the grain width variation, is
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important. Both these phenomena are strictly related to the cooling rate and they
influence directly the mechanical properties of the material, including hardness.

The Hall-Petch equation [187,188] correlates the grain size and strength, but
also hardness, in polycrystalline metals [189,190]:

o 11
7a (11)

0y =0 +

Where oy is the material strength, oo and y are material constants and d is the
grain diameter. The evaluation of the last parameter is quite difficult in AM
produced materials, characterized by columnar grains, however other works are
available in literature in which this investigation was performed [60]. In this case,
the grain width was used in order to account the grain size in this equation. The
Hall-Petch curves are comparable only if the same type of microstructure is
involved, otherwise a discrepancy occurs and the results are not directly relatable,
due to the influence of multiple effect on the strengthening mechanisms of the
material. In this case, instead of comparing different samples, characterized by
different grain sizes, different areas of the same specimens were analysed. These
portions were obtained by virtually slicing the samples at different distances from
the baseplate, in a similar way to the grain width and hardness evaluations.
Therefore, a local measurement (grain width) was correlated with a local
mechanical property (hardness). Of course, this comparative analysis works under
the assumption that the Hall-Petch equation can be applied to local measurements.
The outcome of this investigation is provided in Figure 65.
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Figure 65: Localized Hall-Petch plots for all the conditions considered.

The ArS samples were characterized by an opposite behaviour, with respect to
the others, which is a direct consequence of the direct correlation between
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hardness and grain width highlighted in Figure 64. Concerning the samples
produced in a sealed environment, kcs # kus, which suggests that the variation in
the baseplate temperature (the only difference between SE-CB and SE-HB) had a
certain influence on the Hall-Petch plots, independently from the grain width.
This was probably correlated with the slight differences in microstructure (o’ size)
between these two types of specimens. In fact, Tan et al. [60] stated both grain
boundaries strengthening and microstructural refinement must be taken into
account when considering variations in strength, or hardness, in Ti-6Al-4V. From
a local point of view, Z influences the grain width directly and might influence the
microstructure both directly and indirectly. The former phenomenon is correlated
with the cooling rate variations along the sample during solidification. The latter
depends on the fact that Z, thus cooling rate, impacts on the grain width, thus
grain boundaries concentration. Since martensite generation is heavily favoured in
presence of grain boundaries [4], a sort of graded microstructure along Z, in terms
of martensitic size, is possible. Therefore, inter-grain local average o’ width
variations along the height of the samples appear possible. Although, further
analyses are needed in order to confirm the presence of this phenomenon.

Effect on Larger Pieces

The horizontal bars, manufactured using only an additional shielding gas system
as a mean of protection from oxidation and interstitials pick-up, illustrated in
Figure 26, presented visible cracks and partial oxidation throughout the whole
surface of the sample (Figure 66a,b,c). The analysis of the cross-section
highlighted how these critical features extended also inside the bar itself (Figure
66d). Moreover, layer debonding resulted evident.
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Figure 66: ArS DED Ti-6Al-4V horizontal bars: top (a,b), side (c) view and cross-section (d).

The same type of visual analysis was also performed on the samples built in a
sealed environment (Figure 67), which instead did not provide any critical feature.

Figure 67: Representative image of the top view (a) and cross-section (b) of a DED Ti-6Al-4V horizontal bar
built in a sealed environment.
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The most important difference between these two sub-groups of samples lied
in the process atmosphere. As discussed before, the ArS samples underwent
extensive interstitial elements pick-up, which resulted in the [O]gq value for these
specimens to rise well above the embrittlement threshold. This resulted in
extensive cracking phenomena during the deposition, even if the Ti-6Al-4V alloy
has a low tendency to act so [191]. Therefore, the use of a glovebox-like process
environment is critical for the production of samples with large dimensions.
Concerning smaller components or repairing applications (usually limited in size),
the lack of such equipment appeared acceptable, as an outcome of this analysis.
However, the process environment deeply affects the material and mechanical
properties of Ti-6Al-4V. This behaviour must be taken into consideration when
designing the process.

Conclusions

The aim of this investigation was to evaluate how the baseplate temperature and
the use of a sealed environment, compared with a shielding gas flow as only mean
to protect the samples from oxidation and interstitial elements pick-up, affected
the final quality of DED produced Ti-6Al-4V samples. The most significant
results can be summarized as follows:

e The process atmosphere has a great impact on the final properties of
the material, in particular microstructure, grain width and hardness are
deeply influenced. This effect is so important that an incorrect design
of the process atmosphere might even prevent the possibility to
produce large samples.

e In order to produced crack-free large components, oxygen and
nitrogen contents must be carefully controlled. In fact, the use of a
sealed process chamber to protect the samples from these elements’
diffusion is mandatory, in this case.

e Using an additional shielding gas flow is possible for producing
smaller components or for repairing small portions of larger pieces,
that can hardly fit in a sealed chamber. However, this procedure must
be carefully studied, as acting so deeply changes the microstructure
and mechanical properties of the material. For example, ductility
might become a limiting factor, due to the extensive brittleness
induced by excessive interstitials enrichment.

3.1.3 Study of the Heat Treatments for DED produced Ti-6Al-4V
samples

The typical tensile properties related to the as-built condition of DED
produced Ti-6Al-4V samples are usually unsatisfying for most applications, due
to the severely limited ductility. As mentioned before, this is mostly related to the
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massive presence of a’, induced during the fabrication process as a result of very
fast heating and cooling steps [29,53]. Therefore, in order to decompose this
problematic phase, a post processing annealing treatment is mandatory. This type
of heat treatments for Ti alloys can be mainly divided into sub-f transus and
super-f transus, according to the temperature at which the component is held with
respect to Tp. Several works are available in which a sub-f} transus annealing was
chosen [170,192-194]. Moreover, some authors also investigated the effect of a
post-annealing ageing process [195]. Klimova-Korsmik et al. [158] performed
water quenching on the annealed samples, which were then aged and air cooled.
However, this path did not induce a significant improvement in ductility for the
samples subject of this investigation. Little to no reports of super-f annealing heat
treatments conducted on laser deposited Ti-6Al-4V samples are available [170].
The main advantage of such procedure lies in the complete recrystallization of the
microstructure, which removes the columnar grain morphology, in favour of an
equiaxed one, which provides more homogeneous mechanical properties
throughout the sample.

Moreover, an analysis of the effect and significance of an ageing heat
treatments on a super-p annealed sample is also missing, according to the author’s
knowledge.

Therefore, in this work the impact and significance of a super-f annealing
heat treatment, followed by either furnace cooling, air cooling or water quenching,
and subsequent ageing treatment on the microstructure and mechanical properties
of DED produced Ti-6Al1-4V ELI samples was assessed. The specimens studied in
this investigation were built on two separate baseplates, one of which was not
preheated, whilst the other was kept at 220 °C throughout the whole deposition
process. For clarity purpose, the samples built on the first substrate were defined
CB (Cold Base) and the other HB (Hot Base). For both condition 5 15x15x15 mm
cubes and 3 95x15x15 mm horizontal bars were built, see for instance Figure 68.
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Figure 68: On-top view of a platform and relative samples part of this investigation.
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The manufacturing process was conducted in a sealed environment filled with
argon in order to protect the samples from oxidation and excessive interstitial
elements enrichment. The process parameters adopted are reported in Table 10.

Table 10: Process parameters adopted to build the specimens for the analysis of the heat treatments.

Power Scanning Powder hz-ltchlng Z-Step  Scanning
W) Speed Feed Rate distance (um) Strate
(mm/min) (g/s) (mm) B gy
300 700 0.017 0.58 100 0°/90°

3 cubic sample per condition (CB, HB) were then subjected each to a different
heat treatment, as illustrated in Table 11.

Table 11: List of the heat treatments investigated in this work with relative specifications.

Annealing Ageing
1050 °C for 1h followed by 540 °C for 4 h followed by
FC+A . .
furnace cooling furnace cooling
1050 °C for 1h followed by 540 °C for 4 h followed by
AC+A . . .
air cooling furnace cooling
1050 °C for 1h followed by 540 °C for 4 h followed by
WQ+A : .
water quenching furnace cooling

All the horizontal bars were cut along the length, thus obtaining 6 half-bars
per platform. Half of these specimens were heat treated, following the FC+A
specifications. By doing so, a total of 12 bars were obtained in the following
conditions: CB-AB (as-built), HB-AB, CB-FC+A, HB-FC+A. The bars were
subsequently mechanically machined in order to become dogbone tensile
specimens, compliant with ASTM-ES8 [147], as clarified in Figure 69.

Figure 69: Schematic representation of the machining operation used in order to obtain the tensile specimens.
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Microstructure

The micrographs relative to all the conditions analysed in this work did not
provide visible differences in terms of microstructural observation between CB
and HB samples. However, the different heat treatments provided significantly
dissimilar microstructures (Figure 70), mostly due to the differences in cooling
rate, which is certainly one of the most influencing factors for the final
microstructure of a Ti-6Al-4V recrystallized component.
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Figure 70: Representative optical micrographs of the AB (a), FC+A (b), AC+A (c) and WQ+A (d) samples.

The AB specimens, already described in Chapter 3.1.2., provided a largely o’
martensitic microstructure, characterized by columnar prior-f grains, resulting
from very fast heating/cooling cycles, typical of the DED process. Oppositely, all
the heat treated specimens provided equiaxed grains, due to the recrystallization
process that occurred in the material when it was held at T > Tp. The FC+A
samples underwent the slowest cooling rate, approximately 2 °C/min, which
resulted in a completely lamellar a+f microstructures in which o colonies were
easily recognizable. Moreover, ags was present throughout the whole surface
analysed. Similarly, the AC+A condition was characterized by o lamellae
surrounded by a thin layer of B phase. Although, no colonies were detected. In
fact, a Widmanstitten morphology was recognized, by the typical £ 30°/60°
angles between neighbour lamellae, typical of intermediate cooling rates (= 10
°C/min). Oppositely, the WQ+A specimens provided a mainly martensitic
microstructure, similar to the AB case. However, a relevant number of o laths
were detected homogeneously dispersed throughout the whole sample. The
formation of such features via water quenching is possible, as the typical related
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cooling rate is lower than 410 °C/s [196,197]. However, the insurgence of a
greater amount of o phase and its growth are probably due to the decomposition
of the martensite during the ageing step of the heat treatment. In fact, the long
duration and relatively high temperature of this step facilitate the diffusive
phenomena.

An in-depth microstructural investigation was also conducted in order to
better relate all the conditions. Since the comparison between different
microstructures is challenging, two separate parameters were studied: the width of
the o laths and the width of the o’ martensitic needles. The former was used to
compare the heat treated samples (FC+A, AC+A, WQ+A), whilst the latter was
used to investigate the AB and WQ+A samples.

The outcome of the evaluation of the o width of the heat treated samples is
provided in Figure 71 and Table 12.
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Figure 71: Frequency curves related to the width of the o laths in the FC+A (a), AC+A (b) and WQ+A (c)
conditions.
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Table 12: Average o width values.

Condition o width (um)
CB-FC 1.73
HB-FC 1.65

CB-AC+A 0.98

HB-AC+A 0.96

CB-WQ+A 2.14
HB-WQ+A 1.55

No significant differences induced by the pre-heating of the platform during
manufacturing were found in the FC+A and AC+A samples. The comparison
between the different heat treatment conditions (Figure 72) highlighted how the
AC+A samples provided a markedly finer o phase, which is a typical outcome for
Widmanstitten morphologies compared to lamellar colonies. In fact, the formers

are obtained in correspondence of higher cooling rates, thus providing less time
for diffusive phenomena (e.g. a growth) to occur. The a laths obtained in the
WQ+A samples were also significantly larger. However, a direct comparison
between this condition and the others is not possible. In fact, in the former case a

is sparsely present in the microstructure, which is mostly formed by a’. Instead, in
the FC+A and AC+A scenarios, the a lamellae, and relative thin 3 layers, formed

the whole microstructure.
60% -

45%

30% A

Relative frequency

15%

A FC+A
e ACHA
+ WQ+A
0% L LI —
0 1 2 3 4 5 6
o width (pm)

Figure 72: Representative comparison of the a width distribution curves of the heat treated specimens (CB

curves shown).

The comparison of the o’ width (Figure 73 and Table 13) for the AB and
WQ+A conditions highlighted the effect of the process parameters and
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environments on the microstructure of the as-built sample. In fact, the CB-AB
specimen was characterized by a rougher o’ microstructure than its HB
counterpart. This was due to the former undergoing a higher cooling rate, which
resulted in larger needles, as explained in Chapter 3.1.2. The WQ+A samples
also provided a certain difference in terms of martensitic size, which might have
been caused by a certain difference in terms of grain size and/or composition.
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Figure 73: Frequency curves related to the width of the o’ needles in the AB (a) and WQ+A (b)
conditions.
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Table 13: Average o’ width values.

