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Abstract

Electron Beam Melting Process (EBSM) is an additive manufacturing process recognized
as one of the most used technologies for the production of metal components for biomedical
and aerospace industry. The EBM process gives the possibility to produce components with
very complex geometries, ensuring high material density and good agreements with the
project specifications. The process is based on the use of an electron beam that melts the
powder of metallic material such as Ti-6AL-4V, deposited layer by layer by a rack system,
inside a vacuum chamber. In this way, geometries of any type can be created, with materials
that would require very complex and expensive treatements with standard machines in terms

of time and money.

The following work was carried out by a close collaboration between the Univerity of
Rostock and the Polytechnic of Turin. The design and operative phase of the work was
carried out at the University of Rostock, while the post-process phase was carried out at the
Polythecnic of Turin. The aim of this project was to study the two build modality of the
EBM process, the manual mode (MM) and build theme mode (BTM), trying to understand
which process mode gives best quality results in terms of microstructure and mechanical

properties.

An Arcam EBM® A1 machine, provided by the University of Rostock, was used to produce
Ti-6Al-4V specimens (cylinder samples and mechanical tensile test samples). Initially the
machine worked with process parameters set by the manufacturer (BTM) with ‘speed
function 98’ enabled, beam current values ranging from 15 to 20 mA (regulated by the
“speed function” law, supplied by the manufacturer) and beam speed v = 4530 mm / s.
Starting from these standard parameters, it was decided to perform a first inspection to verify
the quality of the specimens. Subsequently, it was decided to carry out different tests in
manual mode (MM), namely 4 tests keeping constant the beam speed and varying the current
of the electron beam and 4 tests using a constant value of the beam current and varying the
speed. Ones the builds were done, the three best samples achieved in manual mode were
chosen: one keeping constant the current at 15 mA with a scan speed of 4530 mm/s, another
one with a current of [I=15 mA and scan speed of 5900 mm/s and the last one with [=12 mA
and scan speed of 4530 mm/s. Both the BTM and MM specimens were tested and studied
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through microstructure, mechanical tests and macro instrumented indentation test and

comparisons between the two process mode were carried out.

Porosity development and microstructure variations of Ti-6Al-4V alloy were examined
throught the Archimedes’ principle and optical microscopy (OM) with systematic changes

of EBM process parameters.

Macro-indentation tests were performed on Ti6Al4V alloy to better understand the material

behavior and the relations with mechanical test properties.

Tensile tests were performed to analyze mechanical properties, fracture surface and compare

the results with macro-indentation test.

An ad-hoc MatLab model was developed to estimate the temperature distribution of the
powder during the build, including the thermal and physical properties of the bulk and
powder material. These data were very helpful to both understand the behavior of the

material and to find a correlation between the thermal history and the microstructure.



1. Introduction

Titanium alloy is considered an interesting material, when properties such as corrosion
resistance, high strength/weight ratio, fatigue resistance and cracking are desired. The
excessively high cost of these materials, however, limits their applications only for

biomedical and aerospace purposes.

As reported in the document [2], compared to materials such as steel, the high cost of
titanium does not originate from its rarity (being the ninth most abundant element on the
earth's crust and the most abundant sixth metal [3]), but from its complex process of
extraction and refining [ [4], [5]]. When the refining process is completed, an important goal
is entrusted to find production processes that transform the raw material into a finished
product. A multitude of methods are available for metal refining and manufacturing process
[2], departing from conventional casting and extractive processes; to final shape using
fusion, solid state welding, superplastic bonding, laser welding and recently the use of net
shaping and near-net shaping technologies. This includes processes such as powder
metallurgy, cold isostatic pressing, stamping and roll compaction, [6] vacuum plasma spray

forming [7], friction stir welding and electron beam selective melting (EBSM), among others
( [81, 9D

Electron beam selective melting (EBSM) “is a very interesting process in which the metal
powder is melted, by the action of an electron beam, and rapidly cooled in a single step
without any obstacle encountered in casting, forging and powder metallurgy, related with
surface reactivity and allowing the segregation of the elements presented on titanium and its
alloys” [ [2], [10] [11]]. This additive manufacturing process is very promising to increase
the use of titanium and its alloys due to its fast processing, flexibility and non-reactive
environmental requirements. Additionally, this technique offers a more efficient and
economical way to manufacture titanium parts, by a continuous effort to improve the
manufacturing practice itself delivering a higher-quality product and decreasing the cost on
post-processing once the part is completed. Therefore the use of EBSM process for
processing titanium alloys such as Ti6Al4V, represents a viable alternative to manufacture
fully functional parts for aerospace and medical applications at lower cost and lead times.

Furthermore, “this technique offers a more efficient and economical way to produce titanium



parts, trying to improve the manufacturing practice itself offering a higher quality product
and reducing post-processing costs once the part has been completed. Therefore, the use of
the EBSM process for processing titanium alloys such as Ti6Al4V represents a viable
alternative to manufacture fully functional parts for aerospace and medical applications at

lower costs and lead times™ [2].

Reviewing the literature, several authors have studied the evolution of the microstructure
and mechanical properties of the Ti6Al4V ( [12], [13], [14], [15], [16], [17], [18], [19] [20]
[21] [22]) according to different process parameters. Nevertheless, limited research has been
focused on exploring and making comparisons about the microstructural and mechanical
properties of Ti6Al4V products manufactured with the two EBM process build modality:
the Manual Mode (MM) and Build theme mode (BTM)). There is only one research that
studied the variation of mechanical and microstructural properties with the two build mode
[23]. This study [23] has the goal to investigate the microstructure and mechanical properties
variations as a function of distance from the build plate for the two normal EBM build
methods. Other additive manufactured Ti—6Al—4V studies used only one of the two build
methods ( [24], [25] etc..).

With this purpose, an overall review of the two process modality were conducted here to

understand which one gives best quality specimens.

In the present study, porosity development and microstructure variations in Ti-6Al-4V were
examined for the both EBM process mode. A systematic changes of EBM process
parameters (scan speed and beam current) for the MM and a set of pre-assigned parameters
for the BTM were used. An optical microscopy (OM) (LEICA DMI 3000M microscope) has
been used for metallographic inspection. A macro instrumented indentation test was
performed for each process mode using a Vickers indenter (HV). Tensile test was also
performed for each process mode and some comparisons were made with the macro

instrumented indentation test.

Furthermore, to better understand the behavior of the material during the process and trying
to find a correlation between process parameters and microstructural / mechanical properties,
a refinement of a numerical model representing the temperature distribution during the built,
including the thermal and physical properties of the material being processed, was

developed.



2. Additive Manufacturing

Nowadays, additive manufacturing (AM) is recognized as a promising manufacturing
technology for metal parts [1]. In the latest 30 years, AM technologies have been studied
and some have been made commercially available [2], such as selective laser melting (SLM),
laser metal deposition (LMD) and electron beam melting (EBM) (as presented in [26], [27],
[28], [29]. AM technologies are very important for the development of new materials and
parts, when design, process conditions and lead times are difficult to achieve by conventional

methods such as casting or extraction methods ( [2], [30]).

As reported in the following work [2]: “ Powder metallurgy made its appearance as an
attractive option, to manufacture net shape custom parts in a short period of time through
heating of and subsequent pressure application to the part by hot isostatic pressing process
HIPS [31] to obtain minimum porosity values. For this purpose, a new series of processing
methods consisting on an additive free-form principle made its appearance, enabling the
processing of low and high melting temperature materials. These techniques were mainly
classified according to the delivery method for the additive material, the source used for
agglomeration, the state of the material prior to deposition and the material temperature
process condition. When high melting point materials were to be processed, higher-heat
sources were used, especially for metals and ceramic materials. For these reasons, two

different methods were designed to deliver the material prior to processing.

The first method developed was direct-melt processing, consisting of selective delivery of
metal and ceramic materials to the location of deposition (i.e. Laser Engineered Net Shaping

— LENS) providing extensive flexibility for processing, tolerances and build time.

The second method designed was the powder bed process, where a layer of powder is placed
on the build plate and a heat source such as a laser or an electron beam, selectively melts the
area of the part, with the remaining powder material acting as a structural support,
maintaining a stable built temperature thanks to the low thermal conductivity on the loosely
sintered powder. Several manufacturing techniques using a powder bed as an initial process
stage made their appearance in this arena, such as laser assisted additive manufacturing
(LAAM). One of the most remarkable techniques is the selective laser sintering (SLS), in
which the powder material is partially sintered below its melting temperature, followed by a

high peak laser to melt the powder material. This process allowed the manufacturing of a



wide range of materials, from polymers to metals, using single or mixed composition

powders. Even though this alternative seems effective for many applications, there are still

limitations involving the use of a laser as a heat source such as:

a)

b)

f)

High power requirement to melt metal powders: As the power is increased, the
penetration depth is decreased, requiring a higher laser dwell time disabling the
control on adverse processes like recrystalization and annealing [32] .

Restricted thermal capacitance of the mirror galvanometer : Together with a high
inertia of the mirrors within the scanning system, prevents the laser track accuracy [
[33], [34].

Longer dwell times represent longer process time and higher costs.

Material sensitivity to environmental contamination: Corrosion or stress cracking
is induced by atmospheric contamination as well as the gas shielding reacting with
the processed material in the case of atmospheric or pressurized

Power efficiency: Related with the limitations of processing materials with high
laser reflectivity (i.e. native metal oxides)

Low beam quality of high beam lasers

These delivered power and scan speeds limitations on SLS technologies led to the

development of a new technology emerged from a conventional method in which an electron

beam was initially used to melt and refine materials highly susceptible to corrosion and

environmental contamination ( [35], [36]). This gave birth to the Electron Beam Selective

Melting process (EBSM) first designed by ARCAM AB, consisting of a focused, high-

energy electron beam, deflected by magnetic lens, melting the powder material in a layer-

by-layer fashion to build a physical part”.

2.

I  Electron Beam Selective Melting Process

(EBSM)

Electron beam melting (EBM), as laser engineering net shape (LENS) , direct laser

deposition (DLD) and direct laser fabrication (DLF) respectively, is one of additive

manufacturing techniques. In this method, metallic objects are produced directly from



computer aided design (CAD) files by melting the metallic powder utilizing focused high
energy beam [37]. “EBM has been successfully used in AM with various metals. For
example, Murr et al. [38] produced titanium aluminide alloy components via EBM. Cormier
et al. [39] fabricated parts made of tool steel. Murr et al. ( [40] , [41]) manufactured EBM
parts made of nickel-base superalloy. Ramirez et al. [42] and Frigola et al. [43] also

fabricated copper components by EBM” [1].

One of the disadvantages of the EBM process is the inability to manufacture parts avoiding
machining and welding. “Koike et al. [12] and Suard et al. [13] showed that the surface
produced by EBM has a significant roughness, containing a ridged structure with visible
sintered powder grains. Therefore, the surface roughness produced by EBM can be

unfavorable, especially for products where a smooth surface is required” [1].

The main advantages of using the electron beam systems for the fabrication of 3D metal

structures include [37]:

1) The purity of the deposit due to the controlled atmosphere

2) Reduced segregation due to rapid quench rates

3) Reduced heat affected zone due to small melt pools

4) Verifiable deposition conditions due to imaging and feedback process control, and
possible five-axis control [45]. The five controllable axes are beam energy, scanning
speed, offset focusing and 2D scanning on the powder bed. These controllable

parameters are defined as system processing parameters.

Because quality standards require an optimized set of processing conditions to ensure the
quality and consistency of microstructures [46], the EBM or DLD process offers
considerable potential for controlling the structure and metallurgical structure throught the

use of appropriate set of parameters [47].

2.1.1 Process description

The process is initiated by using a CAD software, drawing the part that has to be
manufactured. After that, the 3D information is processed, discretizing the 3D model into a

set of 2D level sections (x, y coordinates) and the z axis is set by the thickness of the single



layer, controlled by the build etch within the additive system. The part is then processed,

layer by layer, until the final shape is obtained [2].

In this work an Arcam EBM ® A1 was used. The principle of the process is illustrated in
[Figure 1 ]. This system consists of the electron beam compartment and the build part

compartment.

To emit electrons, “a doped tungsten wire is heated to about 2600 °C, then an accelerating
electric field is applied on the grid and an electron beam is formed. The beam power can
ranges from 50-3000 W during the process and the width of the beam is fully adjustable
within the different process steps (e.g. 0.1 - 0.8 mm). The electron beam passes the anode
into a ceramic tube, where three different magnetic coils are located (The astigmatism coil,
the focus coil and the deflection coil) [Figure 2]. The electron beam is accelerated to 60 kV
and the maximum beam current can be 50 mA. The electron-magnetic deflection lenses
allow the scan speed of electron beam to reach a maximum value of 8000 m/s” [48]. In order
to use high quality electron beam as well as to reduce oxidation and contamination of

titanium parts, the build environment is kept under a high vacuum 10~° mbar.
Below there is a schematization of the EBM column and the three magnetic coils [Figure 2].

e The upper part of the column contain an electrode unit (consisting of a filament and
grid cup), an external air cooling coil and an internal oil system for cooling.

e The middle column contains the anode, a drift tube and the turbo-pump connection.

e The lower column contains the control coils for the beam and an internal water

cooling system.

The energy density within the electron beam can amount to 106 Ck% To actuate the electron
beam, the electron beam gun uses electromagnetic lenses (referred to as deflection coils)
enabling the electron beam to scan the metal powder surface from one side to the other and
melt the powder at certain positions where required. The coils allow to govern the parameters

that drive the electron beam, the functionalities of each coil are as follows:

e The astigmatism coil control the shape of the beam.
e The focus coil allows to change the focal angle of the beam (spot radius).
e The deflection coil control the position of the beam, changing the angle and the

direction.



Electron
beam
compartment

N

Build part
compartment

Figure 1 EBM system layout. Numbers denote the system components: (1) Electron gun, (2) Beam focus lens, (3) Beam
deflection coils, (4) Powder hopper, (5) Powder layer rake, (6) Build product, (7) Build table. From Gaytan, et al. (2009)
[49].



——— Upper column
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> Astigmatism coil

————> Focus coil
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—————> Deflection coil

Figure 2 Schematization of the electron beam compartment from [48].

The build part compartment contains both two powder hoppers to supply metal powder

and a rake to spread the powder during the layering process on a build table [1], [Figure 1].

The main part of the build compartment is the powder tank 250mm x 250mm x 350 mm.
Initially the build start plate (210mm long by 210mm width and 10mm thickness stainless
steel), is aligned with the plane of the machine through an adjustment screws wheel system
[Figure 4]. The 4 supports shown in [Figure 4] allow both an alignment with the plane of the
machine and a stability of the build plate, preventing it from vibrations or movements during
the process. The plate plane is manually aligned with the plane of the machine adjusting the
height of the screws wheel ensuring that the thickness of the powder spread is constant and
uniform. For this reason, the plate alignment system turns out to be quite inaccurate and time
consuming, in fact every time a new job has to be started, a re-align of the construction plate

is needed and the procedure should be run all over again. It should be noted that, before
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positioning the plate, the underlying space should be filled with powder, ensuring a good

contact between the thermocouple and the build plate [Figure 3].

Electron beam
Ti-6Al-4V powder
Racking system
Layer thickness of powder: 50 micron Y A

Build plate

NN N

. Thermal sensor
Adjustment screws

[ S S SS

Figure 3 Building feature process.

Spacer net

Adjustment wheel Insulation sheet

Figure 4 Adjustment screws wheel system, from [48].

“Once the build plate has been properly aligned within the metal powder, the EBSM process
is initiated by closing the system and pumping down the chamber to ~ 10> mBar. When
this base pressure is attained, the build plate is heated by the electron beam from room

temperature to ~ 475°C, using a defocused electron beam [Figure 3], with a relatively low
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beam current and a relatively high scan speed. Afterwards, a degassing process takes place
for 10 minutes, so species like water vapor can be desorbed from the surface of the plate.
Once degassing is concluded, the temperature of the build plate is increased by the electron
beam until it reaches 730 °C, corresponding to the initial build temperature. After the build
plate pre-heating process is finished, the build plate moves 50 microns along the Z axis, and
the first powder layer (with a powder thickness larger than 50 microns, considering the gap
between the racking system and the racking surface seen in [Figure 3]) is placed by the
racking system. Subsequently the powder layer has been preheated to induce a partial
sintering, improving the thermal conductivity during the build, diminishing the possibility
for particle charging and powder spreading and holding the powder in place during

subsequent melting at higher beam powers” [2].

Afterwards, the outer part of the specimen is melted and is referred as ‘contour’. “The
contour provides an interface between the actual build and the surrounding powder, in
particular, outer contouring should be more important than inner contour because it may
determine the building of thin parts. A contour melting also provides an opportunity to have
good surface structure. The second step of melting the actual part is build within the

contours” [37].

As well described also in [2], once the first layer has been melted, the build plate is lowered
by one layer thickness, additional powder is delivered from the powder dispensing hopper
and raked over the previously solidified layer and the process will be repeated layer by layer,
until the melting part is finished. After the building stage, the part is cooled down either
under vacuum or helium flow until the sample part reaches 100°C. Cleaning of the parts
from adherent partly molten powders is done by powder blasting with the same powders as
used in the building process. The removed powders can be reused after sieving in a new

process [5].

To sum up, some advantages of using the electron beam technology are reported below:
* High energy density during the entire process.

* Possibility to obtain very fast melting speed.

* Relatively low level of energy emitted to the ambience.

* High efficiency.

* Clean melt by virtue of using vacuum.

12



* Low energy consumption.

¢ Different combinations of materials could be used in the powder.
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3. Ti-6Al-4V Powder Material

3.1 Microstructure

EBM is the AM technique typically used to manufacture Ti-6Al-4V parts because of
titanium high affinity for oxygen. Several works ( [50], [51]) have studied the possible
Temperature / Time microstructure evolution of the Ti-6Al-4V alloy, and referring to some
hypotheses and verifications, several conclusions have been obtained even if they all are
quite similar to each other. The results of the studies ( [50], [S1]) about the processes
transformation of the material are reported below, and they were compared with the
following thesis work results in the chapter [ 5.6.2]. The microstructure that was usually
found in Ti-6Al-4V products, made with EBM, was mainly composed of o + § dual-phase
alloy ( [50], [51] ). The addition of aluminum let the stabilization of the o phase and the
increasing of the strength of the alloy, the addition of vanadium stabilizes the § phase and
increases the ductility of the material. According to [50] and [51], the microstructure consists
of columnar prior 3 grains delineated by grain boundary o and a transformed o + f3 structure
with both colony and or Widmanstitten morphology within the prior 3 grains ( [52], [53]).
The columnar [3-grains formed due to the extreme solidification conditions and the strong
partitioning behavior of the main alloying elements in Ti-6Al-4V [50]. Because the material
is subjected to rapid cooling, solidification and very long maintenance at the temperature of
~ 650 ° C (annealing), the resulting structure is a consequence of non-equilibrium processes

that give life to a "graded microstructure" [50].

It should be pointed out that the existence of @’ martensite in EBM-built Ti-6Al-4V samples
is still debatable. “It is known that a full martensite microstructure forms when
untransformed S is rapidly cooled down below the martensite start temperature (Ms) with a
sufficiently high cooling rate. However, a variety of Ms and critical cooling rates for
martensite formation in Ti-6Al-4V were reported in ( [54], [55], [56]). As it is shown in the
previous documents the accurate cooling rate of EBM process is unknown, but it is
confirmed to exceed at least 410 °C s~1. Similarly, the surface temperature of the build
should be below 800 °C. Therefore, martensite is supposed to form during EBM-built Ti-
6A1-4V process” [50] . Based on the work of ( [57], [50], [51]) , the microstructural

14



evolution of EBM-built Ti—6A1-4V could be simplified as the following processes
illustrated in [Figure 5] [50]: “(i) starting from the liquid state (T > Tg transus) [Figure 5],
rapid solidification occurs (up to temperatures slightly lower than Tg transys) leading to the
formation of prior 3 grains [Figure 6 (i)]; (ii) The rapid cooling from temperatures above [3
transus (1000 ° C at 4% of vanadium) up to the temperature of 600-650 ° C leads to the
formation of martensite, a’ phase [Figure 6 (i1)]; (iii) the near-isothermal annealing at 650 °
C allows the transformation of martensite into an o Colony & Basket-weave + 3 Rod
structure at the build temperature [Figure 6 (iii)]. In particular, by observing the [Figure 6]
of the document [51], discrete [} particles will first form along @’ martensite plate boundaries
and then continuously grow at expense of vanadium (ii — 1iii). « phase continuously grows
at the expense of a’ and f3 rods due to the ejecting vanadium from growing a [51]. The
discrete P particles may be connected and [ rods would eventually form at the fully

decomposed «a plate boundaries (iii — iv)” [50] [Figure 6].

Tra4 T
t 1
(i) (i) L%B
1000 | B transus  é "
~—— (i) B>a’
800 | (il (i) o’ >0+
. A\ N N,
BuildT \ ‘(iﬁ} ‘\\ - $—» dp . A
730 LN \
\ o (iv) \\Ms \ (iva'=>a+p
a v\ B :
o >
Ti-6%Al 4% V% Time

(a) (b)

Figure 5 (a) Schematic phase diagram of Ti-6Al-4V and (b) simplified thermal process showing the four main phase

transformation processes involved in EBM-built Ti-6Al-4V. From [50].
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Columnar
B grain

Figure 6 General microstructural evolution of EBM printed Ti-6Al-4V. From [51].

“Ti—6Al-4V undergoes a near-isothermal heat treatment at the build temperature during the
overall process. The previously built layers undergo a longer annealing compared to the
subsequent layers and cooling rate will constantly change with the increasing build height,
which would significantly impact on the length scale of microstructure “ [50]. The following
picture [Figure 7] shows an overall scheme of EBM-built Ti-6Al-4V, given by the results
of [50].

Basket-weave
structure

Columnar grains

Near-equiaxed
grains

Figure 7 Schematic microstructure of EBM-built Ti-6Al—4V on X-Z plane. The bottom part is closer to the start build

plate, the top part correspond to the last deposited layers. From [50].