Condition o width (um)
CB-AB 1.83
HB-AB 1.60

CB-WQ+A 0.98
HB-WQ+A 0.80

By comparing the o’ width for the AB and WQ+A conditions (Figure 74), the
latter appeared markedly finer. Since the microstructural feature in analysis is
highly dependent on the cooling rate, this result was in good agreement with the
data available in literature, which confirmed that the cooling rate is significantly
lower during the quenching step (= 10? °C/s) than in the DED process (= 103-10*
°C/s) [118,119,196,197].
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Figure 74: Representative comparison of the o’ width distribution curves of the AB and WQ-+A specimens
(CB curves shown).

As mentioned before, all the heat treated samples provided equiaxed grains.
For sake of comparison with the AB condition, the grain width, instead of size,
was used. This approximation appeared appropriate as the aspect ratio (AR) of the
equiaxed grains resulted consistently higher than 0.90. The comparison of the
grain width, provided in Figure 75a, highlights an overall increase in the
parameters after the heat treatment. No relevant differences were noted between
the CB and HB conditions.
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Figure 75: Comparison of the grain width for all the conditions considered (a) and relative trends along the
height of the samples for the CB (b) and HB (c) conditions.

In a procedure specular to the one showed in Chapter 3.1.2, the evolution of
the grain width along Z for all the samples in the CB (Figure 75b) and HB (Figure
75c) conditions was investigated, in order to understand whether the
recrystallization of the grains was influenced by the intrinsic anisotropy of the
DED produced samples or not. In fact, as already stated, this manufacturing
process induces a grain size variation along the sample’s height as a result of a
difference in the cooling rate during deposition. In both pre-heating conditions, a
clear upward sloping trend was observed. For instance, the CB-FC+A sample
provided a grain width variation from 0.55 mm in proximity of the base to 1.07
mm at 9 mm height roughly. This means that, even if a complete recrystallization
of the material occurs via super- transus heat treatments, a certain “grain
memory” effect took place, preventing the microstructure to be effectively and
completely homogenised. This phenomenon was probably due to the grain
boundaries being preferential nucleation sites for new grains in the B field [198].
In fact, during a super-p annealing, the new grains develop preferentially at pre-
existing boundaries and then grow at the expense of the residual a phase [199].
This behaviour is greatly favoured by the presence of the B phase, sensitively less
effective at preventing diffusion-related phenomena than the o phase.

In order to confirm the assumptions made on the microstructures during the
analyses of the micrographs and to investigate the phases involved more deeply,
the XRD patterns of all the samples were obtained and studied, as visible in
Figure 76.
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Figure 76: XRD patterns of all the conditions considered in this work.

All the samples provided the peaks relative to the o/a’ phase. Although, the
distinction between these two phases is challenging by only means of XRD
patterns observation, as both are characterized by the same hexagonal structure.
The (002) peak relative to the B phase was found in the AC+A and FC+A
samples. The presence of a non-negligible amount of this phase is in good
agreement with the heat treatments conducted, as these two conditions provided
the overall slowest cooling rates which facilitated the diffusive phenomena, thus
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the o’ — o+p decomposition. Moreover, the  presence confirms that the AC+A
and FC+A conditions were characterized by the thermodynamically stable a, since
no transformations during cooling allow the formation of B without a.

The cell parameters for the o phase were also assessed from the patterns
recorded in the XRD analyses. The a cell volume was chosen as the most suitable
parameter in order to compare all the specimens. The results are reported in
Figure 77 and Table 14. All the specimens characterized by the presence of a
phase provided markedly similar cell volume values, ranging from 34.79 to 34.83
A3, Instead, the AB samples were characterized by a smaller cell, in good
agreement with the data found elsewhere for martensitic Ti-6Al-4V
microstructures [200]. This information confirmed that the as-built samples were
completely martensitic. Moreover, the WQ+A samples provided a cell volume
markedly similar to the samples characterized by a more stable microstructure
from a thermodynamic point of view (AC+A, FC+A). Therefore, the water
quenched samples provided a microstructure which was overall significantly close
to the equilibrium state than the AB state. This is also confirmed by the presence
of a significant amount of a phase, obtained via o’ decomposition.
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Figure 77: a cell volume for all the conditions considered.

Table 14: o cell volume evaluated from the XRD patterns.

Sample Cell volume (A%)

CB-AB 34.31+£0.20

HB-AB 3431+0.14
CB-FC+A 34.82+0.53
HB-FC+A 3479 +£0.77

CB-AC+A 34.79 £ 0.07
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HB-AC+A 34.79 +£0.23
CB-WQ+A 34.82+0.13
HB-WQ+A 34.83 +0.35

To further assess if any type of contamination occurred during the process or
the post-processing heat treatments, an analysis of the quantity of interstitial
elements in all the samples was conducted. In general, this type of test is
important to assess the causes of possible variations in the behaviour of the
samples. The outcome of the evaluation is provided in Figure 78.
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Figure 78: [O]eq evaluation for all the conditions considered in this work.

The AB samples resulted poorly enriched by interstitial elements (O, N) in
both CB (0.123% = 0.030%) and HB (0.152% + 0.018%) conditions. In this case,
the differences induced by the process environment appeared marginal. A similar
behaviour was encountered in the FC+A and WQ+A scenarios. In fact, these
provided an interstitials content comparable with the as-built ones, namely
0.131% + 0.001% and 0.135% =+ 0.026% for CB-FC+A and CB-WQ+A,
respectively, and 0.176% £ 0.015% and 0.138% = 0.011% for HB-FC+A and HB-
WQ+A. Concerning the AC+A samples, in both building conditions the materials
provided a high content of interstitials (0.581% + 0.170% and 0.497% + 0.156%
for CB and HB, respectively). In this scenario, the insurgence of some sort of
issue during the heat treatment appeared more likely, as the solution in order to air
cool the sample was custom-made and the sensitivity of the Ti-6Al-4V alloy to
oxygen and nitrogen enrichment is very high.
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Mechanical Properties

The Vickers microhardness was measured on all the samples part of this study by
measuring the average values at different heights along the cross-section of the
samples. However, unlike in the AB condition, no clear trend was found for the
heat treated samples, suggesting that a super-p transus annealing followed by
ageing can be an effective mean to eliminate the intrinsic hardness anisotropy
induced by the DED fabrication process. Since a clear trend for the grain size was
found in the microstructural evaluation, a direct correlation between grain size and
hardness was lacking, unlike in the study provided in Chapter 3.1.2. The average
values for each condition are reported in Figure 79.
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Figure 79: Average Vickers microhardness values for all the conditions considered.

The AB samples were characterized by an average hardness of 311 + 27 and
325 +£ 11 HV for the CB and HB conditions, respectively. After the FC+A heat
treatment, these values dropped to 295 + 40 and 291 + 38 HV. No significant
differences were found to be relatable to the building conditions and/or
interstitials content in this case. The decrease in hardness was linked to the
disappearance of the o’, which is a moderate hardener. The highest value overall
was measured on the CB-AC+A specimen, characterized by a microhardness of
347 £ 38 HV. Instead, its HB counterpart provided a value of 323 = 25 HV, which
was comparable to the AB condition. The CB-WQ+A and HB-WQ+A samples
provided significantly similar values: 316 + 20 and 317 + 25 HV, respectively.
Overall, the most promising results were given by the AC+A samples, probably
due to their markedly fine microstructure (Figure 71). Whilst, the FC+A samples
resulted the worse in terms of hardness.

The AB and FC+A specimens obtained via machining of the horizontal bars
were tensile tested, thus providing the results in Figure 80 and Table 15.
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Figure 80: Representative curves of the trends obtained during the tensile tests (a) of the DED Ti-6Al-4V as-
built and FC+A samples with relative average YTS, UTS and ¢ values obtained (b).

Table 15: Outcome of the tensile tests on the AB and FC+A samples.

YTS (MPa) UTS (MPa) £ (%)
CB-AB 949 + 2 1058 + 4 52+1.3
HB-AB 949 + 4 1081 + 17 4.8+0.7
CB-FC 793 +9 849 + 15 82+0.2
HB-FC 742 £ 61 873 +3 93+0.7

The AB samples provided high strength values, associated with a limited ductility.
This was related to the fine grained microstructure of o’ needles. No significant
differences were found in terms of tensile properties between the CB and HB
conditions. Similarly, the CB-FC+A and HB-FC+A specimens were characterized
by comparable mechanical properties. The latter provided a slightly higher €. In
general, the post processing heat treatments allowed a significant increase in
ductility. However, it was not sufficient in order to make the samples comply with
the limits imposed by ATSM-F2924 (¢ > 10%). Moreover, the reduction in YTS
and UTS resulted so consistent that even the threshold values of the normative for
the yield strength were not met (YTS > 825 MPa, UTS > 895 MPa). Overall, a
drastic decrease in strength was caused, without granting a reasonable enough
augment in plasticity.

Conclusions

In this work, different super- transus heat treatments were conducted on
DED produced Ti-6Al-4V samples. Different cooling paths (furnace cooling, air
cooling and water quenching) followed by post-annealing ageing step were
considered. Moreover, two different building conditions (pre-heated platform and
non-pre-heated platform) were also studied. The specimens were analysed by
comparing microstructures and hardness values. Furthermore, the as-built and
furnace cooled samples were also investigated via tensile testing. To sum up, the
most important results obtained can be reported as follows:
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e All the heat treatments part of this study allowed to obtain markedly
different microstructures. The as-built specimens provided completely
martensitic microstructures with columnar prior-f grains. The heat
treated and furnace cooled samples were characterized by colonies of
a+p lamellae. The heat treated and air cooled specimens provided a
a+p lamellar Widmanstéitten microstructure. The heat treated and
water quenched samples were characterized by a mainly martensitic
microstructure, in which sparse a laths resulted clearly visible.

e The heat treated and air cooled samples provided the finest a laths,
characterized by an average width of 0.96-0.98 um.

e The heat treated and water cooled samples provided the finest o’
needles, characterized by an average width of 0.80-0.98 pm.

e A super-f transus annealing was performed, which allowed the
complete recrystallization of the microstructure, thus changing the
grain morphology from columnar to equiaxed. However, the intrinsic
anisotropy of the grain width (size) of the as-built samples, induced by
the manufacturing process, remained even after heat treatment. In fact,
the grain boundaries, more concentrated in the bottom region of the
sample, acted as preferential nucleation spots for new grains at T > Tp.
Therefore, a sort of “grain memory” effect was found.

e The heat treated and air cooled samples proved to be the most
performing in terms of hardness, whilst the heat treated and furnace
cooled specimens were the worst.

e In terms of tensile properties, the heat treatment with furnace cooling
did not appear as a viable post-processing path. In fact, the increase in
ductility was modest and associated with a severe drop in yield and
ultimate tensile strengths.

e Overall, for the heat-treated conditions, no significant differences
induced by the pre-heating of the platform during deposition were
found. This suggested that a super-f transus annealing might be a
viable way in order to “erase” possible differences induced in the
samples by such procedure.

3.2. Ti-6Al-4V Alloy Produced by EBM

The process parameters determination step was not necessary for the EBM
system, as these were already defined by Arcam.

The EBM process allows to manufacture a 3D component via micro-melting
of small areas of partially sintered powder. This results in unique microstructures
in the Ti-6Al-4V alloy, that provide excellent combinations of mechanical
properties, even in the as-built state. This is mostly related to two main process-
related factors:
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e the high thermal gradients generally involved, which result in a fast
cooling from the molten state, providing fine columnar grains [201];

e the high temperature of the process chamber (= 700 °C) in conjunction
with the long duration of the process. Both these factors favour
diffusive phenomena, promoting the decomposition of the embrittling
o’ phase into a more optimal lamellar o+ microstructure [62].

Since the as-built state already provides interesting combinations of strength
and ductility, the study of the post-processing heat treatments on the EBM
produced Ti-6Al-4V samples did not gather much attention initially, if compared
to other AM techniques, such as LPBF [202,203]. Since EBM produced samples
do not usually provide high levels of residual stresses, the stress relieving heat
treatments are usually not considered [62,202]. Instead, annealing heat treatments
appear more interesting. These can be conducted either above or below Tp. In the
former case, a complete recrystallization of the microstructure occurs and the
grains turn from columnar to equiaxed, reducing the anisotropy. In the latter
scenario, the fine grains obtained during the EBM process can be retained, which
is beneficial for achieving a high strength component. After annealing, an ageing
step is possible, which is usually conducted at lower temperatures and longer
durations, with respect to the prior heat treatment. Its goal is to promote diffusive
phenomena in order to favour the decomposition of o’ and/or supersaturated
retained P phase [23].

Several works available in literature investigated the effect of different
combinations of time, temperature and cooling means on the properties of EBM
produced Ti-6Al-4V samples. However, little to no work is available on the
significance of a super B-transus annealing (T > Tp) followed by different cooling
paths and then by an ageing heat treatment.

Raghavan et al. [203] investigated several combinations of heat treatments on
EBM produced Ti-6Al-4V grade 5. The authors considered durations ranging
from 1 to 3 hours and temperatures from 930 (sub-f) to 1050 °C (super-f). They
also evaluated the significance of a post-annealing ageing phase, which was
performed exclusively on the samples annealed at a temperature of 1050 °C and
then air cooled. The aim of this last combination of heat treatments was to
decompose the martensite obtained during the annealing step, without coarsening
excessively the material. However, the resulting mechanical properties appeared
barely comparable, if not inferior, to the ones of the as-built samples, obtained
from the authors. De Formanoir et al. [68] studied a sub-f (950 °C) and a super-f3
(1040 °C) annealings, performed on samples that underwent hot isostatic pressing
(HIP), confirming marked microstructural variations after the recrystallization
heat treatment. However, no investigation related to an ageing step after the first
heat treatments was conducted. Galarraga et al. [134] conducted a thorough
investigation on the effect of several heat treatments on EBM produced Ti-6Al-
4V samples, using as a feedstock material a mix of 50% used and 50% virgin
powders. Water quenching, furnace and air cooling were the cooling means
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considered by the authors. While the former led to extensively martensitic
microstructures, which implied good strength values, but rather limited ductility;
furnace and air cooled samples were characterized by bimodal o+f
microstructures. The effect of a post-annealing ageing heat treatment was also
considered. However, it was only applied to samples that previously underwent
sub-p heat treatments. The authors concluded that this last combination of post-
processing steps resulted the most optimal method in order specifically tailor the
resulting mechanical properties, according to the application needed, via proper
manipulation of temperature, duration and cooling rate.A relevant number of other
works focused on annealing heat treatments conducted at T < Tp, considering
different cooling paths [70,136,204,205]. However, none of these assessed the
significance and consequences of a subsequent ageing step. Thus, in this work, the
effect of a super-p annealing heat treatment, followed by either furnace cooling or
water quenching, on the microstructure and mechanical properties of EBM
produced Ti-6Al1-4V ELI was assessed and compared to the as-built and annealed-
only conditions. The samples used were 15x15x15 mm cubes and vertical
cylindrical bars of 140 mm length and 15 mm diameter. All the samples were
EBM produced using an Arcam A2X machine, using the standard parameters for
this material given by the machine supplier. The samples underwent separate heat
treatments, achieving a total of 5 different conditions, as summarized in Table 16.

Table 16: List of all the heat treatments investigated and relative specifications.

Annealing Ageing
as-built - -
1050 °C for 1h followed by
FC . -
furnace cooling
1050 °C for 1h followed by 540 °C for 4 h followed by
FC+A . .
furnace cooling furnace cooling
WQ 1050 °C for 1h fqllowed by i
water quenching
1050 °C for 1h followed by 540 °C for 4 h followed by
WQ+A ! .
water quenching furnace cooling
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Microstructure

The micrographs of the as-built condition, visible in Figure 81, provided a
complex microstructure, typical outcome for EBM produced Ti-6Al-4V samples.

55 S

pm

Figure 81: Micrographs obtained by optical (a) and SEM (b) imaging of as-built EBM Ti-6AL-4V samples.
Martensite found in the upper part of the specimen (c).

Prior-B grains were detected, alongside a phase continuous layers located at
grain boundaries, commonly marked as ags (Figure 81a). The presence of this last
microstructural feature in EBM produced Ti-6Al-4V samples was also highlighted
in other works [68,206]. Overall, the micrographs provided a lamellar o+f
microstructure, as visible in Figure 81b. The o laths were found to be arranged
both in a Widmanstétten pattern and grouped in colonies. As mentioned before,
these morphologies are mainly due to the permanence of the samples in the high
temperature process chamber, resulting in a prolonged annealing heat treatment.
In the upper part of the specimens, which corresponds to the last layers obtained
during the fabrication process, a mainly o’ martensitic microstructure was found
(Figure 81c). Considering that the martensite formation is associated with high
cooling rates/thermal gradients, its presence on top of the samples is probably
correlated to the annealing heat treatment mentioned before, which can provide
the decomposition of the martensite: o’— a+f. In fact, the area of the samples in
which such features were found corresponded to the portion that underwent the
“Intrinsic heat treatment” for a shorter duration, resulting in a lack of time in order
to fully decompose a’. Martensite presence in EBM produced Ti-6Al-4V was also
found by other authors [207,208].

The observation of the microstructures of the heat treated samples provided
results considerably different, as visible in Figure 82.
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Figure 82: Microstructures found via optical observations of the FC (a), FC+A (b), WQ (c) and WQ+A (d)
samples.

All the heat treated specimens provided prior- grains characterized by an
equiaxed morphology, confirming the recrystallization happened due to the
temperature exceeding Tp. The FC and FC+A samples (Figure 82a,b) were
constituted exclusively by o+ lamellae (o laths surrounded by P layers), arranged
in colonies, thus sharing the same crystallographic variant. This resulted from the
very slow cooling rate applied, which allowed only a limited number of possible
orientations [27]. No significant differences between these two groups of
specimens were found by means of optical observation. Instead, the WQ samples
(Figure 82c) provided markedly different micrographs, mainly formed by o’
needles, arranged in the typical +£45° morphology. In addition to that, a small
amount of o laths was detected. Similarly, the WQ+A samples (Figure 82d)
showed a similar martensitic microstructure. However, the a phase appeared in
laths characterized by a larger size. Since the only significant difference between
WQ+A and WQ was the post-annealing ageing, a growth at the expense of o’
seemed reasonable. In fact, the decomposition of the martensite is one of the
typical goals of such heat treatment.

In order to be able to numerically quantify and better understand the different
microstructures involved, the width of the o laths was estimated for all the heat
treated conditions, as provided in Figure 83. In fact, this microstructural feature is
shared by all the samples part of this investigation. The as-built specimens were
not considered in this assessment, as the relative microstructure is rather complex
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and characterized by several morphologies and phases simultaneously, thus
resulting inhomogeneous.
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Figure 83: o width distribution, relative to the heat treated samples.

The furnace cooled samples were characterized by the largest laths, providing
as average value of 2.72 and 3.29 pm, for the FC and FC+A conditions,
respectively. Instead, the WQ and WQ+A specimens had an average value of 1.46
and 1.98 pum, respectively. The marked differences between the samples obtained
via different cooling means were the result of significantly different thermal
histories, which also resulted in two main categories of microstructures, hereby
compared: lamellar a+p (FC, FC+A) and acicular o’ with sparse a laths (WQ,
WQ+A). Therefore, the main result of this comparison lies in the evaluation of the
growth rate of the o phase, which is diffusion-dependant and resulted more
consistent in the samples that were left to cool in the furnace after annealing. In
fact, these specimens remained for a longer period of time at high temperatures,
favouring o growth. Similarly, the ageing heat treatment provided a growth too.
This phenomenon resulted particularly evident in the water quenched samples,
even by optical observation of the micrographs, in which the condition WQ+A
provided a visibly coarser microstructure than WQ (Figure 84).



Results and Discussion 109

Figure 84: Highlight of the o laths in the WQ (a) and WQ+A (b) conditions.

Another important microstructural parameter to consider is the grain size, which
provides a direct influence on the mechanical properties of the material, for
instance via grain boundaries strengthening [89,209]. This parameter was
measured for all the heat treated specimens. Instead, the as-built condition was
excluded due to the difficulty to optically resolve the fine columnar grains, as
testified by Galarraga et al. [210]. Moreover, a direct comparison between
equiaxed grains and columnar grains is difficult, due to the significantly different
morphologies involved. The results of the evaluation of the grain size are
provided in Figure 85.
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Figure 85: Average grain size of the heat treated samples

The samples that underwent a slow furnace cooling after annealing (FC,
FC+A) were characterized by the largest grains. This was related to the prolonged
permanence at high temperatures due to the low cooling rate applied. In fact, grain
enlargement is a diffusion-driven phenomenon [4,198]. Furthermore, the heat
treatments were conducted at 1050 ©°C, which allowed the complete
recrystallization of the material into B phase. In this phase, the self-diffusivity
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coefficient for titanium (Drip =10"'3 m%/s) is much greater than in the o phase
(Dri-e =10"° m?/s) [35]. Hence, the duration of the super-p transus heat treatments
must be carefully controlled, due to the lack of a phase, much more efficient in
preventing grain enlargement. Otherwise, the resulting microstructure might be
characterized by very coarse grains, resulting in a poor strengthening effect.
Comparing the FC and FC+A samples, the difference in terms of grain size
appeared negligible. This was probably correlated with the presence of ocs
(Figure 82a,b), which is significantly efficient at hindering grain growth [68]. The
WQ specimens provided instead finer grains, as a result of the very high cooling
rate used after annealing, which prevented diffusive phenomena from happening.
However, during ageing (WQ+A), grain enlargement occurred, as no barrier for
diffusion (agg) is present, such in the FC+A samples.

In order to confirm the hypotheses made on the phases present in the EBM
produced Ti-6Al-4V samples and to investigate them more deeply, XRD analyses
were conducted. The results are provided in Figure 86.
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Figure 86: Patterns obtained from the XRD analyses on all the conditions considered in this study.

The peaks relative to the a/a’ phases were clearly visible in all the samples.
Instead, the (110) peak relative to the B phase was present only in the as-built, FC
and FC+A specimens. Since for the composition of the Ti-6Al-4V alloy the
presence of B implies the presence of a as well, near room temperature. The
samples that provided the B peak were likely to be characterized by a phase,
instead of martensite. Oppositely, since the martensitic transformation f — a’does
not allow a generation, the samples that did not provide the  peak (WQ, WQ+A)
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resulted more likely to show o’ instead of a. Both these assumptions were in good
agreement with the observation of the micrographs. In fact, the as-built, FC and
FC+A samples provided a lamellar duplex o+ microstructure, whilst WQ and
WQ+A were characterized by a mainly martensitic microstructure, recognizable
by the typical needles in a +45° orientation. The investigation of the a phase of
the FC+A samples provided a (002) peak higher than the (101) peak. This
phenomenon was supposed to be related to texturing.

To further assess the phases found and relate them to the processing route the
samples underwent, the determination of the cell parameters of the hexagonal
lattice of the o/a’ phase from the XRD data was conducted (Figure 87). The c/a
ratio was chosen in order to compare all the samples.
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Figure 87: c/a ratio evaluation from the XRD data.

The as-built and furnace cooled samples were characterized by similar c/a
values, ranging from 1.598 to 1.600, consistently with other data available in
literature for similar microstructures [211,212]. Oppositely, the specimens that
underwent water cooling, resulted characterized by lower c/a ratio values. In
particular the WQ samples had an average value of 1.592 + 0.02. This variation
might have been correlated to the supersaturation of [ stabilizers in the o’ lattice
[213,214]. This assumption is in good agreement with the data available in some
works, in which a lower c/a ratio corresponded to martensitic Ti-6Al-4V samples
[157,167]. The WQ+A samples underwent partial o> decomposition, in favour of
a phase. This can effectively explain why the resulting c/a ratio was higher than
that of WQ, but still lower than the other samples, due to the significant amount of
martensite still present.
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Mechanical Properties

Vickers microhardness was evaluated for all the conditions. The results
obtained are summarized in Figure 88. The as-built material provided an average
value of 349 + 23 HV. This value is set below some results obtained in other
works available in literature [134,204]. This is possibly caused by different
process parameters used during fabrication, which had a great impact on the final
material properties. The FC and FC+A samples highlighted a significant decrease
in microhardness to 307 £+ 35 and 307 + 23 HV, respectively. These specimens
were characterized by a lamellar o+ microstructure in which colonies sharing the
same orientation were clearly visible. This microstructural feature, associated with
a very slow cooling rate, is often associated with a low hardness [215].
Comparing these two conditions, the difference in terms of HV appeared
completely negligible, even if their typical lamellar a widths were significantly
different (Figure 83). Oppositely, the grain size evaluation provided very similar
results for these two conditions (Figure 85), as a consequence of the presence of
acB. Therefore, the analysis of the data suggested that the effect of the
microstructural size on the microhardness of the FC and FC+A samples was
marginal with respect to that of the grain size. The significance of this last effect
seemed to be confirmed by the WQ and WQ+A samples. The former resulted the
hardest in this work (380 = 15 HV), possibly due to its martensitic microstructure,
known for slightly increasing hardness [4,20]. Instead, the WQ+A specimens
highlighted a significant drop of HV to an average value of 327 + 19 HV, which
was also markedly lower than the as-built condition. This sudden decrease might
have been caused by the combined effect of the grain enlargement (Figure 85) and
the coarsening of the microstructure (Figures 83,84). However, the latter was not
only correlated to the size, as in fact a laths grew at the expense of o’, effectively
changing the relative o/a’ phase composition. Therefore, the post-annealing
ageing heat treatment seemed to have a negligible effect in terms of hardness of
the slowly cooled samples (FC, FC+A), whilst it caused a significant drop in
performances of the quenched samples (WQ, WQ+A).
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Figure 88: Microhardness measurement of all the conditions considered in this work.