4. Macro i1nstrumented indentation

test

Macro instrumented indentation test is an unconventional mechanical test, classified as a
non-destructive test, for the determination of the mechanical properties (typically obtained
with the tensile test) of small and simple samples. The study [57] was carried out at the
Department of Materials of the Polytechnic of Turin, where the following thesis work was
also carried out, and it reports a comprehensive analysis of the macro instrumented
indentation test from which some results and reflections were taken. As already outlined in
[57]: “The conventional hardness tests are typically performed as a quality control and to
roughly estimate the yield stress of metallic materials. The disadvantage is that many
mechanical characteristics of the material are taken into account and the method is
ineffective in the extraction of the single effects. To overcome these limits the IIT has been
developed, with continuous recording of forces and displacements during an indentation
cycle allowing to obtain the so-called indentation curves (ICs). According to an elastic
contact model proposed from Sneddon in 1965 [59], the discharge portion of the IC provides
sufficient information to extract the elastic modulus and the indentation hardness. These
parameters can be exploited effectively for a universal mechanical test. The IIT is currently
widespread and widely exploited in the nanometer and micro-hardness range (i.e. load less
than 2 N). These allow to determine the mechanical properties of very small samples but
they are not always representative of the bulk mechanical behavior. The macro hardness
range (load between 2 N and 30 kN) is considered the most suitable to characterize the elastic
and plastic behavior of structural materials and to establish a possible correlation between
indentation and tensile properties, as suggested by ISO / TR 29381: 2008 (E) [60]. The macro
range is not limited to bulk materials but may be suitable for the study of layers, multilayers
and coated material if the influence of the substrate on the elastic measurements and the
thickness effect can be properly evaluated ( [61] [62] [63] [64] [65]). Interestingly, the macro
range is considered the most likely to establish a possible correlation between indentation
and tensile properties [60]. According to Mayer definition, the hardness is an actual contact

pressure independent on the indenter geometry or on the imposed load [66].The indentation
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hardness HIT available from IIT exploits Meyer definition. The IIT attempts to extract and
evaluate the effect of individual characteristics from a complex measure, such as
conventional hardness. In fact, unlike conventional Vickers, Brinell and Rockwell hardness
tests, II'T hardness testing is not performed when plastic deformation is completed, but is
based on a large number of simultaneous measurements of the force applied by the penetrator
and the corresponding indentation depth in the tested material. The resulting indentation
curves (ICs) contain information on both elastic and plastic behavior and are post-processed
to extract the equivalent conventional hardness (Vickers or spherical) but also the elastic

properties and many indentation parameters, such as the HIT indentation hardness” [57].
4.1 Macro indenter prototype

As described in the document [57], “instrumented indentation tests are performed on the
macro-indenter prototype OMAG SR HU 09 [Figure 8] under force control [67]. It
essentially consists of an electric Sanyo Denki AC motor (power 100W, 0.353 Nm torque,
3000 rpm rotation speed) which drives the indenter connected to a force transducer. A gear
box allows a controlled speed of approach (from 5 to 40 wm/s) of the indenter to the sample

during the initial stage. In the approaching stage, the position and velocity of the indenter

are thus transmitted by an encoder balanced by a pair of springs (as detailed in Figure 5.1

(b)).

Figure 8 (a) OMAG SR HU 09 macro-indenter prototype; (b) detail on the measuring head balanced by spring, From
document [57].
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Load and displacement are measured with a load cell and a linear variable differential
transformer (LVDT), respectively. The load cell (measuring range from O N to 2500 N) gives
a relative error of 0.008% and a repeatability of 0.1% of full scale value. The technical
specification of the LVDT (measuring range from -0.63 mm to 0.63 mm) gives only the
repeatability, which is 0.01% of the full scale value. The sampling frequency is 1000 Hz.
The imposed indentation force-time cycle usually consists of 60 s loading time, 60 s holding
time and 40 s unloading time. As suggested by ISO 14577-4 [68], the force removal rate
has been set higher than the loading rate to minimize the influence of creep. During IIT, the
specimen is held in place by a special ratchet that provides a reference point for the

displacement transducer, as shown in [Figure 9] ( [69], [67]) .

Figure 9 (a) Schematic of the core of the OMAG SR HU 09 (force transducer/fuchsia, reference ratchet/blue,

LVDT/green, indenter/grey, sample/yellow); (b) Detail of the reference ratchet. From [57].

The displacement transducer measures the indentation depth between the surface of the
tested material by means of the reference ratchet and the indenter tip by the indenter holder,
thus reducing to a minimum the path common to both force and displacement, as shown in

[Figure 10]” [57].
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Figure 10 Schematic representation of the path common to force and displacement. From [57].

4.2.1 Vickers indenter

In this work, the same Vickers indenter of reference [57] was used. “The Vickers indenter
was calibrated with reference to BS EN ISO 6507-2 [70], ASTM E92- 82 [71] and ASTM
E384-10 [72]. The calibration report quotes a mean apex angle of 136.11° with an expanded
uncertainty of 0.05°. The expanded uncertainty on the line of the junction between opposite

faces (i.e. offset) is equal to 0.25 um. [Figure 11] shows the actual Vickers indenter” [57].

Figure 11 (a) Actual geometry of a Vickers indenter; (b) detail of the indenter tip. Note that some metallic contaminants,

deposited on the edge of the square, may distort the test results [73].From [57].
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4.2 Procedure

The Macro indentation test procedure was the same used in [57]. “Instrumented indentation
test records the loads and the displacements of an indenter during a controlled loading-
holding-unloading indentation cycle by means of specific sensors. The quantities measured
at the same time are the applied force F and the indentation depth h. The results deduced

from indentation curves (ICs) are depicted in [Figure 12]” [57].

mnaax

Force F/N

I, Ity h, h, h,

P
Displacement /i/mm

Figure 12 Schematic of an indentation curve. From [57] .

The ICs allow to extract many relevant indentation parameters:
- hO: the zero point, i.e. the first point of contact
- hmax: the maximum depth of penetration of the tip into the sample
- Fmax: the maximum applied load
- SM: the tangent to the loading curve at hmax
- hrM: the intercept of the tangent to the loading curve at hmax
- S: the tangent to the unloading curve at hmax
- hr: the intercept of the tangent to the unloading curve at hmax

- hc: the contact depth
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- hp: the plastic depth, i.e. the last contact point corresponding to the result of the plastic

deformation of the residual indentation when the elastic deformation is fully recovered.

Indentation parameters enable to evaluate, without any optical microscope and operator
dependency [74], the contact area Ac involved in the IIT definition of hardness. Following
the procedure reported in the reference [57] and in the ISO 14577, “ for the Vickers indenter

geometry [Figure 13], the superficial area and the contact area are:

Figure 13 Schematic of the contact between a Vickers indenter and a flat sample. From [57].

2
A =L 2 =(2-h-tan%) ~245.h?

Equation 1 Contact area equation for a Vickers indenter.

Equation 2 Superficial area equation for a Vickers indenter.

where d is the mean diagonal of the indentation, a is the Apex angle of the Vickers indenter,
h is equal to hc if the previous formulae are used to characterize the shape of the indentation

when the load is still applied. In IIT the contact area Ac is tightly related to the contact depth
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hc and hence to the fact that, after the withdrawal of the indenter, the change in the
indentation depth due to the elastic recovery may be not negligible, unlike what happens
with Brinell and Vickers hardness tests. ISO 14577 [75] establishes the method for
subtracting the elastic contribution to the total displacement, thus obtaining the plastic
displacements involved in the hardness definition. The cross section of the residual
indentation provided in [Figure 14]outlines this feature, introducing the physical meaning of

the main displacement parameters:

~ |3A3| aJnssaud

E

z

|9A3| @inssaad

After unloading

Figure 14 Cross section of an elasto-plastic indentation. hs is the displacement of the surface at the perimeter of the

contact in case of sink in [67]. From [57].

Many relevant indentation parameters can be evaluated by IIT in addition to those showed
in Figure 14, these are: indentation hardness HIT, Martens hardness HM, indentation
modulus Eit, indentation creep CIT, indentation relaxation RIT, elastic and plastic

contributions of the total indentation work™ [57].

“IIT allows the definition of different kind of hardness. In particular, Martens hardness is
measured under the applied test force (thus including the elastic and the plastic
deformations), during the loading portion of the IC and preferably at the maximum load [73].
It is defined as the test force F divided by the superficial area As:

am =L
AS

Equation 3
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Analogously to HM, also the indentation hardness HIT is calculated as a mean contact
pressure when the tested material is still under load [76], but with respect to the contact area

Ac:

H — max
T
A
Equation 4

Hit is thus defined in agreement with the principle proposed by Meyer. ISO 14577 exploits

indentation hardness to define also an equivalent Vickers hardness [73]:

Equation 5

where K is the conversion factor from kgf to N. Explaining the factors it become:
Hl/eq = 0,0945 HIT

Equation 6

Nevertheless, ISO 14577 suggests that HVeq should not be used as a substitute for HV.
Young’s modulus is one of the most important parameters evaluated by instrumented
indentation test and used to verify the IIT performance [77]. For the specific measurement
of the Young’s modulus, many methods are currently available (e.g. tensile test, impulse
excitation of vibration [78], atomic force microscopy) but they all show some practical
drawbacks related to sample cost preparation, geometrical critical sizes or poor extraction of
the elastic properties. The indentation modulus EIT measured by IIT is a quite close estimate
of Young modulus [79]. ISO 14577-1 describes the method to extract Young modulus from
the elastic displacements through the analysis of the unloading ICs. The use of the unloading
portion of the indentation curves is justified assuming that a purely elastic recovery is
produced when an indenter is withdrawn, at least at the beginning of the unloading (i.e. at

the maximum indentation depth).” [57].

“Several researches have tried to implement Sneddon's solution [59] about his elastic contact
model ( [80] [81] [82] ). “Doerner and Nix [81] evaluated the contact depth by fitting the
first one third of the unloading curves by a straight line. The resulting line is tangent to the

unloading curve and its intercept locates the contact depth hc by definition:
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Equation 7

The contact depth is in fact evaluated considering that the distance hs between the surface

of the material and the limit of contact zone depends on sinking-in (see Figure 14):
h(' = h’max - h‘\'
Equation 8

In particular, reminding Sneddon's solution [59] for the deflection of an elastic surface at the

contact perimeter , Pharr et al. [76] showed that:

Equation 9

where € is equal to

Equation 10

The so called epsilon factor depends on the indenter geometry. So, it is obtained:

F
h.=h, —&—"
S

Equation 11

The contact depth allows to finally estimate the projected contact area Ap by means of
[Equation 1].ISO 14577-1 describes the procedure for Eit measurement providing tabulated

values for the elastic modulus Ei and the Poisson’s ratio vi of the indenter :

1-v;
E, = s
2 A]) 3 1-— V’-Z
Sz E
Equation 12
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Where vs is the Poisson’s ratio of the sample, S the Elastic contact stiffness, Ap the Contact
area. Differences between indentation modulus and Young's modulus may occur in case of
pile up [73] or if the sample under test has anisotropic mechanical properties due to
crystallographic orientation or microstructural inhomogeneity or to the presence of

superficial thin films” [57].
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5. Experimental work

5.1 Objectives

The evolution of the microstructure and mechanical properties of the Ti6Al4V according
to different process parameters during the EBM process have been studied from many
authors ( [12] - [22]). Nevertheless, limited researches has been focused on exploring and
making comparisons about the microstructural and mechanical properties of Ti6Al4V
products realized with the two EBM process build mode: The Manual mode (MM) and
Build theme mode (BTM)). Furthermore, it was not found any article that used macro-
indentation test on EBM products to analyze mechanical properties and make comparisons

with tensile test data.

There is only one research that studied the variation of mechanical and microstructural
properties with the two build modality [23]. The study [23] has the goal to investigate the
microstructure and mechanical properties variations as a function of distance from the build
plate for the two normal EBM build methods. Other additive manufactured Ti—-6Al-4V
studies used only one of the two build methods ( [12] - [25] , [50]etc..).

With this purpose, an overall review of the two process mode were conducted here.

The main aims of the study are to give more clarity on the behavior of the EBM process
with the two process mode, analyzing the quality of the products in terms of mechanical
and microstructural properties. The goal is to understand whether is better to use an
automatic or manual process mode, based on the results obtained from the microstructure
and mechanical properties. Results and studies have been carried out regarding the
variation of the microstructure according to the distance from the build plate. These results
were compared for the two process modalities and with those obtained in the article [23].
The macro-instrumented indentation tests were performed and comparisons with the
tensile tests were made to verify the reliability of the results. Finally, a simplified
analytical model was developed on MatLab® to predict the distribution of temperature on

the surface of the powder, considering the sintering and melting phases.
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5.2 Manual mode (MM) vs. Build theme mode
(BTM)

As is reported in ( [23], [24])* The ‘standard’ Arcam build theme mode (BTM) for Ti-6Al-
4V varies electron beam parameters in a controlled sequence throughout the build according
to algorithms developed by the manufacturer in an effort to achieve fully dense as-built parts
with consistent microstructure and properties. This process modality require the definition
of the ‘speed factor’. Speed factor is a manufacturer-specific variable that describes the more
generic electron beam parameters such as beam current and beam speed as they relate to a
given manufacturer-specific build theme. Therefore, specific values of beam current and
beam speed cannot be known from the speed factor because they are constantly being varied
by the build theme throughout the build. One of the algorithms of this build mode adjusts
beam speed or manage the beam current near the edge of a part to prevent overheating. To
understand the benefit of this algorithm, it is necessary to describe the path of the beam
during melting [Figure 15]. The beam scans in one direction for each layer (either the x- or
y-direction), and this direction alternates for each subsequent layer. The beam scans across
all parts on a given line before turning around and scanning along the adjacent line. With
this electron beam path, the heat will be greater near the edge of a part where the beam turns
around and might lead to undesirable effects such as porosity from overheating or

inconsistent micro- structure and mechanical properties (hot-spot phenomenon)”.
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Figure 15 Top schematic view of the beam scan.

The standard Arcam build theme for Ti-6Al-4V increases beam speed or manage beam
current as the beam approaches a turnaround point in an effort to achieve fully dense parts
and consistent microstructure. This function is one of the several control algorithms included
in the build theme mode. Although this modality seems to have great advantages, it also has

some disadvantages:

1) Specific values of beam current and beam speed cannot be known from the speed factor,

then would be difficult perform simulations to predict the process and material behavior.

2) A wrong choice of the current limits range can cause bad results in terms of porosity,

swelling and deformations.

The manual mode is characterized by the use of a steady beam speed and beam current
values. Unlike the previous method, it could lead to more problems due to the hot spot
phenomenon because the static parameters. However, a correct selection of the process
parameters could lead to very good results, even better than the previous case. Moreover,
the predicting of the temperature generated on the powder surface, using software

simulations, would be easier having constant parameters. Generally, this method is used to
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build fine lattice structures and it is rarely used for the realization of bulk parts [23]. In this
study, the consequences that the static parameters had on the bulk material were analyzed
and discussed, and comparisons in terms of microstructure and mechanical properties with

the BTM were carried out.

5.3 Methods

5.3.1 Parameters utilized

- The Ti-6Al-4V powder with a nominal particle size distribution of 45 - 105 pm
supplied by Arcam AB was used in this work. The analysis of the unfused powder
was provided by the University of Rostock, Fluid Technology and Microfluidics,
where the work was carried out [Figure 16, Figure 17]. All the powder involved in
the process was subjected to several recovery cycles in the PRS (powder recovery

system), so the oxygen content within the material was slightly higher than that of

virgin material ( [83], [84]).

edizin
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Figure 16 SEM image provided by Universitdit Figure 17 Un-melted Ti-6Al-4V powder. 100x
Rostock. Magnification. From [82].

- A 10 mm-thick stainless steel start plate was used. This plate was heated by the
electron beam under a vacuum of 5e-4 mBar.

- The start plate temperature was730°C.

- The powder layer thickness was 50 um.

- All the process was kept under a controlled vacuum in the temperature range of 600—
650 °C.

- Entire the building process was kept under a vacuum of 2 * 1073 mBar and an
acceleration voltage of 60 kV.

- The process was controlled by using high-purity helium to prevent powder charging.
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5.3.2 Work Procedure

At the beginning of the work a specify procedure was established to analyze the differences
between the two process modalities and to evaluate the variations of the properties as the

process parameters changed. The procedure followed is that shown in the [Figure 18].

Process window for EBM of Ti-6Al-4V
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Figure 18 Process window for EBM of Ti-6Al-4V. Black points represents the samples that were rejected because marked

defects. Sample ‘a’ (obtained with the BTM). Samples ‘b’,’c’ and ‘d’ are obtained with the MM.

Initially, specimens were built using the "standard" Arcam build theme mode (BTM)
represented in [Figure 18] by the dotted black line (sample a). In this mode the current value
is controlled by some algorithms developed by the manufacturer and takes on values
between two limits set by the user, in this case between 15 and 20 mA. Regarding the beam
speed, a value of 4,53 m /s was set, although this value varies slightly according to the pre-
set algorithms in the machine and reaches values that cannot be known beforehand. The
choice of current and speed variation limits was made on studies previously performed on

the same machine. ( [84], [83]).

After that, it was decided to make samples in manual mode (MM). In this mode the "speed
factor" and static values of speed and current were used. Eight tests were performed in
total, each of which uses a different pair of process parameters. The first set of steady
parameters were marked with letter ‘b’ [Figure 18], where a current of I = 15 mA and
beam speed of v =4.53 m /s were set. These starting parameters were chosen referring to

the BTM mode, maintaining a constant value of beam current and speed throughout the
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process. Starting from this initial configuration, it was decided to make other specimens
maintaining a constant speed equal to v =4.53 m /s and assuming constant current values,
but different from the initial configuration, of [ = 10 mA, I =12 mA,I =18 mA ,1=20
mA. The same but reverse reasoning was followed with other samples, keeping a constant
current value equal to I = 15 mA and assuming constant speed values of v=3m/s, v=
453 m/s,v=59m/s,v="7m/s. The points highlighted in black in [Figure 18] are
those referred to the rejected samples, due to the presence of pronounced defects like
swelling, deformations and inappropriate shapes. The colored points a, b, ¢, d are the set of
process parameters that gave specimens with less visual defects, and they are also the

samples analyzed in this thesis.

Once this initial phase was defined, the results were analyzed and discussed as follow.

5.4 Specimens

5.4.1 Procedure

Once the Cad files of the specimens were created, they have been loaded onto the Magics
software. This software was mainly used for fixing the part and creating supports if they

were necessary.
The reason for using supports are:
1) To prevent over heating at areas where the z-thickness is small.

2) The samples, even more if they are very small, undergo a very fast cooling, causing
shrinkage by deformations that tend to drag the layers previously deposited. If the supports
had not been provided, the final product would not have been completely deformed and
would not have met the required specifications. The supports create a connection between
the build plate and the samples and compensates the deformations due to the shrinkage.
Obviously, an incorrect choice of the process parameters could lead to the detachment of the

supports from the built plate, giving equally defects of shrinkage.

3) Process stability. If the products had been made directly on the powder bed, there would

have been instabilities due to vibrations, rake movements, fluid dynamic turbulence.
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The first steps of the EBM process are the less stable, because the cleaning of the machine,
the geometric and dimensional tolerances of the construction plate, the centering and
alignment of the build plate, are manual operations performed by the user, so they are
affected by errors. To make a stable support step process, it is necessary to ensure a build
plate with flat surfaces, parallel to the machine plane, smooth, polished and free of powder
granules. Each of these measures are essential to ensure a fair and homogeneous deposition

of the first layers of material on which the supports will be built.

A moderate degree of over heating will lead to icicle formation on down facing surfaces,
whereas a more pronounced over heating may lead to an additional geometry deformation

in terms of swelling and curling.

There are two different kinds of supports used in the EBM process, namely volume and

wafer supports.

Volume supports: have a bulky and box like geometry. In the EBM process they are sintered

only and can be easily removed in the subsequent powder recovery process.

Wafer supports: They complement volume supports by preventing swell- ing and curling.
These supports are created within the Support Generation Module in Magics. Wafer supports
consists of Line, Block and Contour elements which form solid supports in point wise

contact with the supported area, enabling easy removal.

In this work, 5 mm high wafer supports were provided. Three tensile test specimens and
three microstructure inspection specimens were made for each pair of parameters. The
specimens have been positioned in the central area of the construction volume to avoid
problems of instability of the electron beam. Figure [incollare figure] shows the STL file of
the specimens exported from Magics. The procedure used on the software was the same
reported in the article [85]: “The STL file was sliced into a 2D compressed layer file (ABF
file) with a thickness of 0.05 mm using the EBM Build Assembler software. Only the ABF
file can be imported into the embedded EBM Control software for additive manufacturing
in the Arcam A1 machine. It is noted that each prepared build file should be simulated by
using EBM Control before starting a job. EBM Control simulation could indicate the
approximate build time”. To better understand the dimensions of the manufactured
specimens, the technical drawing are shown below [Figure 19 ]. The drawing is not in scale

and the units are in mm.
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Figure 19 Tensile test specimen made with EBM. Dimensions Figure 20  Specimen  for
according to ASTM ES8 /| ESM — 09. microstructural analysis.

The tensile specimens were provided of additional material so that, after the machining

process (ASTM E 466 - 96), it was possible to obtain unified dimensions valid for the tensile

test.

The specimens for microstructural analysis had a cylindrical shape. The choice of this form
rather than the rectangular one is due to evaluate the deformations generated by the process
on non-rectilinear edges. Strains on straight edges were analyzed on tensile specimens.
About the microstructural analysis, the specimens were machined to obtain two flat, parallel
and perpendicular faces to the supporting build plane. After having polished the two faces
until reaching a mirror surface, it was possible to evaluate the microstructure and the macro

instrumented indentation tests as the distance from the build plate changed.

An example of the specimens built during the process are shown in the [Figure 21].

34



Figure 21 Specimens cleaned in the PRS system.

5.4.2 Results and comparisons

Before analyzing the specimens obtained with different process parameters, it has to be
pointed out that in the "standard" process mode (BTM), the tensile specimen was not built
because the mechanical results were already been studied from the research group of the
Fluid Technology and Microfluidics, University of Rostock. For this reason, only the

experimental results of the tensile test were reported.

Referring to [Figure 18], the completed parts are shown below.

e Samples a:

Figure 22 Sample "a" after removing supports..
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The specimen had clear deformations both on the lower part and on the upper part. When
the specimens were cleaned in the PRS, the supports were perfectly attached to the surface
of the build plate. These deformations may be due to a non-optimal choice of the parameters
(limits of the variability range of current and speed) for which too high temperatures was
generated causing over-heating and deformations by shrinkage. It must be said that,
compared to the work [83], the type of supports were different, so it is likely that this factor

also affects the results obtained.

e Samples b:
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Figure 23 Samples "b" after removing supports.

Remarkable deformations of the material could be noted. This may be due to several

aspects:

The combination of current and speed causes very high temperatures that leads to high
deformations of the material during the cooling step. The right part of the tensile specimen
was more deformed than the left side and when the samples were removed from the build
plate, the supports were not well attached to the build plate. Also in this case, there was a
very likelihood that high temperatures were reached causing a very pronounced shrinkage

with consequent detachment of the supports. It should be noted that compared to the
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previous case, a fixed current value and a fixed speed value were used, therefore the

problem due to the hot-spot was amplified.

e Samples c:

Figure 24 Samples "c" after removing supports.