The tensile properties of the mechanically machined specimens, obtained
from vertical bars, in all the conditions considered were also assessed, providing
the results visible in Figure 89 and Table 17.
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Figure 89: Representative tensile curves for each conditions (a) and relative average YTS, UTS and &.

Table 17: Data obtained from the tensile tests.

YTS (MPa) UTS (MPa) € (%)
as-built 887 +28 962 + 23 99+1.2
FC 762 +4 852+2 11.0+ 0.7
FC+A 839 + 25 914+ 19 120+ 1.9
WQ 930+ 13 1079 £ 12 4.5+0.1
WQ+A 952 +42 1046 + 38 82+0.7
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The as-built specimens provided YTS and UTS values well above the threshold
imposed by the ASTM-F2924 [71], which describes the mechanical properties
requirements for the EBM produces Ti-6Al1-4V components. The elongation was
very close to the minimum required (10%). The FC and FC+A provided the
highest ductility in this investigation. This resulted coherent with the literature, as
lamellar o+p microstructures characterized by the presence of colonies are often
associated with a good plasticity [4,6]. Usually this effect is linked with a
decrease in strength, as confirmed by the experimental data. For example, the
average YTS of the FC samples resulted significantly lower than in the as-built
condition. However, after ageing, the YTS increased, reaching 839 + 25 MPa,
which was definitely closer to the initial value, than the non-aged counterpart.
Furthermore, a higher € was reached. Hence, for furnace cooled samples, the post-
annealing ageing treatment appeared beneficial both in terms of strength and
ductility. In particular, the combination of mechanical properties reached by the
FC+A samples appeared appropriate and also compliant to the ASTM-F2924 [71].
Considering the quenched specimens, The YTS and UTS values obtained were the
highest of all the conditions examined. The relative strengthening effect could be
caused by the presence of o’ martensite and finer grains, with respect to the other
heat treated samples. However, the o’ increase in strength resulted in a significant
decrease in ductility (e.g. 4.5% =+ 0.1% for WQ), as this was an embrittling phase.
However, the WQ+A specimens showed a drastic increase in ductility (8.2% =+
0.7%), without a loss of strength. This augmentation was probably due to the
synergic effect of grain enlargement and microstructural coarsening/o growth at
the expense of a’. In particular, the WQ+A samples provided the highest YTS
value of this investigation (952 + 42 MPa). Therefore, the post-annealing ageing
appeared as a mandatory step for water quenched samples, as it resulted in a
drastic increase in ductility, associated with the retained outstanding strength.

Conclusions

In this work, different super-p transus heat treatments on EBM produced Ti-
6Al-4V samples were investigated. Different cooling paths (furnace cooling,
water quenching) were considered in addition to the effect and significance of a
post-annealing ageing step. The specimens were analysed from a mechanical
properties and microstructural point of view. To sum up, the most important
results obtained can be reported as follows:

e A super-p transus annealing results in a shift in grain morphology
from columnar to equiaxed. Moreover, the resulting microstructure is
dependent on the cooling rate applied. In particular, a fast cooling
leads to the formation of o’ martensite, while a slow cooling allows
the formation of colonies of a lamellae surrounded by a f layer.

e The ageing step caused a significant enlargement of the a laths in all
conditions. In particular, in the WQ+A samples, this happened at the
expense of a’. Moreover, this heat treatment caused an enlargement of
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the grains in this last condition, whilst this phenomenon was prevented
from occurring in the FC+A samples due to the presence of ags,
which acted as a growth barrier.

e Apart from the WQ samples, the specimens representing all the other
heat treated conditions resulted less performing than the as-built
specimens in terms of hardness.

e The furnace cooled samples were associated to improved ¢ values and
a significant decrease in YTS and UTS with respect to the as-built
samples. However, the ageing heat treatment allowed a partial
recovery of the strength, without compromising the plasticity. The
FC+A samples were the only ones to provide a combination of
mechanical properties meeting the requirements of ASTM-F2924.

e Water quenching the annealed samples resulted in a significant
strengthening effect. However, the ductility decreased substantially.
The addition on an annealing step provided an almost complete
recovery of the initial ductility, without losing the excellent YTS and
UTS reached.

e In terms of tensile properties, a post-annealing ageing step appears to
improve the quality of the samples, independently from the cooling
path applied.

3.3. Comparison of the DED and EBM Produced
Samples.

Several heat treatments were conducted on samples produced either via EBM
or DED. A comparison is possible between the FC+A and WQ+A conditions,
presented in the work on the heat treatments on DED and EBM samples, since the
same operative conditions were selected. In this section, using the same
nomenclature adopted before, the samples were defined as explained in Table 18.

Table 18: Nomenclature used and specification for the heat treatments considered in this chapter.

Annealing Ageing
1050 °C for 1h followed by 540 °C for 4 h followed by
FC+A ) )
furnace cooling furnace cooling
1050 °C for 1h followed by 540 °C for 4 h followed by
WQ+A . .
water quenching furnace cooling

In this section only the DED produced samples built without pre-heating the
platform during the process were examined. Considering that no significant
differences induced by the platform temperature during deposition were found,
this condition was preferred for a simpler system and a more economic process.
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Microstructure

The sample produced via DED and EBM presented significant differences in
the as-built conditions. These were mostly resulting from the markedly different
microstructures generated by the different manufacturing technologies adopted. In
particular, the DED produced samples provided a completely martensitic
microstructure, resulting from the intense cooling rates typically involved in this
process (Figure 90a). Instead, the EBM produced samples were characterized by a
more complex microstructure of o+ lamellae arranged both in a Widmanstitten
pattern and in colonies (Figure 90b), resulting from the high cooling rates of the
EBM process, in conjunction with the prolonged annealing heat treatment, caused
by the high temperature at which the process chamber is kept during the
manufacturing step. Both samples provided prior-f grains in a columnar
morphology, due to the strongly directional cooling capacity of the systems
involved, which headed towards the baseplate.

50 pm

Figure 90: Optical micrograph of the DED produced (a) and EBM produced (b) samples in the as-built state.

The DED and EBM heat treated samples provided similar microstructures if
the same cooling path was considered after annealing. The DED-FC+A (Figure
91a) and EBM-FC+A (Figure 91b) specimens were characterized by a completely
lamellar microstructure of o lamellae enveloped in a thin B layer. Instead, the
DED-WQ (Figure 91c) and EBM-WQ+A (Figure 91d) samples were
characterized by a mainly o’ martensitic microstructure, recognizable by the
presence of fine needles, in which sparse a laths were clearly visible.
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Figure 91: Optical micrographs of the DED-FC+A (a), EBM-FC+A (b), DED-WQ+A (c) and EBM-WQ+A
(d) samples.
All the heat treated samples provided an equiaxed grain morphology, as a
result of the recrystallization super-f transus heat treatment. The comparison of
the relative average grain size is illustrated in Figure 92.
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Figure 92: Comparison of the grain size of the DED and EBM produced heat treated samples.
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The specimens built using the same technology presented similar grain size
values, even if a different heat treatment was conducted. This result appeared
reasonable, as most of the grain growth occurred at high temperature, during the
annealing phase. During this phase, no o phase was present to slow down
diffusive phenomena, thus grain growth was greatly favoured. Overall, the DED
produced specimens were characterized by slightly bigger grains. This might be
the result of a lower concentration of grain boundaries for this type of samples in
the as-built condition, which resulted in fewer spots in which the nucleation of
new grains was encouraged at high temperatures. In fact, the DED prior-f3 grains
provided width values approximately ranging from 200 to 500 um in the as-built
state. Tan et al. [60] evaluated a grain width of 40-55 um for EBM produced
samples, in the as-built condition. This marked difference is the result of the
different cooling rates applied during the process. In fact, the typical value of
cooling rate for the DED technology lies between 10! and 10° °C/s, instead it
ranges from 10° up to 10° °C/s for the EBM technology [111,118,216]. As a
consequence of that, the grain boundaries were markedly more concentrated in the
latter condition, resulting in slightly finer grains after the heat treatment.

A deeper analysis of several micrographs allowed to determine the average
value and investigate the distribution of the o width for all the conditions
considered in this comparison, as illustrated in Figure 93 and Table 19.
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Figure 93: o width distribution of the FC+A and WQ+A Ti-6A1-4V samples produced by means of EBM and
DED.
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Table 19: Average o width values for all the conditions considered in this comparison.

Condition o width (um)
DED-FC+A 1.73
EBM-FC+A 3.29
DED-WQ+A 2.14

EBM-WQ+A 1.98

The EBM-FC+A samples provided a significantly wider distribution curve,
shifter toward higher o laths widths. Therefore, the resulting average value
provided by these samples was abundantly exceeding the DED-FC+A condition.
A possible cause for this behaviour was not yet found. In fact, both samples
should present the same high temperature microstructure (100% ) when kept at
1050 °C. Moreover, the subsequent cooling paths was the same for DED and
EBM produced specimens. Since the heat treatment was performed using the
same equipment in the same conditions, relevant differences during cooling
appeared unlikely. However, this last option cannot be fully excluded. The only
significant difference found between DED-FC+A and EBM-FC+A was the grain
size. This might have had a certain influence on the formation of the lamellar a+f3
microstructure, since a laths formation is greatly favoured in correspondence of
the grain boundaries. However, this sole explanation seems somehow unlikely in
order to describe such a significant difference in terms of a widths. The WQ+A
samples provided more comparable results. This information seemed to be in
good agreement with the difference between DED and EBM produced samples in
terms of grain size, as the nucleation and growth of a phase during the WQ+A
heat treatment did not provide evidence of being favoured along the grain
boundaries. Oppositely, the majority of the o laths were found inside the prior-3
grains.

Similarly to the a laths, the o’ needles were analysed in the DED-WQ+A and
EBM-WQ+A conditions. The relative width distributions and average values are
presented in Figure 94 and Table 20.
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Figure 94: o’ width distribution of the WQ+A samples produced by means of EBM and DED.

Table 20: Average o width values for all the conditions considered in this comparison.

Condition o’ width (um)
DED-WQ+A 0.98
EBM-WQ+A 0.78

The EBM-WQ+A sample was characterized by an overall finer martensitic
microstructure, mainly due to a less consistent presence of larger needles (> 1.25
um), found mainly in the DED produced sample. This difference was probably
induced by a different interstitials content, however further analyses are needed in
order to confirm this.

In terms of mechanical properties, the comparison of the average Vickers
microhardness for the as-built and heat treated conditions is provided in Figure
95. The as-printed EBM specimens were characterized by a higher mean hardness
value than the DED ones. This was probably the result of the finer microstructure
induced by the extremely high cooling rates related to the electron beam use in
EBM systems. The abundant presence of o’ in the DED samples was insufficient
to fill the grain width gap, in terms of hardness. In fact, the hardening effect of the
martensite is moderate [4,6], whilst the difference in terms of grain size appeared
significant [60]. Considering the heat treated specimens, in general the FC+A
samples were characterized by a markedly lower hardness than their WQ+A
counterparts. Moreover, if the same type of heat treatment is considered, the EBM
produced samples appeared more performing, both in the FC+A and WQ+A
conditions. This is probably related to the reduced grain size, as in the as-built
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state, which had a major impact on the outcome of this evaluation, as already
highlighted in Chapter 3.1.4.

400 - - ggla
- 300- 7, %
=" ’
TR
- g

as-built FC+A WQ+A

Figure 95: Comparison of the average hardness values of the FC+A and WQ+A samples fabricated via DED
and EBM. The as-built data were added in order to consider the HV values pre-heat treatment. The DED as-
built data are relative to the samples built without pre-heating the platform.