In this case, from the point of view of form and geometry, there were considerable
improvements. The cylinders had a slight deformation on the upper edge, while the tensile

specimens seemed to comply with the required specifications.
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e Samples d:

Figure 25 Samples "d" after removing supports.

These specimens appeared to have less aesthetic deformations than the others. The edges of

the specimens were clearer and the dimensions respected the required tolerances.

All the specimens represented in [Figure 18] with black circles, were not considered in this
analysis because they showed much more defects (deformations or porosity) than those just

analyzed.
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5.5 Porosity and density

5.5.1 Procedure

It is necessary to mention again the reference system adopted. The Z axis represents the build
direction, so the ZX plane is the build plane and the XY plane is that perpendicular to the
construction plane. The analysis of the porosity and density was carried out on the machined
cylindrical specimens. Each specimen was cut on two sides so as to identify two flat faces
parallel to the Z axis [Figure 26]. To analyze the porosity and the microstructure, the surface

was polished with 1um diamond paste.

z

A

Figure 26 Cylindrical machined specimen. The dashed volume represents the removed material.

First of all, the sections of each specimen were analyzed using an electron microscope with
a magnification of 25x in DIC mode. The studied section is that one represented with the
letter ‘A’ in [Figure 27]. The area of the section ‘A’ is identified by the microscope lens, and

measure 30 mm A 2 taking the whole width ‘b’ of the specimen [Figure 27].
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Figure 27 Representation of the section analyzed.

5.5.2 Results and comparisons

In This study, only the near-spherical pores after polishing[Figure 28 - Figure 31] were
analyzed. Their presence of the pores is attributed to the Argon gas trapped during the gas-
atomized titanium alloy powder [49]. The non-fusion defects, e.g. unmelted powder and
layer gaps, as revealed in [Figure 34 - Figure 37] were also seen, but they were neglected

because they are due to inconsistent raking or a non-optimised melting process parameter.

The following images [Figure 28 - Figure 31] show the sections ‘A’ at a magnification of
25x in DIC mode. The lower part of each image corresponds to the closest zone to the build
plate, the upper part corresponds to the last deposited layers. Subsequently, a more accurate
analysis of the sections was performed, observing the number of pores, in the same area, at
a magnification of 200x in DIC mode. The following measurement were done at 200x

magnification.

It is important to note that, the analyzed sections represent a part of the infinite sections
present in the workpiece volume, therefore, this inspection has not to be considered as a
reliable methodology to measure the porosity. For this reason, density measurements were
carried out through the Archimedes’ principle, to guarantee the effective pore value

throughout the workpiece volume [Figure 33].
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1 mm

Figure 28 Sample “a”: I= 1520 mA, v=4,53 m/s Figure 29 Sample “b”: 1= 15 mA; v= 5,9 m/s; FO= 3 mA

1 mm 1mm

Figure 30 Sample “c”I= 15 mA; v=5,9 m/s Figure 31 Sample “d” I= 12 mA; v=4,53 m/s

The specimen ‘a’ has many non-fused areas [Figure 34 - Figure 36], that were not
highlighted in the [Figure 28]. The number of pores is among the highest identified

compared to other samples and have sizes ranging from a minimum of 15um to a maximum

of 37 um [Figure 32].
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The specimen ‘b’ has the highest number of pores compared to other specimens analyzed at
200x magnification, but they have very small dimensions ranging between a minimum of 11

pum and a maximum of 29 um [Figure 32].

The specimen ‘c’ has a smaller number of pores than the specimen ‘a’ and ‘b’, with sizes
ranging between 12 um and 44 pm [Figure 32], but showed some areas in which the layers

were not fused together [Figure 37].

The specimen ‘d’ has the minimum number of pores, with dimensions ranging between 18

um and 34 um [Figure 32].

The following diagram [Figure 32] represents the number of pores detected in an area of 30

mm A 2, with its average size and standard deviation.

Distribution and measurement of pores size
in an area of 30 mm”2 at 200x Mgnification
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Figure 32 Measurement of the number of pores and pores size detected in an area of 30 mmA2 at 200x magnification.
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In the [Figure 33], the density measurement with the Archimedes’ principle is reported.

It can be noted that the density remains almost constant at 4.39 C% for all the pecimens,

about 1% lower than the ideal one (4,43 C%) . The density and porosity values can be

observed in [Figure 33]. This indicates that the presence of pores does not generate an
exaggerated reduction of the weight of the specimens, moreover the documents ( [57], [86],

[87]) say that the pores can be easily eliminated with the HIP process (Hot isostatic pressing).

Density and Porosity
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. 1,000
™ 4,420
! 0,956 —
é 0880 0715 0800 X
< 4410 0775 —
20 ' 4,398 > i
- 4,400 2391 4,396 , 0,600 ‘a' B Density
Z 4,390 \ 1,388 2 Ideal Densit
wn 4, eal Densi
c 0,400 8 y
S 4380 —8—porosity
0,200
4,370
4,360 0,000
a b c d
Specimen
Specimen Parameters Mass [g] Density p [g/cm3] pO [g/cm3] Relativedensity [p/p0]1% Porosity [%]
a a: Manufacturer build theme: Current range= 15+20 mA; v=4,53 m/s 4,552 4,391 4,43 99,12 0,880
b 1=15 mA; v=4,53 m/s; FO=3 mA 4,016 4,388 4,43 99,04 0,956
c 1=15 mA; v=5,9 m/s; FO=3 mA 3,988 4,396 4,43 99,22 0,775
d 1=12 mA; v=4,53 m/s; FO=3 mA 3,949 4,398 4,43 99,29 0,715

Figure 33 Density and porosity values measured with the Archimedes’ principle.

The following images [Figure 34 - Figure 37] show some defects found in the specimens.
These lack of fusion layers were identified on the whole height of the samples, mostly in the
lower part. The defects size ranges from 100 um up to more than 500 wm. The [Figure 34 -
Figure 36] refer to the sample ‘a’, while the [Figure 37] refers to the sample ‘c’ and showed
non-fused areas exclusively in the first deposited layers. All other samples did not showed

any such defects.
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Figure 34 Unmelted zones at the bottom part of the Figure 35 Unmelted zones at the bottom part of the

sample “a” ,
P sample “a”
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Figure 36 Unmelted zones at the core part of the Figure 37 Unmelted zones at the bottom part of the

sample “a sample “c”



5.6 Microstructure analysis

5.6.1 Procedure

As mentioned in the previous chapter, the samples were polished until reaching a mirror

surface with 1 um diamond paste and etched out by Kroll’s reagent.

The adopted procedure involves the analysis of the specimens in 3 specific areas: TOP,
CORE and BOTTOM zones. This subdivision was necessary both to analyze the different
microstructures when the distance from the build plate changed and to compare the results

of the macro instrumented indentation tests.

Starting from the stitch images that affects the entire height of the samples [Figure 38 -
Figure 41] the three areas were analyzed individually [Results and comparisons, 5.6.2 ]. The
lower part of each image corresponds to the closest zone to the build plate, the upper part

corresponds to the last deposited layers.

Making a quick preliminary analysis, it was noted a predominantly columnar structure in all
the samples, parallel to the build direction. This means that the heat dispersion took place
along the build direction. The sample ‘a’ showed much more defects than others, especially
at the lower part. The melted layers of the sample ‘a’ are more evident than the others and
the marks that the sample ‘d’ showed were due to the Kroll’s reagent. The two cyan lines

divide the height of the specimen into 3 zones, which are studied in the following paragraph.
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5.6.2 Results and comparisons

e BOTTOM PART

The first part analyzed was the zone closest to the build plate, the "Bottom part". The images
show lighter areas constituting the a phase, and darker areas which surround the a lamellae,

constituting the § phase.

At the bottom of the samples there is a near-equiaxed prior § grain structure. These grains
are those delineated by wavy and wider grain boundary a. Within the prior 3 grains there is

a coarse o + [3 microstructure consisting of o lamellar colony and widmanstitten pattern and

(3 rods.

The images below [Figure 42 - Figure 46] show that the primary [} grains have a slightly
elongated shape surrounded by closed grain boundaries a.. During the Ebm process, because
the previously melted layers undergo a continuous supply of heat by the subsequent new
layers, the temperature is kept at about 630°C, which allows the formation of a balanced and
coarser structure than the overlying layers. Under these conditions, the heat is dispersed
uniformly in all directions, giving rise to prior equiaxed [ grains and thicker a lamellae. This

behavior is common for all the specimen and is in agreement with the article [50].

The sample ‘a’ has smaller prior  grain size than the other cases, with thinner and more
closed contours (thickness of grain boundary a = 2 + 4 um) than the specimens made in
MM. The samples ‘b’, ‘c’ and ‘d’ show the dimensions of grain boundaries a that far exceeds
the previous case (from 4 to 10 um). In all the specimens analyzed, the size of the prior 3
grains is greater than the thickness of the deposited layers. The rest of the microstructure is
a mix of a-phase lamellae (a colony or basket wave pattern) surrounded by f phase, as
described in [50]. It can be noted that the alpha lamellae formation is almost similar to the
dendritic morphology formation, in fact there is a main branch (in this case grain boundary
a), from which grow side branches, from which grow smaller side branches, and so on
[Figure 42 - Figure 46]. In some cases the presence of the Widmanstitten structure was

found [Figure 46]

During the analysis, 10 measurements of the a lamellae widths were carried out for each
specimen, neglecting the width of the grain boundary o. Results of the  lamellae widths
average size are shown in [Figure 57]. It came out that the « lamellae average width was

higher in the sample ‘b’ (about 3 um) with a standard deviation of about 0.8 um. The lower
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average width was found in the sample ‘a’ (just under 2 um) with a standard deviation of
about 0.45 um. The sample ‘c’ showed a lamellae average width just over 2 um with a lower
standard deviation than the other cases, and the sample "d" exhibited an a lamellae average

width little bit lower 3 wm with a standard deviation that exceeds the previous cases (1.15

pm).

Build direction

bottom

Figure 42 Macro-Scheme of the analyzed part.

Figure 43 Sample”a” : I= 1520 mA, v=4,53 m/s Figure 44 Sample “b”: I= 15 mA; v= 4,53 m/s

Figure 45 Sample“c”: I= 15 mA; v= 5,9 m/s Figure 46 Sample“d”: 1= 12 mA; v=4,53 m/s
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e CORE PART

The second analyzed zone is the core part. As the distance from the build plate increases, the
prior [ grains have an increasingly lengthened and less closed conformation than the
previous case. This means that non-equilibrium processes of heat dissipation occurred due
to variation of solidification conditions (e.g. thermal gradient and solidification rate) of melt
pool. Therefore an equiaxed-to-columnar transition region for the prior f§ grains occurred

due to the hindered atomic diffusion by rapid cooling.

In this central area, the specimens showed a mixed microstructure of @ lamellae and f phase
with a prevalence of o lamellar colony and widmanstitten pattern. Also in this case, 10
measurements were made [Figure 57] on the width of the a lamellae, and it was found that

on average the dimensions decreased by 20-30%.

It came out that the average size of the a lamellae was higher in the sample ‘b’ (about 2,4
pum) with a standard deviation of about 0,6 um. The lower a lamellae average width was
seen in sample ‘a’ (just under 1.15 um) with a standard deviation of about 0.35 pm. The
sample ‘c’ had a lamellae width of about 2 um with a standard deviation of 0.7 pm, and the
sample ‘d’ exhibited an & lamellae average width of about 1.3 um with a standard deviation

of 0,33 pum.

Build direction

bottom

Figure 47 Macro-Scheme of the analyzed part.
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20 pm

Figura 48 Sample”a”: I= 1520 mA, v=4,53 m/s Figura 49 Sample“b”: I= 15 mA; v= 4,53 m/s

Figura 50 Sample“c”: I= 15 mA; v= 5,9 m/s Figura 51 Sample“d”: I= 12 mA; v=4,53 m/s

e TOP PART

The third analyzed zone is the upper part, related to the last deposited layers. In this area the
microstructure is so fine to not distinguish the passage between two adjacent prior beta
grains. The grain boundary a do not have a prevalent size compared to the rest of the
microstructure and the length of the a lamellae results to be longer and thinner than the
previous cases. The refinement of the microstructure of the last layers was due to the less
accumulation of heat and less annealing time exposure, neverthless there was not any

presence of martensite.



The formation of martensitic phase is a well-discussed topic in the articles ( [50], [51]). Its
formation takes place by fast cooling from the liquid temperature to a temperature below the
martensite start. Since the annealing temperature for the Ti-6Al-4V is between 700 + 840 °
C and because during the EBM process a temperature of around 600 + 700 ° C is kept, the
material cannot maintain a martensitic structure (assumed that the martensitic phase appear)
and decomposes completely, giving form to a mixed a + [ structure. In this work, the

presence of martensitic phase was not found, even on the most superficial layers.

Regarding the width of the a lamellae, these where smaller than those found in first deposited
layers of about 70% [Figure 57]. It was found that the average size of the a lamellae was
greater in the sample "b" (about 1.1 um) with a standard deviation of about 0.37 um. The
smallest average width was found in the sample ‘a’ (just under 0.55 um) with a standard
deviation of about 0.23 um. The sample ‘c’ had a lamellae width of about about 1 um with
a standard deviation of 0.43 um and the sample ‘d’ had an a lamellae average width of about

0.65 wm with a standard deviation of 0 3 um.

Build direction

bottom

Figure 52 Macro-Scheme of the analyzed part.

51



Figure 53 Sample”a”: 1= 15+20 mA, v=4,53 m/s Figure 54 Sample“b”: I= 15 mA; v=4,53 m/s

Figure 55 Sample“c”: I= 15 mA; v= 5,9 m/s Figure 56 Sample“d”: 1= 12 mA; v=4,53 m/s
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c 1= 15 mA; v=5,9 m/s; FO= 3 mA 0,33 0,69 0,43
d 1= 12 mA; v=4,53 m/s; FO= 3 mA 1,15 0,33 0,3

Figure 57 a lamellae widths at different distance from the build plate.

5.7 Tensile test

5.7.1 Procedure

It is recalled that the tensile test of the sample ‘a’ was not carried out because previous works

were already performed with this process mode, thus, only the numerical results were

reported. About the samples built in MM, both graphics and numerical results were shown.

The tests were performed at room temperature (20 °C) on tensile samples with a functional

area of 36 mm? and strain rate of 1 mm / min.

The [Figure 58, Figure 60] show the specimens with the respective fracture surfaces after

having undergone the tensile test.
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Figure 58 Sample “b”: Figure 59 Sample“c”: Figure 60 Sample “d”:

I= 15 mA; v=4,53 m/s I= 15mA; v= 5,9 m/s I= 12 mA; v=4,53 m/s

5.7.2 Results and comparisons

It can be noted that the tests were successful carried out because the break occurred around
the center of the length LO (initial length of the useful stretch). The fracture surface was

characterized by ductile tears resulting from the coalescence of microvoids [16].

In the document [1], comparisons regarding the mechanical properties of Ti-6Al-4V were
reported. By comparing the results exhibited in the document [1] with those obtained in the
following work, it can be seen that the actual UTS (ranging from 1045 to 1065 MPa) and
YTS (899 - 991 MPa) values were generally higher than those found in ( [12] (UTS ~775
MPa), [16] (UTS~928 MPa), [17] (UTS~915 MPa), [26] (UTS~959 + 990MPa)) except for
the sample ‘b’ which had a UTS~ 991 MPa, similar to ( [26], [19]). The documents ( [12],
[16]) compared the properties of EBM samples with those of SLM samples. These papers
showed that the strength of EBM-built specimens were slightly lower than those of SLM
specimens, and these results were also confirmed in this work. The outcomes of the
following work were in agreement with those found in [17], for which UTS and YS of Ti-

6Al1-4V EBM-built specimens were higher than those of wrought and annealed material. The
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elongation of EBM-built specimens obtained in this work were higher than those of SLM-
built specimens reported in [16] [18] and those EBM specimens made in [12] [16], but were

slightly lower than the EBM samples values showed in the papers [26] [18] [19].

Comparing only the results of the following study, the UTS values are 1047 Mpa for the
specimen made with BTM and vary between 992 and 1065 Mpa for the specimens made in
MM [Figure 62, Figure 63]. As it can be clearly seen in [Figure 62], the defects shown in
the sample ‘a’ do not greatly influence the mechanical properties as they are quite similar to
those of the other samples . The specimen ‘b’ is the one that shows the minimum value of
UTS (992 Mpa) while the specimens ‘a’, ‘c’ and ‘d” show 1065 Mpa, 1052 Mpa and 1047
Mpa respectively. It is worth noting that there is a good agreement between mechanical
properties and the microstructures, particulary between the average o-width dimensions and
the hardness values. Referring to the diagram [Figure 62], the higher UTS values correspond
to the specimens that on average have a finer microstructure (sample a, ¢ and d) [Figure 57],
the sample ‘b’ which has a coarser microstructure shows lower values. The same reasoning
is followed for the analysis of the yield stress, for which the sample ‘b’ has the minimum
value (900 MPa) and the maximum value is given by the sample ‘d’ (991 MPa) [Figure 63].
The Young's module is minimal in the sample ‘a’ (107 GPa) and is maximum in the sample
‘d> (116 GPa) while the other two specimens have intermediate values. The lowest
elongation is given by the sample ‘c’ (11.7%) and it is little higher in the other cases (12 +
12.6)%. The UTS for MM test specimens, as well as the YS, Young modulus and the

elongation values for overall samples are listed in [Figure 62 - Figure 65].
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Figure 61 Stress-strain curves of the tested specimens.
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Figure 62 Ultimate Tensile stress of the tested specimens.
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Figure 63 Yield stress of the tested specimens.
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Figure 64 Young modulus of the tested specimens.
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Figure 65 Elongation of the tested specimens.

5.8 Macro-instrumented indentation test

5.8.1 Procedure

For each specimen, three macro instrumented indentation tests were performed to a given
load, following the standard UNI EN ISO 14577-1. The tests were carried out on the flat
surface of the cylindrical specimens by applying a load at half width of them, respecting the

appropriate distances from the edges and between the respective impressions [Figure 66].

Initially a reference specimen was taken, on which several first-attempt loads (100, 300, 400,
600, 700, 800, 1000) N were applied with different cycles and application times. 4 loading /
unloading cycles were applied for each type of load, and each test was repeated 3 times.
Once every single test load was applied, the results of the macro instrumented indentation
test were analyzed through a MatLab post-processing program and they were compared with
the mechanical reference properties of the material, taken from the literature. It was chosen
the definitive applied load that would have given better results in terms of repeatability and
congruence with the standard mechanical properties of the material. In this study, the load

that gave the best results was 300 N.
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Once the load was established (300N), all the specimens were subjected to 3 indentation
tests [Figure 66], each one with 4 load cycles and with application times equal to 60s

(loading), 60s (holding), 40 (unloading) respectively.

3d
I

width

R

3d 5d

Figure 66 Macro indentation test: procedure Figure 67 Three Macro indentation tests at

scheme. 300 N on the real speciment .

5.8.2 Results and comparisons

In the [Errore. L'origine riferimento non e stata trovata. - Figure 73] the results of the 3
maco instrumented indentation tests are reported for each specimen, obtained with the pairs

of process parameter described above [Figure 18].

In [Errore. L'origine riferimento non e stata trovata.] an average trend of the Loading,
Holding and Unloading cycles of the samples ‘a’ — ‘d’ is reported, applying a load of 300 N.
From the graph [Errore. L'origine riferimento non e stata trovata.], some main

information such as the maximum displacement (hmax) and plastic depth (hp) are illustrated.

Analyzing the results in detail, the maximum penetration depth was obtained by the samples
‘b’ and ‘c’ with average values around 66.5 um, the specimen ‘d’ with an average depth of

66 wm and the specimen ‘a’ with the minimum average value of 61 um [Figure 69].

The plastic penetration depth (hp) is a significant parameter to analyze. This is very low for
the samples ‘a’ and ‘d’ (~ 50 um), instead it is greater for the samples ‘b’ and ‘c’ (average

values between 52 and 53 wm) [Figure 70].

In the [Figure 73] the projected area is shown (Ap), which is a function of the contact depth
(hc) when there is contact between indenter and material. The hc parameter is smaller for
the samples ‘a’ and ‘d’ (~ 56 + 59 um) and is higher for the samples ‘b’ and ‘¢’ (~ 60 um),
and the projected area is proportional to the results obtained for hc; (~ 0.08 + 0.085 mm A 2)

for the samples ‘a’ and ‘d’, (~ 0.09 mm A 2) for samples ‘b’ and ‘c’, see [Figure 73].
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The indentation modulus is one of the reference parameters used to validate the macro
indentation test, throught the comparisons of its values with the Young modulus values
found in the standard tensile test. Based on average values, lower "Eit" values were obtained
for the samples ‘c’ and ‘d’, 102 GPa and 100 GPa, and higher values for the samples ‘a’ and
‘b’, 127 and 114 GPa, were observed [Figure 71]. On average, the values in [Figure 71] are
fairly in agreement with those found in the tensile test [Figure 64], allowing a comparison

between the two mechanical inspection techniques.

Regarding the indentation hardness (Hit), the samples ‘a’ and ‘d’ obtained higher values,
3839 MPa and 3564 MPa, than the other two specimens ‘b’ and ‘c’, 3366 MPa and 3458
Mpa respectively [Figure 72]. These values were converted to equivalent Vikers hardness
values [Figure 74] and they were fairly in agreement with those of the Vikers hardness found
in the literature ( [26] [16] [17] ). As it is well known from the theory [88], the hardness
should decrease with increasing dimensions of the microstructure. In this study, the
equivalent Vikers hardness was compared with the width of the alpha lamellae at half height
of the sample, and from the results analyzed, the previous statement seems to be satisfied. It
was seen that the hardness was greater where the microstructure was finer, with values of
362 MPa for the sample ‘a’, 336 MPa for the sample ‘d’, 326 MPa for the sample ‘c’ and
318 MPa for the sample ‘b’ [Figure 74]. It should be noted that these results seem to be in
agreement with the microstructure analyzed previously in the paragraph [5.6.2]. In this case,
since the indentation tests were carried out at half height of the samples, the "CORE PART"
microstructure was chosen as the reference analyzed zone. In the [Figure 57] it can be
observed that the microstructure of the samples ‘b’ and ‘c’ were slightly coarser than that of
the samples ‘a’ and ‘d’, this leads to more pronounced deformations for the samples ‘b’ and
‘c’ (because the penetration depth hp and hc was greater) [Figure 69, Figure 70, Figure 73],
showing lower indentation hardness (Hit) than the other cases [Figure 72] and exhibiting an

indentation modulus (Eit) lower than the other samples [Figure 71].