The only DED and EBM produced tensile samples that shared a common heat
treatment were the ones that underwent the FC+A heat treatment. These samples
and the as-printed ones were compared in Figure 96. The as-built DED specimens
appeared significantly more fragile, although their strength was markedly higher
than the EBM ones. After the recrystallization heat treatment was performed,
providing comparable microstructures, the EBM samples resulted significantly
more performing in terms of YTS (+6%), UTS (+8%) and & (+46%). The slightly
higher resistance was probably a result of the finer grains observed in the EBM
samples, whilst the markedly higher ductility was likely correlated with the
coarser microstructure. The DED and EBM tensile specimens were characterized
by different building orientations, horizontal and vertical, respectively. This
difference might have played an important role in the determination of the
mechanical properties in the as-built state. As discussed in Chapter 1, this
phenomenon is mostly linked to the presence of highly anisotropic columnar
prior-B grains and related microstructural features. However, the influence of the
orientation and the consequent anisotropic microstructures on the mechanical
behaviour of the heat treated samples was considered negligible due to the
complete recrystallization of the microstructure that occurred, allowing a shift
from a columnar to an equiaxed grain morphology.
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Figure 96: Representative tensile curves for the DED-FC+A and DED-WQ+A samples. The as-built
data were added in order to consider the tensile properties pre-heat treatment. The DED as-built data are

relative to the samples built without pre-heating the platform.

Conclusions

In this section, a comparison between the DED and EBM produced heat
treated samples was conducted in terms of microstructure and mechanical

properties. The most significant findings can be summarized as follows:

Performing the same type of heat treatments provided overall the same
type of microstructures in the samples, independently from the
manufacturing technique adopted.

A deeper investigation of the micrographs highlighted how the heat
treated EBM produced samples were characterized by finer grains than
their DED counterparts. This was possible due to the finer grains that
the EBM samples had in the as-built state. Therefore, a “grain
memory” effect, similar to the one noted in Chapter 3.1.3 was found.
The EBM produced samples provided much larger a laths than the
DED ones in the heat treated condition. The reason for this
phenomenon is still to be understood.

The EBM-WQ+A and DED-WQ+A samples provided closer values
both in terms of o and o’ width. The EBM produced samples had a
slightly larger o phase, although their o’ needles resulted quite finer.
In all conditions, the EBM produced samples were harder.

The DED-FC+A produced specimens resulted less performing in
terms of YTS, UTS and ¢ with respect to the EBM-FC+A samples, as
a result of the tensile tests performed. Thus, for the Ti-6A1-4V alloy,
the EBM technology can manufacture samples overall more
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performing in terms of mechanical properties, even after a
recrystallization heat treatment.

3.4. Ti-6Al-2Sn-4Zr-6Mo Alloy Produced by LPBF

In this chapter, the applicability of the LPBF technology in order to process
the Ti-6Al-2Sn-4Zr-6Mo alloy was investigated. No records were found in
literature regarding this material manufactured using this technology. The only
source found, in which this material was processed using AM , was a work from
Blackwell et al. [217], in which the authors used a DED technique. Therefore, this
work can be considered as innovative, since its aim is to provide a novel titanium
alloy to be processed by an innovative manufacturing technique, such as LPBF.
Subsequently, the properties obtained were compared with the ones of the Ti-6Al-
4V alloy produced by means of LPBF.

34.1. A study on the Microstructure and the Mechanical
Properties of the Ti-6Al-2Sn-4Zr-6Mo Alloy Produced via
Laser Powder Bed Fusion

The Ti-6Al-2Sn-4Zr-6Mo alloy is a high-strength o+f titanium alloy. This
material finds most of its usage for specific applications, mostly in the aerospace
and race cars industry. It is commonly used in compressors disks and blades in
aero gas turbine engines and in some sections of race car engines, which are
meant to operate at relatively high temperatures [19,218]. It is generally preferred
over the Ti-6Al-4V alloy for applications in which higher strength values are
needed, such as some compressor parts in aero-engines [6,219]. Overall, this
material provides good mechanical properties at high temperatures, for being a
duplex titanium alloy.

The Ti-6Al-2Sn-4Zr-6Mo has a higher beta stability index (SIg ris246 = -1.33)
than Ti-6Al-4V (Slpries = -3.33). Therefore, it is more prone to retain a higher
amount of B phase near room temperature, hence it is often labelled as a near 3
alloy [18,220]. With respect to Ti-6Al-4V, the Ti-6Al-2Sn-4Zr-6Mo alloy
provides a lower Young’s modulus, but improved ductility [6,7].

Previous studies on this alloy [17] highlighted how the increased B-stabilizers
content, which results in the increased beta stability index, causes the martensite
formed upon fast cooling from Ms ris246 = 880 °C to be a” (orthorhombic). In
terms of microstructure, this is the most significant difference between this alloy
and the Ti-6Al-4V alloy, which forms o’ (hexagonal) from Ms ties = 800-830 °C
[6,17,221-225]. These two phases provide a markedly different effect on the
mechanical properties:

e o formation results in a slight strengthening effect, coupled with a
severe reduction in ductility, due to a marked reduction of the
dislocations mobility [4,24,226].
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e 0" softens the material and provides an increase in ductility [227].

From a morphological point of view, both o’ and o develop in an acicular
shape, often referred to as needle [221].

The Ti-6Al-2Sn-4Zr-6Mo alloy is mainly used in industrial fields (e.g.
automotive, aerospace) that heavily rely on high quality, customizable and
complex components, usually produced in small lots. All these features are
promising in terms of AM applicability. Moreover, being a Ti alloy, this material
is intrinsically well suited to be produced via AM, as seen in Chapter 1. For these
reasons, investigating the possibility to apply this family of technologies to this
specific material appears very favourable.

In this study the LPBF technology was investigated. Even if most of the
works concerning titanium alloys manufactured using this technology focused on
Ti-6Al1-4V [228-230], some papers can be found on commercial purity titanium
(cp-Ti) [231], Ti-6Al-7Nb [49], Ti-24Nb-4Zr-8Sn [50] and Ti-21Nb-17Zr [51].
However, no works are available on the Ti-6A1-2Sn-4Zr-6Mo alloy, according to
the author’s knowledge. Nevertheless, in a work from Gebisa et al. [232], the
authors declared the importance of manufacturing components in this material
using powder-bed AM technologies, especially for compressors production in the
aerospace field.

Considering this gap and the aforementioned reasons, in this work the
processability of the Ti-6Al-2Sn-4Zr alloy via LPBF was assessed. At first, the
most suitable process parameters had to be found, using porosity minimization as
a criterion. Afterwards, the analysis of two different sets of parameters was
conducted simultaneously in order to determine the effect of the microstructure
and mechanical properties. The effectiveness of a post-processing heat treatment
was also studied.

A first series of 36 15x15x15 mm samples were built in order to determine the
most promising process window in order to process the material. The first
combination of parameters considered was characterized by a P of 170 W, a v of
1250 mm/s and a h.d. of 0.1 mm. This are the standard parameters used to process
the Ti-6Al-4V alloy [114]. The other combinations were obtained by slightly
changing every parameter, providing a total of 18 different combinations, as
illustrated in Table 21. This methodology was followed under the assumption that
the Ti-6Al-2Sn-4Zr-6Mo and Ti-6Al-4V alloys might be characterized by similar
optimized process parameters, since both the materials are o+f titanium alloys.
The other parameters, such as the platform temperature (Tp) and the layer
thickness (t) were kept constant instead.

Table 21: Process parameters values considered for the investigation.

h.d. Te t .
P(W v (mm/s Scanning strate
150, 170, 1100, 1250, Standard 67° EOS
190 1400 0.1,0.I3 100 30 strategy
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The volumetric energy density (VED) was chosen as the most valid variable
in order to keep track of multiple parameters simultaneously. It was calculated as:

P
=— 12
VED v-t-h.d. (12)

In a second job, other 15x15x15 mm cubes and 100 mm long horizontal
cylindrical samples (12.5 mm diameter) were built. The process parameters
adopted were the two most promising ones highlighted by the analysis on the
cubes built in the previous jobs. Furthermore, a portion of the specimens was heat
treated at 750 °C for 2 hours, in order to evaluate the effect of a post-processing
heat treatment on the microstructure and mechanical properties.

Determination of the Process Parameters

The mean porosity value for each sample, corresponding to a different
combination of process parameters, was evaluated by means of image analysis.
The outcome of this investigation was plotted as a function of VED, as illustrated
in Figure 97. The resulting downward sloping trend showed the minimum
porosity values in correspondence of increasing energy densities. In particular, the
specimens characterized by the highest density values (>> 99%) were found at
VED > 40 J/mm®.
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Figure 97: Mean porosity values corresponding to all the sets of process parameters considered.

Since the minimization of the porosity was chosen as the most important
criterion to meet in the definition of the most suitable process window, only two
sets of parameters were considered for further investigation. These are
summarized in Table 22.
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Table 22: Process parameters of the sets considered for manufacturing the final samples and relative porosity
values.

Set  Porosity (%) P (W) v(mm/s) h.d.(mm) VED (J/mm?®

A 0.01 190 1100 0.1 57.58

B 0.05 150 1250 0.1 40.00

Set A was characterized by the combination of process parameters that
provided the lowest overall porosity in correspondence of the highest VED used
in this investigation. Oppositely, set B resulted less dense in comparison with set
A and characterized by a lower VED and slightly higher build-up rate.
Notwithstanding this, it still provided a density higher than 99.9%, which is a
promising outcome for LPBF produced specimens [233,234]. The main reason
behind the choice to further analyse set B was to compare samples produced
adopting a different VED value in order to understand the influence of the energy
density on the final quality of the components built.

Apart from the rough mean porosity values, other indicators can be used to
further analyse sets A and B, such as the mean pore size and shape. The average
pore area (S) was estimated via software analysis. Then, the equivalent diameter
(D), which represents the diameter of a hypothetical perfectly circular pore

characterized by the same area, was calculated as D = 2+/S/x.

Sets A and B were characterized by a D of 1.20 pm and 2.36 um,
respectively. Therefore, a higher VED appeared to induce the formation of finer
pores in the material. According to ISO 9276 [235], the aspect ratio (V) can be
used in order to estimate the pore shape in a material. This parameter can be

XFmin

Y =

(13)

XFmax

calculated as:

Where Xfmin and Xrmax are the minimum and maximum Feret diameters. In
general, 0 < ¥ < 1, where 1 indicates a perfectly circular body. In this case, a
higher aspect ratio means that the shape considered is closer to sphericity. The
aspect ratio was evaluated for sets A and B and plotted as a distribution, as
illustrated in Figure 98.
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Figure 98: Relative distribution of the pores aspect ratio for sets A and B (a). Representative SEM

micrographs of a spherical (a) and elongated (c) pore.

Set A was characterized by a bimodal distribution, characterized by a main
peak at high ¥ values (= 0.8), corresponding to a quasi-spherical shape (Figure
98b), and a secondary peak at intermediate ¥ values (= 0.5). The former resulted
predominant and accounted almost 70% of the relative frequency. Instead, the
distribution relative to set B was broader and more evenly distributed throughout
the whole W range. Specifically, a certain amount of pores was characterized by
rather low aspect ratios (< 0.35), thus providing an elongated shape, as illustrated
in Figure 98c. Since set B accounted a non-negligible presence of highly
elongated pores, absent in set A, the latter was expected to provide more
promising results in terms of mechanical properties (e.g. ductility, fatigue
resistance).

Microstructure

The micrographs of the as-built samples (Figure 99) highlighted the presence
of prior-f grains, developed via epitaxial growth perpendicularly to the baseplate
(Figure 99a). This typical microstructural feature for the Ti-6Al-4V was then also
noted in the Ti-6Al-2Sn-4Zr-6Mo alloy. The meltpool borders were also clearly
visible in the cross-section (Figure 99a). The microstructure was characterized by
the presence of elongated needles. These were arranged in a +45° fashion, a
typical outcome for titanium alloys built using a 0°/90° scanning strategy
[24,41,221]. The presence of martensite in LPBF produced samples is consistent
with the extremely high cooling rates evaluated for this technology, which can
reach up to 10°-107 °C/s [84,236].
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a)

melt-pool borders

columnar prior-f grains

Z direction

Figure 99: Representative optical micrograph of the microstructure of the Ti-6Al-2Sn-4Zr-6Mo alloy
produced by means of LPBF (a); higher magnification micrographs of sets A (b) and B (c).

No significant difference was found between the micrographs relative to set A
(Figure 99b) and set B (Figure 99¢). In order to conduct a more in-depth
investigation, the distribution of the martensitic width was evaluated and
compared for both conditions. This indicator was commonly used in several
works concerning titanium alloys in order to properly evaluate and numerically
quantify the martensitic microstructures [24,157,180]. Moreover, it is strictly
correlated with the thermal history of the process, with relevant consequences on
the mechanical properties of the final component [4,24]. Therefore, the o width
was measured and studied as a statistical distribution for sets A and B, as
illustrated in Figure 100.
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Figure 100: o” width relative distribution curves for sets A and B.