Referring to the following legend, the results of macro indentation tests were reported in the

following figures [Figure 68- Figure 73].
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Figure 68 Load- displacement Graph of Macro instrumented indentation test.
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Blue/(sample a), red/(sample b), yellow/(sample c),
purple (sample d)

Indentation Hardness under 300N load

4300
4100
3900
3700
Q. 3500
3300
3100
2900
2700
2500

0 1 2 3 4

Sampling number

Figure 72 Indentation Hardness (Hit ) under 300 N

load.  Blue/(sample  a), red/(sample b),

yellow/(sample c), purple (sample d)



Equivalent Vikers hardness [MPa]

370,00
365,00
360,00
355,00
350,00
345,00
340,00
335,00
330,00
325,00
320,00
315,00

0,105

0,1

0,095

Contact area under 300N load

2 3 4

Sampling number

Figure 73 Contact area under 300 N load. Blue/(sample a),

red/(sample b), yellow/(sample c), purple (sample d).

Equivalent Vickers hardness - a plate width

[ I

—@—a: Manufacturer build theme:
Current range= 15+20 mA; v=4,53
m/s

—@—Db: |= 15 mA; v= 4,53 m/s; FO=3 mA

—@—c: |= 15 mA; v=5,9 m/s; FO= 3 mA

—@—d: |= 12 mA; v=4,53 m/s; FO= 3 mA

0,00 0,30 0,60 0,90 1,20 1,50 1,80 2,10 2,40 2,70
Alfa plate width at middle high

Figure 74 Equivalent Vickers hardness vs alfa plate width.
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5.9 Comparisons between Macro-instrumented

indentation test and Tensile test

In this chapter the results obtained from the tensile test and those obtained from the macro

instrumented indentation test were compared.

In the [Figure 75] the Young Modulus and the indentation modulus were compared. The red,
green and gray bars represent the indentation modulus values obtained for each of the three
indentation tests on each specimen, while the blue bar represents the Young modulus
obtained with the standard tensile test. The comparison must be made between the avarage
indentation modulus, represented by the points connected by the cyan line, with the Young
modulus obtained from the tensile test [Figure 75]. The sample ‘a’ showed an indentation
modulus of 127 GPa, about 18% higher than the Young modulus found with the tensile test.
The samples ‘b’, ‘c’ and ‘d’ exhibited values of 114 GPa, 102 GPa and 100 Gpa, about 5%,
7% and 13% different from the Young modulus. These results allow to assert that there is a
good agreement between the Young Modulus and the Eit, with an estimate error less than

20%.
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20,00

0,00
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Specimen

Figure 75 Comparison between Young modulus and Indentation Modulus (Eit).

The same reasoning was followed by comparing the avarage equivalent tensile strength
(Hit/3), from Tabor ( [89] [90], [91], [92]), with the UTS of the tensile test [Figure 76]. It
was observed that, in all the cases, the average Hit/3 overestimated the UTS of the tensile

tests with an error less than 20%. This results allowed a fair comparison between the two
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inspection techniques and showed the efficiency of the macro instrumented indentation test

as a non-destructive technique for the analysis of the mechanical properties of the material.

Equivalent tensile strength (Hit/3)- UTS under 300N load
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Figure 76 Comparison between Hit/3 and UTS.

As a last analysis, the values of the Equivalent Vickers hardness , calculed with [Equation
6], and the values of the theoretical Vikers hardness, found in literature for this alloy between
345 and 360 HV [23], were compared. Obviously it must be taken into account that the
hardness varies with the variation of the build distance from the build plate as indicated in
[25], even if this change in hardness has not been detected in the article [23]. However, the
[Figure 77] showed that the equivalent Vickers hardness values, at half height of the sample,
were found to be in the theoretical Vickers hardness range , 345 + 360 HV.

Equivalent Vickers Hardness
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400,00 362,81
350,00
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"© 250,00
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Figure 77 Scheme of the equivalent Vickers Hardness.
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6. Semplified EBM model

The last step to discuss is the development of the mathematical model that allowed to
estimate the distribution of temperature on the powder during the EBM process. The
complex physical process of the EBM has been studied by many authors ( [93], [94], [95],
[96]), trying to simulate as much as possible the real behavior of the material, obtaining
useful information about the process parameters. Performing simulations of the process
allows to have wide knowledges about the physical phenomena, leading to advantages in
terms of time, cost and interfacing with the machine. As already mentioned in the chapter [
2.1.1], the process is made up of several steps, which allow to understand the involved
phenomena and the system complexity. Initially, the powder was spread on the surface of
the build plate and after reaching the temperature of 730 ° C, the preheating and selectively
melting steps (first making the contours of the part and subsequently the inner part) were
repeated layer by layer. These repeated cycles lead non-equilibrium phenomena into the
material (as seen in the previous chapter) generating very complex structures, difficult to
predict during the design step, containing some defects such as melt ball formations,
porosity, and layer delaminations [97]. The knowledge of the process temperature would
allow to check the defects, facilitating the understanding and the guide of the process itself.
As arule, the EBM machine does not have any internal thermal imaging camera to directly
detect the temperature into the system, there is only a thermocouple at the bottom of the
build plate. The thermocouple gives only information about the bottom temperature of the
build plate and it is insensitive to the variation of baem parameters, and then temperatures
[50], for this reason, a temperature simulation model is required, which would allow to
extrapolate this information. Several studies have been carried out on the 3D FEM analysis
of the EBM process ( [93], [94], [95], [96] ) all focused on the determination and validation
of the temperature generated by the interaction between electron beam and Ti-6Al-4V
powder varying process parameters (beam current and beam speed). In all the documents
steady process parameters were analyzed (MM), while the (BTM) was not simulated in any
document. Also in the following work, the BTM process was not simulated because its

automatic functions (developed by the manufacturer) that made it difficult to study.

In this work, a simplified temperature distribution MatLab model was developed, which
consisted in: study the distribution of temperature of an infinite plate (Ti-6Al-4V powder as

a continuum) that is quickly exposed to a uniform flow of energy considering the sintering
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and melting phases. As reported in [93], "the process physics of EBAM is complex and many
models are developed, which involve mass and heat transport, phase changes and
interactions between thermal, mechanical, and metallurgical phenomena. On the other hand,
there is a large scale of process modeling literature for processes similar to EBM, to some
extent, such as electron beam welding (EBW) ( [98], [99], [100], [101], [102]), laser
deposition or melting ( [103], [104]) and laser welding (LW) ( [105], [106]) ".

In this thesis work, a one-dimensional model was developed following the study of [107] e
[108], where an analytical model of the thermal field for one scan line during SLS and laser
surface treatment was developed. This model considered conduction as the only mechanism
of heat transfer. It was assumed that the thermal properties of the body were constant and
the heat of melting was negligible. This means that the sintering zone and the powder are
considered to have the same thermal properties regardless of temperature. In this study
instead, the heat source of the documents [107] e [108] was modified, taking into account
the heat lost by radiation, the heat lost by the evaporation of aluminum and temperature
dependent material properties. Thermophysical properties, mechanical properties and the
radiation term make this type of analysis highly nonlinear. The following paragraphs

illustrate the equations used, with the appropriate assumptions and discussions.
6.1 Assumptions

1. The material is one -dimensional semi-infinite solid. This assumption is valid if the
width of the melt zone is large compared to the melt depth.

2. All thermophysical properties of the material are considered to be temperature
dependent. These properties are shown in the paragraph [6.3]: thermal conductivity
according to [109] and [110], specific heat and heat capacity according to [109] and
emissivity according to [110] and [111].

3. Initially the system is at a constant temperature of 730 ° C (preheating temperature)

4. The material is melted and rapidely cooled down by the exposition to a pulsed
uniform flow of energy.

5. The model is valid only for very short interaction times, order of 10~3seconds; once
this time have elapsed, convective motions are established in the molten pool, which

are not taken into account in the presented model.
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6. Since the EBM involves very rapid melting and solidification of the material,
convective effect within the molten pool is not significant, therefore convective
flow of heat was neglected.

7. The latent heat of melting was neglected

8. 1l flusso di calore sia normale alla superficie

9. The laser beam diameter is defined by the “focus offset” parameter imposed on the

machine. In this case is equal to 200 um.

6.2 Equations

Since the EBM powder deposition is a thermal process, its understanding is driven by the
heat conduction equation [112]. The heat conduction equation of a definite chosen volume,
consists of the diffusive heat flows, the convective heat flows, and the possible sources of

heat [113].

0T 0°T 9°T\ . N
= * * ——
9x2 " 9yz T 9z2) TAT P T T,

Equation 13

A well-known approach to solve the heat conduction equation is by the use of Green’s

functions ( [108], [113] ) and the above assumptions. The simplified equation is then:

dT ¢ k

— = + V2T
ot px*xC, p=Cy

Equation 14
where q is the power generation per unit volume in the domain D (ﬁ) , p 1s the density
(kg/m?), C, is the specific heat capacity (Ké—K) , k is the thermal conductivity in the x, y and

z directions (—K). Because the material is one -dimensional semi-infinite solid:
m

72T — 02T
-~ 0%x
Equation 15
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The heat input to the material is defined by the Lambert’s law:
q= qoe(_5x)

Equation 16

Where § is the Dirac delta function (extinction coefficient that expresses the attenuation of
intensity at a certain distance), q, is the net heat flux and ‘x ‘ represents the depth from the

surface.

The boundary conditions are:

oT _o
0xx=0
T(oo,t) =T,
T(x,0) =T,
Equation 17

Where Ty, is the pre-heating temperature, equal to 730°C.

As reported in [108], to solve the differential equation, an integral transform technique was
used [114], yelding the following closed form solution of the distribution of temeperature

during heating and cooling step. Defining (t) as the time and (7 ) as the interaction time:

beam spot radius
T =

beam speed

Equation 18
It follows that:

- During the heating step, fort <t

2
9o ’40{1: —( X ) x
T(x,t) =Ty + —=| |—e éat/ —xer c< )

Equation 19

- During the cooling step, for t >t
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X
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Equation 20

K ) _ [mTZ] , To is the preheating

2
where « is the thermal diffusivity [m—] equal to (
s p*Cp

temperature of 730 °C and y is defined as:

y=(@t-1)

At the top surface of the material (x=0) the [Equation 19] reduces to

_ qo [ |4at
T(t)=T,+ . f -

Equation 21
And [Equation 20] becomes
qo [ |4at 4ay
T(t) =Ty +— —_— [
O =T+ / - / -
Equation 22

With this distribution, the temperature of any point placed at coordinate x(t) below the
surface is possible to know. On the top surface (x=0), net heat flux is given by the difference
between beam heating and losses due to radiation and evaporation of alluminum. Assuming
a Gaussian flux profile [96], for a beam power of P= V*I, the heat flux equation is given by
[96]:

Vxl
TR?2

qo = - SU(T#L'—GAL—AW - T743o°c) —J *AHv

Equation 23

V is the acceleration voltage [kV], I is the beam current [mA], € and o are the radiative

w

m2xK4

emissivity and Stefan-Boltzmann constant for radiation (5.67 x 1078 [ ]), J is the flux

of evaporating metal from the surface assumed to follow Langmuir’s formula [96], and H,
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is the latent heat of vaporization of aluminum equal to 1,053*107 K]—g . Sih and Barlow [115]

developed and validated a porosity dependent emissivity model for a metallic powder bed:

Equation 24

where Ay is the area fraction of the surface that is occupied by the radiation-emitting holes,
& 1s the emissivity of the solid particle and €y is that of the hole. The emissivity of the

liquid state (T > 1650°C) is given by [111], and it is equal to:
0,425—1,05%107> =T

Equation 25

Once the equations used in the study have been defined, the thermophysical properties of
the material have been established as the temperature changes, which are reported in the

following paragraph.