Set A was characterized by a narrower distribution curve, peaking at 0.47 um
and providing an average o width of 0.54 um. Instead, set B provided a broader
curve that was overall shifted towards higher width values and peaked at 0.58 pm.
The relative average value was 0.69 pm. Therefore, the sample built using the
process parameters combination corresponding to the higher VED value (set A)
provided an overall finer microstructure.

In general, the martensitic size in titanium alloys is strictly dependent on the
thermal history of the process, in particular on the cooling rate. Previous studies
on o in the Ti-6Al-4V alloy [24,157] highlighted how a faster cooling was
associated with larger martensitic needles. Thampy et al. [237] demonstrated that
a higher laser power used during the process lead to a lower cooling rate in LPBF
produced Ti-6Al1-4V. A similar result was obtained by Li et al. [238]. These
authors found that a lower energy density decreased the solidification time, thus
increasing the cooling rate. Therefore, since set A was characterized by a high P
and VED and its martensite resulted finer than in set B, the outcome of the
martensite width evaluation appeared in good agreement with the data available in
literature.

A post-processing sub-f3 annealing at 750 °C for 2 hours was conducted on
the samples from both sets in order to reduce the internal stresses accumulated
during fabrication and decompose o””, which has a negative impact on hardness, as
mentioned before [227]. The micrographs relative to the heat treated samples,
provided in Figure 101, were characterized by the presence of a lamellar
microstructure, resulting from the o”’— o+ decomposition. Moreover, ags was
detected in correspondence of the grain boundaries. Its presence must be carefully
controlled, as this microstructural feature can reduce ductility in duplex titanium
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alloys [239]. Furthermore, some traces of globular a phase were found. These
might indicate the beginning of a transition from a lamellar to a globular
morphology.

a)

Figure 101: Optical micrographs of sets A (a) and B (b) after the post-processing heat treatment. The
globular a phase is highlighted by the red circles.

Analogously to the methodology applied for the evaluation of the o width,
the lamellar a width was evaluated for the heat treated samples. The aim of this
analysis was to investigate if the microstructural differences, induced by the
choice of the process parameters adopted for the fabrication, remained after the
sub-f annealing. The outcome of this evaluation is provided in Figure 102 and
highlighted how the micrographs of the two sets resulted markedly more similar,
providing similar o distribution curves and a mean width value of 0.65 and 0.62
um, for sets A and B respectively. Thus, the outcome of this evaluation suggested
that a sub-f annealing proved to be a useful tool in order to almost totally erase
the differences, induced by different process parameters adopted during
fabrication.
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Figure 102: o width relative distribution curves for sets A and B.
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The as-built samples provided a largely out-of-equilibrium martensitic
microstructure, whilst the heat treated samples were characterized by more
thermodynamically stable a+f lamellae. Thus, a non-negligible amount 3 phase
was present and its quantification was possible, using a methodology already
utilized by Atallah et al. [220] on the Ti-6Al-2Sn-4Zr-6Mo alloy. Several SEM
micrographs were analysed (Figure 103) and the B phase content was measured by
properly adjusting the threshold using the software imagelJ. The measured amount
of B was 27.6% + 4.5% and 25.8% + 3.2% for the sets A and B, respectively.
Hence, the microstructures were characterized by similar o widths and amount of
B phase.

Figure 103: Representative SEM micrograph of a Ti-6A1-2Sn-4Zr-6Mo sample that underwent the sub-f
annealing.

To further assess the microstructure and confirm the assumptions made on the
micrographs, all the conditions were analysed via XRD measurements. The
resulting pattern are available in Figure 104.
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Figure 104: XRD patterns relative to sets A and B, both in the as-built and heat treated (HT) states.

Confirming the analysis of the microstructures, the as-built samples (set A, set
B) provided only the peaks relative to the a” phase. This result was consistent
with other works on the same material, in which a similar pattern was achieved in
samples fast cooled from high temperatures via water quenching [222,240]. These
peaks completely disappeared in the heat treated (HT) samples, which instead
were characterized by the presence of a and 3 phases.

The cell parameters relative to o” and a were also assessed and then used to
evaluate the cell volume for each of these phases. The former was representative
of the samples in the as-built state, whilst the latter for the HT samples. This
evaluation was not performed for the B phase, since a low number of peaks
relative to it was visible and the analyses might have been poorly representative.
The values obtained are reported in Table 23, in which are presented also the cell

volumes for the orthorhombic (abc) and hexagonal cells (v3a?c/2).
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Table 23: Cell parameters and volume obtained via XRD spectra analysis.

Set  Phase Lattice Cell parameters (A)  Cell Volume (A3)
a=3.029+0.018
A a" orthorhombic b=4.985+0.007 70.787 £ 0.931

c=4.694 + 0.027
a=3.005+0.013

B a" orthorhombic b=4.971+0.013 69.947 +1.226
c=4.692 + 0.049
a=2.937+0.045

A,HT « hexagonal c=4733 4 0.036 35.345 + 1.563
a=2.936 £ 0.044

B, HT a hexagonal c=4733 4 0.036 35.360 + 1.550

In the as-built condition, both sets A and B provided markedly similar cell
parameters, thus the difference in terms of o size was probably not related to
significant changes, for example in the content of interstitial elements. Moreover,
the cell parameters obtained were consistent with the data available in literature
for water quenched Ti-6A1-2Sn-4Zr-6Mo [19,223]. Another parameter that can be
evaluated for the samples in the as-built condition is the degree of

orthorhombicity (b/av/3), that can be used to further study the a” (orthorhombic)
— o (hexagonal) transition [223]. The values found were 0.950 and 0.955 for sets
A and B, respectively. Since their degrees of orthorhombicity were markedly
similar, these two groups of samples did not show significant differences in terms
of tendency to decompose in a more thermodynamically stable phase (o), even if
the thermal history of the fabrication processes were different, as testified by the
dissimilar o” width values. The HT samples provided markedly similar cell
parameters and volume values, thus confirming the homogeneity of the properties
achieved after the adopted heat treatment.

Mechanical Properties

Several Vickers microhardness tests were performed on the as-built and heat
treated samples, providing the mean hardness values reported in Figure 105.
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Figure 105: Average Vickers microhardness for sets A and B in the as-built and HT states.

In the as-built state, sets A and B provided mean average values of 352 + 15
HV and 328 + 7 HV respectively. The difference between these two values was
probably caused by the different microstructures involved, in terms of o’ size. In
fact, set A was characterized by a finer microstructure and provided a
significantly higher hardness in comparison with set B. Instead, the heat treated
samples were characterized by markedly more similar hardness values (set A =
368 £ 10 HV and set B = 371 £ 14 HV). The overall increase was due to the
absence of the softening martensite. The similarity of the values obtained for sets
A and B further proved that the heat treatment was an effective tool in order to
align the material properties affected by the different process parameters used.
Since the main microstructural difference between the as-built samples and the
heat treated ones was the presence of the martensite in the former specimens, its
detrimental effect on hardness was confirmed. Therefore, due to the intrinsic
softness of that phase, it was reasonable to state that its presence in LPBF
produced Ti-6Al-2Sn-4Zr-6Mo is unacceptable for applications in which a high
hardness is required. Moreover, the effectiveness of a sub-f annealing in
improving hardness and in erasing the differences induced by the process
parameters was proved. For these reasons, opting for a lower VED during
fabrication, usually associated with a higher build-up rate, appeared as a more
cost-effective alternative for this material, being porosity kept under control.

A series of tensile tests was conducted on the samples from sets A and B, both
in the as-built and HT state. These were obtained from horizontal bars that were

machined. The representative curves and relative mean values are provided in
Figure 106 and Table 24.
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Figure 106: Representative tensile curves (a) and average YTS, UTS and ¢ for all the conditions considered
in this work.

Table 24: Mean tensile properties obtained from the tensile tests and values relative to the wrought condition
found in literature. The best mechanical properties found concerning this last condition were considered. To
achieve those, a post processing duplex annealing was performed: 870 °C for 1 h, followed by air cooling;
then 540 °C for 8 h, followed by air cooling [20].

YTS (MPa) UTS (MPa) € (%)
set A 483 £6 1183 +7 26.9+£0.8
set B 582 +23 1209 £ 11 25.5+0.9

set A, HT 1052 + 20 1125+ 18 155+0.5
set B, HT 1064 + 10 1146 £ 41 16.4+0.5
wrought [20] 1035 1100 10

By looking at Figure 106a, consistent work hardening can be noticed in the
as-built samples. This is a quite common feature in titanium alloys, which are
quite prone to be strengthened due to an increase in dislocation density [241].
However, this was not found in the HT samples, suggesting that work hardening
occurred in such a relevant manner due to the presence of o”.

The as-built samples were characterized by a fairly low strength, which was
although coupled with a high ductility. Set B provided a YTS significantly higher
than set A.

After annealing, YTS increased significantly, up to 1052 + 20 MPa and 1063
+ 10 MPa for set A and set B respectively. Similarly, to the hardness
measurements, the sub-§ annealing allowed the mechanical properties of both sets
to rise to similar values, thus making the differences induced by the process
parameters adopted during fabrication negligible. Also, the UTS values slightly
increased. However, the ductility after heat treatments appeared significantly
lower, as expect due to the disappearance of the softening o martensite. In Table
24 were also reported the tensile properties relative to the corresponding wrought
material [20], which provided YTS and UTS values similar to the ones obtained in
this work. However, the HT samples studied in this investigation were
characterized by a ductility significantly higher (> +50%). The overall mechanical
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properties for the LPBF produced alloy resulted well comparable with the data
relative to the conventionally processed Ti-6Al-2Sn-4Zr-6Mo available in
literature [242,243], suggesting LPBF as a viable alternative to conventional
processing for this material. However, in order to achieve an optimal combination
of strength and ductility a post processing heat treatment appeared mandatory.

Conclusions

In this work the possibility to process the Ti-6Al-2Sn-4Zr-6Mo alloy using a
LPBF system was investigated. The aim was to investigate if this type of
technology can be applied, since this specific alloy is already widely used in
industrial fields that already proved to benefit from AM technologies. The most
significant results obtained can be summarized as follows:

e Porosity can be used as a defining criterion in order to determine the
most promising process window. For this alloy, multiple combinations
of P, v and h.d. were found to provide satisfactory relative density
values. The lowest porosity was achieved by applying high VED
values.

e VED also influences the pores shape and size. The data suggested that
a more consistent energy density resulted in finer pores characterized
by an aspect ratio closer to that of a sphere.

e Typical microstructural features of LPBF produced titanium alloys
(e.g. Ti-6Al-4V) were obtained also for Ti-6Al-2Sn-4Zr-6Mo, such as
columnar prior-f grains and a martensitic microstructure. However,
the type of martensite obtained resulted orthorhombic (a’’) instead of
hexagonal, as in most duplex titanium alloys (e.g. Ti-6Al-4V).

e The size of the martensitic needles was influences by the process
parameters adopted. In particular, a higher VED provided finer o”
needles in the as-built conditions.

e A sub-P annealing at 750 °C for 2 hours, followed by slow furnace
cooling, provides a complete martensitic decomposition, achieving a
lamellar o+p microstructure. The size of the lamellae resulted
independent from the initial o size.

e In the as-built state, hardness was dependent on the size distribution of
martensite, thus on the process parameters. This effect is erased by the
heat treatment, which resulted in an overall increase in hardness, due
to the disappearance of the soft o martensite.

e The as-built samples were characterized by low yield strength values,
but extremely high ductility. Instead, the heat treated specimens
proved a significant increase in strength at the cost of a reduction in
plasticity.

e The heat treated LPBF produced specimens showed comparable
strength and significantly higher ductility values with respect to the



Results and Discussion 137

wrought material. Therefore, this technology appears very promising
in order to achieve an optimal combination of strength and ductility.

3.4.2. Investigation of the Microstructure and the Mechanical
Properties of the Ti-6Al-4V alloy Produced by LPBF

The Ti-6Al-4V alloy is a widely established material in the AM industry,
especially concerning the LPBF technology. Therefore, a comparison with the
novel Ti-6Al-2Sn-4Zr-6Mo alloy appeared mandatory, since both these materials
share being a+f titanium alloys. Moreover, since Ti-6Al-2Sn-4Zr-6Mo is mostly
used for applications in which a higher strength is needed, the comparative
investigation of the mechanical properties is of industrial interest [6,219].

The Ti-6Al1-4V standard process parameters (P = 170 W, v = 1250 mm/s and
h.d. = 0.1 mm), already mentioned in the previous section, were adopted to build
the samples analysed in this investigation. 15x15x15 cubic samples were
produced and subsequently characterized in order to investigate the microstructure
and hardness of the LPBF produced Ti-6Al-4V, both in the as-built and heat
treated conditions. In order to make the comparison accurate, the heat treatment
was conducted at 800 °C for 2 h, followed by a low furnace cooling. These
parameters were chosen in order to mimic the heat treatment that the Ti-6Al-2Sn-
47Zr-6Mo specimens underwent. In this case, a higher temperature (800 °C) than
that fixed in the previous study (750 °C) was adopted in order to compensate the
difference in terms of Tp between the two alloys (= 940 °C for Ti-6Al-2Sn-4Zr-
6Mo and = 995 °C for Ti-6Al-4V) [223,244].

Microstructure

The LPBF Ti-6Al-4V samples provided a mainly martensitic microstructure,
recognizable by the typical needles arranged in a £45° fashion as visible in Figure
107. As for the Ti-6Al-2Sn-4Zr-6Mo specimens, these features resulted from the
very fast cooling rates intrinsically related to the manufacturing technology used.
Moreover, the typical columnar grains parallel to the development direction were
also found.
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Figure 107: Optical (a) and SEM (b) micrographs of the Ti-6A1-4V samples produced by LPBF.

The o’ width was chosen as the most suitable feature in order to investigate
the size of the martensitic needles, consistently with the other evaluations
provided in this thesis. The LPBF produced Ti-6Al-4V specimens were
characterized by a significantly fine martensitic microstructure, as highlighted in
Figure 108, providing an average value of 0.64 um.
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Figure 108: o’ width evaluated on the LPBF produced Ti-6Al-4V samples.

After the post-processing heat treatment, the microstructure changed
drastically, since no significant martensite presence was detected. In fact, o
lamellae surrounded by thin B layers were found throughout the whole sample
(Figure 109). The way in which the o laths were arranged highlighted the
presence of several crystallographic variants. Moreover, large a lamellae arranged
in a morphology resembling the as-built martensitic microstructure were found
(Figure 109a). These might either be formed directly upon the decomposition of
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o’ or might be the first laths to form at the transition from a low-order a+f
microstructure to a high-order a+f microstructure characterized by colonies. Both
options appeared plausible as the o laths were strictly parallel. The analysis of the
B fraction present in the heat treated samples, evaluated by image analysis of the
SEM micrographs, provided an average value of 5.02% + 1.31%. This results was
in good agreement with the results obtained from Cao et al. [245] working on the
same LPBF produced alloy and performing a similar heat treatment.

X
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Figure 109: Optical (a) and SEM (b) micrographs of the heat treated Ti-6Al-4V samples produced by LPBF.

The evaluation of the width of the a laths was performed on the heat treated
samples in order to numerically quantify the microstructure. The outcome of this

analysis, reported in Figure 110, provided a a width average value of 1.39 um.
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Figure 110: o width evaluated on the LPBF produced Ti-6Al-4V samples that underwent a heat treatment.

In order to confirm the assumptions made during the observation of the
micrographs and to further characterize the phases analyzed, XRD analyses were
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conducted on both the as-built and heat treated samples. The resulting trends
(Figure 111) confirmed the presence of an overall martensitic phase composition
for the former and the presence of o and B phases for the latter. Moreover, the cell
parameters and relative c/a ratio and cell volumes were also estimated, as
illustrated in Table 25. The heat treated samples provided a higher c/a ratio, closer
to the theoretical value for an ideal hexagonal cell (1.633 A). This outcome
confirmed that the heat treated samples were characterized on average by a cell
closer to the thermodynamic equilibrium than the as-built specimens. In fact, the
latter were characterized by a more distorted cell, a typical result for martensite in
titanium alloys [246].
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Figure 111: XRD patterns relative to the as-built and heat treated (HT) states for the LPBF produced Ti-6Al-
4V samples.

Table 25: Cell parameters and volume obtained via XRD spectra analysis.

Condition Cell parameters (A)  c/aratio  Cell Volume (A%)

. a=2.933+0.017
As-built c=4.677+0.014 1.595+0.005  34.843 +0.597

a=2.929+0.014
Heat treated c=4.685+0011 1.599 £ 0.004 34.815+0.468
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Mechanical Properties

25 Vickers hardness measurements using a microindenter were performed on
samples in the as-built and heat treated conditions. These evaluations provided the
average hardness values illustrated in Figure 112.
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Figure 112: Average Vickers microhardness for the as-built and heat treated samples.

The as-built samples provided an average value of 350 £ 10 HV, which
resulted significantly higher than 319 + 11 HV of the heat treated specimens. This
difference was probably mainly correlated to the different microstructures
involved. In fact, o’ martensite has a slight hardening/strengthening effect in
titanium alloys, mainly due to its ability to limit the dislocations’ motion [91,92].

3.4.3. Comparison of the Microstructure and the Mechanical
Properties of the Ti-6Al-2Sn-4Zr-6Mo and Ti-6Al-4V alloys
Produced by LPBF

The Ti-6Al-4V and Ti-6Al-2Sn-4Zr-6Mo alloys find usage in common
industrial fields, such as automotive and aerospace, which share a great potential
for AM applications, as highlighted before. Moreover, the Ti-6Al-4V alloy is
defined as the “workhorse” titanium-based material in multiple industrial sectors
due to its predominance [7,179]. In contrast, the Ti-6Al-2Sn-4Zr-6Mo alloy is
seldom adopted, with respect to Ti-6Al-4V, as this material is often chosen for
niche applications, in which higher strength values are needed (e.g. race car
engines’ parts), for example. Therefore, the appeal of this alloy often comes from
a superior resistance. Since the LPBF technology was chosen and optimized in
order to process this material for the first time, a comparison with the Ti-6Al-4V
alloy appeared natural. In fact, AM technologies can achieve microstructures
unobtainable via other techniques, which result in greatly differing combinations
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of mechanical properties. For instance, AM processed Ti-6Al-4V was proved to
be characterized by overall better tensile properties with respect to the same alloy
manufactured via conventional manufacturing technologies [59,93]. Therefore, a
comparison between the LPBF processed Ti-6Al-2Sn-4Zr-6Mo and Ti-6Al-4V
alloys was conducted in order to assess if the former material still provided higher
tensile strength values than the latter. The assessment was conducted on the
samples built using the same LPBF machine (EOS M270 Xtended machine), both
in the as-built and heat treated conditions. The latter comparison appeared
acceptable even if the temperature chosen for the heat treatment differed by 50 °C,
which is roughly the difference between the Tg of the two alloys.

Microstructure

Both the Ti-6AI1-4V and Ti-6Al-2Sn-4Zr-6Mo alloys provided an extensively
martensitic microstructures in the as-built state, characterized by columnar prior-f3
grains of o’/a” needles (Figure 113a,c). The observation of the micrographs
highlighted the presence of different phases and microstructural features’
arrangements after the post-processing heat treatments. In fact, both the alloys
were characterized by a o and B phases (Figure 113b,d). The a laths were arranged
in a complex fashion in both the materials and the resulting microstructures were
neither strictly Widmanstitten nor characterized by big colonies or parallel
lamellae. These microstructural features were found in both the types of samples,
even if they were observed only locally in certain points throughout the whole
cross-sections. Therefore, the overall microstructures were considered as an
intermediate step between the basket-weave/colonies transition. The B phase
fraction appeared markedly lower in the post processed Ti-6Al-4V alloy, which
was characterized by a mean value of 5.02% =+ 1.31%, with respect to 27.6% =+
4.5% and 25.8% =+ 3.2% of heat treated sets A and B, used to produce the Ti-6Al-
2Sn-4Zr-6Mo alloy, respectively. This marked difference was mainly due to the
higher SIg of the latter material. In fact, the Ti-6Al-2Sn-4Zr-6Mo alloy can retain
a significantly higher amount of B phase at room temperature in thermodynamic
stability conditions.
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Figure 113: Optical micrographs of the Ti-6Al-4V and Ti-6Al-2Sn-4Zr-6Mo alloys in the as-built (a, ¢) and
heat treated (b, d) states respectively.

In terms of microstructural sizes (a/a’/a”) quantifications, the data
distributions of the width of the needles/laths are provided in Figure 114, along
with the mean values in Table 26. In the as-built state, the Ti-6Al-2Sn-4Zr-6Mo
alloy provided a finer martensitic microstructure. However, a direct comparison
between the two martensitic microphases is not possible, since two different types
of martensite were present (o’ and o). These are characterized by different
nucleation and growth behaviors, cells and martensite start temperatures.
Considering the heat treated state, a largely more significant difference between
the two materials was observed. The Ti-6Al-4V alloy was characterized by a
significantly coarser microstructure, in terms of width of the a laths. This can be
also appreciated from the micrographs in Figure 113. This phenomenon might be
related to the different diffusion coefficient in titanium of vanadium and
molybdenum, the two most important B-stabilizers of the two alloys considered.
In fact, Mo was reported to have a slightly lower diffusivity than V [247].
Semiatin et al. [248] already used the information on the diffusive behavior of
different elements in order to investigate and predict the microstructural changes
in titanium alloys during an heat treatment. Furthermore, the o — o+f
decomposition is a diffusion-driven transformation during which the -stabilizers
are gradually depleted from the martensite interface [249]. Thus, considering all
these phenomena and the higher temperature at which the annealing of the Ti-6Al-
4V alloy was held, the decomposition of the martensite and the subsequent o
growth appeared comparatively favored in Ti-6Al-4V. Hence, the resulting
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microstructure resulted coarser. Nevertheless, this explanation is a hypothesis that
must be experimentally confirmed. Moreover, the different types of martensite
involved must be taken into account, as this information certainly influences the
outcome somehow. Unfortunately, being o’ and o characterized by a hexagonal
and orthorhombic lattice respectively, a comparative XRD analysis in order to
investigate which type of martensite was more prone to decompose appeared
impossible. This resulted from the related lattice parameters (c/a ratio and degree
of orthorhombicity) not being directly comparable.
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Figure 114: o/o’/0” widths distribution curves of the LPBF processed Ti-6Al-4V and Ti-6Al-2Sn-4Zr-6Mo
alloys, both as-built and heat treated (HT). Only the process parameters set A is provided for Ti-6Al-2Sn-4Zr-
6Mo, since the differences between set A and B appeared marginal in comparison.

Table 26: Mean o/a’/o” widths values. Only the process parameters set A is provided for Ti-6Al-2Sn-4Zr-
6Mo, since the differences between set A and B appeared marginal in comparison.

Material Condition Mean o/a’/0” Width (um)
. As-built 0.64
Ti-6Al-4V HT 139
As-built 0.54

Ti-6Al-2Sn-4Zr-6Mo UT 0.65

Mechanical Properties

The mean average microhardness of the Ti-6Al-4V and Ti-6Al-2Sn-4Zr-6Mo
alloys were compared both in the as-built and heat treated state, using the data
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obtained in the previous sections of this chapter. Moreover, in order to provide an
increased reliability to the comparison, data from several sources available in
literature, related to the Ti-6Al-4V alloy, were also considered in this assessment
[95,229,250-254]. This was possible as the Ti-6Al-4V alloy is a well-established
material in the LPBF industry and several works on the subject are available. The
outcome of this evaluations is illustrated in Figure 115.

4007 I T-6A1-4V as-built
1 Ti-6Al-4V HT
Il Ti-6AI-2Sn-4Zr-6Mo as-built
380 - V77} Ti-6Al-2Sn-4Zr-6Mo HT
i set A %
360 7 %
> I 2,0 Z %
T /
340 4 r %
] / 7 %
320 A %
' %
300 -l

I— literature 4 |

Ti-6Al-4V Ti-6Al-2Sn-4Zr-6Mo

Figure 115: Vickers microhardness of the Ti-6A1-4V and Ti-6Al-2Sn-4Zr-6Mo alloys, both in the as-built
and heat treated (HT) state. The self-obtained data are compared with several sources available in literature
[95,229,250-254]

Concerning the Ti-6Al-4V alloy, the slightly detrimental effect of the heat
treatment in terms of hardness was confirmed by the other data found in literature.
However, the experimental results appeared quite lower in comparison. In fact,
hardness values ranging from 357 to 395 HV were reported in literature for the as-
built Ti-6Al-4V samples, whilst the experimental value obtained by the author
was 350 HV. However, the comparison with the other works appeared more
critical considering the post-processed samples. According to literature, the heat
treated (800 °C, 2 h) Ti-6Al-4V samples were characterized by hardness values
ranging from 340 up to 367 HV, consistently higher than 319 HV, value
experimentally obtained by the author in this study. Such a significant difference
might be related to multiple factors, for instance the different LPBF systems or
process parameters used or even the furnaces adopted for the heat treatments. The
latter is particularly important, because different systems can significantly affect
the final microstructure of the material, even if the same heat treatment time and
temperatures are set. For example, a furnace big in size can require a markedly
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higher time to cool than a smaller one, thus influencing the cooling rate that the
material undergoes. This phenomenon must be taken into consideration as all the
samples were let cool inside the furnaces at the end of the heat treatments.

The as-built Ti-6Al-2Sn-4Zr-6Mo, produced with the highest productivity,
provided lower hardness values then the as-built Ti-6AI-4V. On the other hand, if
the most performing set of parameters is considered, a mean hardness value of
352 HV was obtained, appearing comparable with the results related to Ti-6Al-4V
samples. Oppositely, after the heat treatment at 750 °C, hardness rose significantly
to 368-371 HV allowing the Ti-6Al-2Sn-4Zr-6Mo alloy to assess to hardness
values higher than that of Ti-6Al-4V, even in the as-built state, for most of the
data found. This might be caused by the very fine o+ microstructure obtained
during the heat treatment (Figure 114).

A similar comparative analysis with the data available in other works was
conducted in order to study the tensile properties of the two alloys. In this case,
since the data relative to the LPBF produced Ti-6Al-4V alloy are abundant, the
experimental values obtained for the Ti-6Al-2Sn-4Zr-6Mo alloy were merely
compared with the numbers found in literature [89,90,251,255,96,132,137—
141,245], as provided in Figure 116, and no self-assessment of the tensile
properties was conducted.

1400 : | O Ti-6AI-4V as-built
7 | @ Ti-6AL4V HT
I <> Ti-6Al-2Sn-4Zr-6Mo as-built
1200 |  800°C,2h & Ti-6A1-2Sn-4Zr-6Mo HT
—~ 1000 -
©
o
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[4p] .
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Figure 116: Comparison of the YTS and ¢ of the Ti-6Al-2Sn-4Zr-6Mo and Ti-6Al-4V alloys in the as-built
and heat treated conditions. The dashed line represents the ductility minimum threshold as per ASTM-F2924.
The data relative to the Ti-6Al-4V alloy were taken from several literature both for the as-built
[89,90,96,132,137—141] and heat treated [141,245,251,255] conditions.

The Ti-6Al-4V alloy appeared characterized by markedly high strength values
(from 962 to 1350 MPa) in the as-printed state, mainly due to the strengthening
effect given by the o’ needles ability to hinder dislocation motion. However,
ductility appeared significantly low and no evidence of samples compliant with
ASTM-F2924 (¢ > 10%) were found in this condition. The heat treatment was
assessed to cause a decrease in YTS (871-1040 MPa) coupled with an average rise
in ductility (best case at 19%). Instead, the Ti-6Al-2Sn-4Zr-6Mo alloy was
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characterized by extremely low YTS values (<< 700 MPa) in the as-built
condition, but its ductility (> 25%) was significantly high for a titanium alloy,
mainly due to the effect of the o” martensite. After the post-processing heat
treatment, € decreased at values still > 15% and the minimum YTS evaluated was
1052 MPa. Therefore, the Ti-6Al-2Sn-4Zr-6Mo alloy provided unmatched YTS
when compared with Ti-6A1-4V. Moreover, the closest values for the Ti-6Al-2Sn-
4Zr-6Mo alloy were obtained for Ti-6Al-4V samples reported to have a rather low
ductility (< 10%). If only the samples compliant with ASTM-F2924 were
considered, the most promising YTS value related to the Ti-6Al-4V would have
been 960 MPa. Hence, after the considered sub-f heat treatment, the Ti-6Al-2Sn-
47Zr-6Mo alloy provided combinations of strength and ductility unreachable, by
similar means, by the well-established workhorse Ti-6Al-4V alloy.

Conclusions

The main goal of this comparative evaluation was to assess whether the
mechanical properties, in particular strength and elongation, of the LPBF
produced Ti-6Al-2Sn-4Zr-6Mo alloy, were superior to the ones of the Ti-6Al-4V
alloy or not. This assessment is industrially relevant as the former material is
usually involved in some specific applications in the race cars and aerospace
industries, in which it is adopted mainly due to its higher mechanical resistance.
However, since no data were available on the LPBF produced material in
literature, a comparison of the mechanical properties between Ti-6Al-2Sn-4Zr-
6Mo and Ti-6Al-4V produced by LPBF was also lacking. The main outcomes of
this comparison can be summarized as follows:

e The microstructure of both materials in the as-built state is mostly
formed by martensitic needles, which differ in terms of crystal
structures, being o’ (hexagonal) present in Ti-6Al-4V and o”
(orthorhombic) in Ti-6Al-2Sn-4Zr-6Mo. Both microstructures were
quite fine and characterized by needles markedly thinner than 1 pm on
average.

e The heat treated samples of both alloys were characterized by lamellar
o+ microstructures. The  phase content was markedly higher in Ti-
6Al1-2Sn-4Zr-6Mo, consistently with its higher Slg. This alloy also
provided significantly thinner o laths.

e The hardness and strength values of the Ti-6Al-2Sn-4Zr-6Mo alloy
were definitely lower than the Ti-6Al-4V ones in the as-built state.
However, after the post-processing heat treatment, the former material
appeared more performing, grating unmatched combinations of YTS
and €.

e Since its tensile mechanical properties were superior than the ones of
the Ti-6Al-4V alloy, the Ti-6Al-2Sn-4Zr-6Mo alloy proved to be a
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viable alternative for industrial applications in which LPBF
manufacturing technology is adopted.
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Chapter 4

Conclusions

In this work, the microstructural and mechanical properties of different
titanium alloys produced using several AM technologies were investigated and
correlated. The studies presented in the first part of this thesis focused on
understanding the main reasons why a certain thermal history, result of the
manufacturing processes (DED, EBM) and/or heat treatments, resulted in the
formation of certain phases, their morphology and their related impact on
hardness and tensile properties. In the second part, the Ti-6Al-2Sn-4Zr-6Mo alloy
was successfully manufactured for the first time using a LPBF system.
Furthermore, its mechanical properties were assessed in comparison to the Ti-
6Al-4V alloy. The aim of this analysis was to understand whether the superior
performance of the Ti-6Al-2Sn-4Zr-6Mo alloy, in terms of mechanical resistance,
would persist when switching from a conventional manufacturing process to
LPBF.

The results were reported in the following order: the analysis of the DED
produced Ti-6Al-4V, the analysis of the EBM produced Ti-6Al-4V, the
comparison of the heat treated DED and EBM produced samples, the analysis of
LPBF produced Ti-6Al-2Sn-4Zr-6Mo and its relative comparison with LPBF
produced Ti-6Al-4V in terms of microstructures and mechanical properties.
Therefore, the main results obtained are summarised accordingly.

DED Produced Ti-6AI1-4V

e The single scans approach proved to be a useful, cost and time efficient
tool in order to obtain the suitable process window to process the Ti-6Al-
4V alloy by DED. Through this methodology, the laser power values that
provided insufficient melting of the powder (P = 100 W) and the
combination of parameters that resulted in the impossibility to build fully
dense 3D components (G/D > 1) were excluded. Moreover, a further
optimization of the process was possible by evaluating the powder
efficiency, which appeared maximized using high laser power values
associated with intermediate-high scanning speeds.



Conclusions 151

The comparative analysis of the samples built with and without switching
on the additional shielding gas flow allowed to determine the importance
of this system. In fact, when the additional Ar flow lacked, the resulting
samples were characterized by hybrid a+p/a’ microstructures. These were
related to oxygen/nitrogen enrichment, which leads to cracks when
manufacturing 3D components.

A correlation between the process parameters and the microstructures was
found. In particular, coarser martensitic microstructures were associated
with lower LED values.

An overall best combination was not found. In fact, the deposition process
appeared quite stable and flexible for this material as several process
parameters resulted acceptable. This results in the possibility to tailor the
process according to the properties that needs to be emphasized (e.g.
efficiency, ductility, etc.).

The process environment (glovebox-like, additional shielding gas in open
environment) had a great impact on the microstructure and mechanical
properties of the samples analyzed. In particular, a sealed environment
filled with an inert gas proved to be the only alternative to obtain crack-
free large components. The use of the additional shielding gas resulted
acceptable only for small components/reparations.

The post-processing heat treatments influenced significantly the
microstructures of the DED produced Ti-6Al-4V samples. Since super-3
transus annealing heat treatments were conducted, all the samples
provided a shift from a columnar to an equiaxed grain morphology.
Notwithstanding that, the intrinsic anisotropy in grain width (increasing
along Z) caused by the DED process influenced the post-treatment grains
even if a complete recrystallization of the microstructures occurred. This
was caused by the columnar grain boundaries, more concentrated in the
bottom region of the sample, favoring the nucleation of new grains at T >
Tp. Hence, a sort of “grain memory” effect was found.

Allowing the samples to slowly cool down to room temperature after the
annealing treatment did not prove to be a viable post-processing operation,
as the resulting mechanical properties were rather low.

EBM of Ti-6A1-4V

The as-printed EBM samples were characterized by a mostly lamellar o+f
microstructure. The o laths were found in different morphologies,
depending on the area of the specimen considered. Other microstructural
features were found, such as small lamellar colonies, ags and o’.

Similarly to the DED produced samples, the super-f transus heat
treatments provided an equiaxed grain morphology and a complete
recrystallization of the microstructure. The phases present near room
temperature were also mostly dependent on the cooling rate applied.
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Water quenching the samples at the end of the annealing heat treatment
resulted the only viable alternative to improve the mechanical
performances (YTS, UTS) on the samples analyzed, with respect to the as-
built condition. However, a post-annealing ageing treatment was
mandatory to recover most of the ductility loss caused by the martensite
insurgence as a consequence of the water quench.

In general, the ageing treatment improved the mechanical properties of all
the heat treated samples, independently from the cooling rate applied.

Comparison of the Heat Treated DED and EBM Produced Samples

The application of the same recrystallization heat treatment allowed to
obtain the same type of microstructure in DED and EBM produced
samples, independently from the initial microstructure.

The EBM produced samples were characterized by finer grains in the as-
built state. This peculiarity was maintained in post-heat treatment samples.
Hence, a “grain memory effect” was assessed also in this case.

Overall, the mechanical properties (YTS, UTS, ¢€) of the EBM produced
samples resulted higher than the DED produced ones, even if a complete
recrystallization occurred and these were expected to be comparable.

LPBF of Ti-6Al-25n-4Zr-6Mo and Relative Comparison with Ti-
6Al-4V

The overall most performing process parameters were determined using
porosity minimization as a criterion. Among the combinations considered
in this study, the ones providing the highest VED values appeared as the
most performing for the reduction of residual pores in the Ti-6al-2Sn-4Zr-
6Mo alloy. Moreover, the higher the VED the more the pores induced
appeared spherical.

The as-built microstructure was characterized by fine o” martensite
needles. These were completely decomposed during a sub-f3 annealing at
750 °C for 2 h.

The martensite present in the Ti-6Al-2Sn-4Zr-6Mo alloy had a
significantly softening effect. Thus, the as-built samples provided low
hardness and strength values coupled with an outstanding ductility.

The heat treatments caused a significant rise in hardness and tensile
properties. Plasticity was reduced, however it remained significantly high
(> 15%). The mechanical properties resulted comparable/better when
compared to those of materials produced by conventional processing.
Therefore, this technology appeared very promising in order to achieve an
optimal combination of strength and ductility.

The mechanical properties of the LPBF produced Ti-6Al-4V alloy greatly
differed from the Ti-6Al-2Sn-4Zr-6Mo ones, mostly due to the opposite
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effects that o’ and o” provided. In fact, the former appeared brittle, strong
and hard, whilst the latter was ductile and soft in comparison.

e The heat treatments implied in both samples the formation of a lamellar
atf microstructure. The Ti-6Al-4V alloy was characterized by
significantly larger a laths and a lower [ phase content with respect to the
Ti-6Al-2Sn-4Zr-6Mo alloy.

e After the heat treatment, the Ti-6Al-2Sn-4Zr-6Mo alloy provided
unmatched combinations of strength and ductility over the Ti-6Al-4V one.
Thus, the Ti-6Al-2Sn-4Zr-6Mo alloy can be considered to be a higher-
strength substitute to Ti-6Al-4V, even if switching from a conventional to
an innovative (LPBF) manufacturing technology.
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