6.3 Powder, solid and liquid material properties

It is important to remember that the Ti-6A1-4V alloy has a melting temperature Ty;qyidys
equal to 1665 ° C and a Tgpiqus €qual to 1605 ° C. The properties of the powder were
calculated and modeled with reference to the bulk material. Regarding the density, at
temperatures between 730 © C and 1600 ° C the material begins a partial sintering and the
values slightly increase with a linear law. From this point, the sintering step continues up to
temperatures slightly above 1665 ° C, following an exponential law, until reaching the
density value of the liquid material shown in the tables [109] (3800 kg / m A 3). The figure
below [Figure 78] shows the density trend of Ti-6Al-4V powder as a function of the
temperature, taking into account the sintering phase. Otherwise the [Figure 79] shows the

density trend of the liquid and solid phases as a function of the temperature ( [109], [116]).
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Figure 78 Density of Ti-6A1-4V powder as a function of temperature.
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Figure 79 Density of Ti-6A1-4V as a function of temperature from [109]. Recommended values from [116].

Regarding the Thermal conductivity of the powder, the reasoning made by [114] was
followed. Generally, “ the principal mechanisms of heat transfer that influence the Termal
conductivity are [117]: thermal conduction in gas filling the pores, radiative thermal
conduction through the pores, and contact thermal conduction between the particles.
Because in this case the powder bed is held under vacuum, only the radiative and contact

mechanisms are expected to effect the thermal conductivity ‘k’:

k =k, +k,.

Equation 26
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where k, is the effective thermal conductivity due to thermal radiation and k. is due to the

heat transfer through necks. The radiative conductivity term is estimated by ( [118], [110]) :

16 .
kr :?*IO'T

Equation 27

where 1 is the mean photon free path between the scattering events, o is the Stefan-
Boltzmann constant, and T the temperature. In the case of powder, ‘1’ is of the order of the
pore size which, in its turn, is about the particle size. In the present study, the mean free path
‘I’ is set to the particle diameter (55 um). The contact conductivity (k) is proportional to
the linear size of the contact between the two particles [119]. To estimate the effective
contact thermal conductivity, the powder is considered as a packed bed of equal spheres
connected by small circular necks [110]. The thermal conductivity is given by the general

equation :
KC = Alox

Equation 28

where / is the normalised contact conductivity equal to v/3 for the Ti-6A1-4V alloy; ‘X’ is
the relative size (x=b/R), the ratio between the neck radius (b) and the radius of the particle
(R); A, is the theoretical thermal conductivity of the solid material taken from [109]. For
what has been said, the behavior of the thermal conductivity of the Ti-6Al-4V powder as a
function of temperature is that shown in [Figure 80]. In the [Figure 81], the trend of the
thermal conductivity, for the liquid and solid alloy, taken from document [109], is reported”

[110].
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Figure 80 Thermal conductivity of Ti-6A1-4V powder as a function of temperature.
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Figure 81 The Thermal conductivity of Ti-6A1-4V as a function of temperature, from [109].

The specific heat capacity of the powder is equal to that of its respective bulk material. The

following image shows the trend of the heat capacity, taken from the document [109].
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Figure 82 The heat capacity of powder, liquid and solidus Ti-6A1-4V as a function of temperature, from [109].

6.4 Model structure

The developed MatLab model, based on [107] e [108], is an algorithm that works by
successive steps, calculating each time the temperature value on the surface of the material.
As the first step, all the thermophysical properties were loaded [paragrafo 6.3] and were used
by the algorithm throught an interpolation with the temperature. Initially, a control parameter
(CP) was set to associate the actual thermophysical properties, powder / solid or liquid, to

the material, as a function of the temperature calculated at the previous time step.
Referring to [Figure 83], the analytic model follows the described procedure:

1) First of all, the thermophysical properties are calculated at the time t = 0 and T=T,
which will be used to derive the temperature at the initial step t1, namely T1.

2) After that, the T1 temperature is used to calculate the thermophysical properties for
the subsequent instant t2, used to determine the temperature value at that time and so
on.

3) The process continues step by step, determining the thermophysical properties at the
instant (t) through the temperatures calculated at the previous time step (t-1).

4) The CP parameter represent the border line beyond wich the calculated properties no
longer refer to the powder or solid material, but to the liquid material. As regards the
heating phase, if the temperatures T(t-1) are below the melting point (1665 °C) then
the properties refer to the powder phase, instead for T(t-1) >1665, the temperatures
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5)

6)

T(t) are calculated referring to the liquid properties. During the cooling steps the
same processes happens; the liquid properties are attributed to the material if the
temperature of the previous time step T(t-1) is higher than the solidus temperature
and those of the solidus state are used if the temperature T(t-1) is lower than the
solidus temperature.

For each subsequent step, the progress time is checked to ensure it is lower than the
validity limit of the model (10~3s). Once this value is exceeded, the simulation will
be terminated.

Through this procedure, the following graphs are obtained [Figure 84 - Figure 86],

for different pairs of parameter ( beam current and beam speed).
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Figure 83 Flow chart for subroutine used in MatLab.

Three simulations were carried out: the first related to the sample ‘b’ (I = 15 mA, v =4.53
m / s) [Figure 84]; the second related to the sample ‘c’ (I =15 mA, v =59 m/ s) [Figure
85]; the third one related to the sample ‘d’ (I =12 mA, v=4.53 m/s) [Figure 86]. Regarding
the sample ‘a’, the simulations were not carried out because the complex automatic
algorithm (developed by the manufacturer and not available to the user) involved in the
process. To overcome this drawback, the manufacturer provided a table that showed the
maximum temperatures generated by set a pair of parameters, such as: current and speed

factor. In the following work a speed factor value of 98 was used, set by the manufacturer.
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Figure 84 Sample b: I=15 mA, v=4,53 m/s
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Figure 85 Sample c: I=15 mA, v=5,9 m/s
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Figure 86 Sample “d”: I=12 mA, v=4,53 m/s

As it can be observed, the temperature profile is similar to that of many other studies ( [120],
[96], [108], [121] etc..). It should be noted that the time (7) for which the maximum
temperature is reached is around the order of 10™* s, as in the documents ([119], [96]).
Observing the rapid cooling occurred during the process, and comparing the trend with other
studies, a probable formation of martensite could be admitted. The model was validated with
the documents ( [96], [108]). Thinking in terms of maximum generated temperatures and
looking for correlations with the analyzed microstructures [chapter 5.6] it can be seen that:
the finest microstructure was obtained in the sample ‘a’ where the maximum reached
temperature was around 2900 ° C (tabulated value), however it had higher presences of
unmelted zones and porosity (linked to the high quantity of evaporated aluminum), large
distortions and deformations (linked to the high shrinkage stresses of the material)[Figure
22, Figure 34 - Figure 36]. These defects make the final product unacceptable and lead to
discard, in this case, the BTM as a methodology process choice. This does not mean that the
BTM is less good than the MM, but it is a proof that BTM is not always the best methodology
to adopt. The defects of the sample ‘a’ were related to the high temperatures linked with the
speed factor, which must be modified in order to obtain more reasonable results. Turning to
the MM, the sample ‘b’ was the one that showed higher temperature than the samples ‘c’
and ‘d’, about 2532 °C. The microstructure of the sample ‘b” was slightly coarser and had

more microporosities than the sample “a” [Figure 32] even if the deformations were slightly

78



smaller [Figure 23]; nevertheless, the deformations were considerably larger than the
samples ‘c’ and ‘d’. Also in this case the causes of these defects were linked to the high
temperature. About the sample ‘c’, the maximum reached temperature was 2343 °C, there
were still some not fused areas on the bottom of the specimen [Figure 37] but the shape of
the sample was quite in according to the CAD design measurements. The sample ‘d’ showed
a maximum temperature of 2187 °C proving a good microstructure, less aesthetic and

internal defects compared to the other cases [Figure 25, Figure 31,

Figure 33], good mechanical properties and it was in good agreement with the CAD design
measurements [Figure 20, Figure 19]. The presence of defects can not be only influenced by
the maximum generated temperature, since there are convective and heat accumulation
effects between the deposited layers that would greatly affect the results obtained. However,
the simplified MatLab model gave a general idea of the established temperatures during the
process. To achieve better quality and accuracy results, the model calibration througth real-
time temperature measurements would necessary, using infrared cameras or other optical

supervision systems.
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7. Inconveniences and future work

Working several times with the EBM machine, different 'inconveniences', which caused
considerable loss of time, were faced. The aspects that heve influenced more in terms of

production times were considered in the following exposition.

For the production of three tensile specimens and three cylindrical specimens in a single

process [Figure 19 and Figure 20] the following times were recorded:

- Time to reach the vacuum (10> mbar) ~ 40 min

- Time to heat the build plate up to 730°C ~ 30/40 min

- Time to cool down the build plate from 730 °C to T, ~ 3/4 hours (only when the
system stop before starting the build step).

- Time to cool down the system when the build is done ~ 6-7 hours

Because of these very long times, a sudden stop of the machine or even errors during the

calibration of some components would lead to high loss of time.

Many times the process was started and suddenly the machine stopped. The problem, in most
cases, was connected to an inadequate cleaning of the machine. Titanium powder or
evaporated aluminum residues infiltrated both into the Beam column, where a very thin
aluminum sheet is positioned, and into the two parts shown below: the drift tube and the

anode.
Anode

\1']:

Anode Plate ] '\

Drift Tube

Figure 87 The anode and the drift tube

|
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In order to solve the problem, before starting the process, these components had to be
removed and cleaned thoroughly with a clean cloth and an appropriate liquid. Sometimes,
even after have cleaned the components, the machine still suffered sudden stops and there

was no other way to clean everything again.
- Another drawback was the centering and allignment of the build plate.

This procedure took place in a completely manual manner and had to be carried out every
time before starting the process. This procedure was fundamental because the wrong
allignment of the plate makes the process unstable. If the plate is not perfectly aligned, once
the rake has passed, the powder will have an irregular distribution on the surface. In those
areas where more powder is, the supports do not well adhere to the build plate and
deformations due to shrinkage of the material can not be avoided, resulting in completely
deformed parts, see [Figure 88].

Speci
Rake Powder pecimen Build plate

VAN

AN \\\\ NN \\\\ NONNNNN

AdJustment SCrews

/\/

Figure 88 Miss alignment with respect to the EBM axis.

The machine has 4 adjustment screws on which the build plate is placed. To guarantee a
good allignment of the plate, the powder should be spread on the surface as good as possible
by the use of the rake. It has been tried to perform a faster procedure throught the use of a
liquid bubble measuring instrument, but the results were not acceptable because the lack of
parallelism between the build plate and the floor on which the machine was placed, see
[Figure 89]. The following image shows the exact calibration performed with the rake that

results completely different from the liquid bubble measurement.
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Figure 89 Correct positioning of the build plate through the rake system vs. wrong positioning of the build plate through

liquid bubble measuring instrument.
- Frequent cleaning of the beam gun (column inside which the electron beam passes)

and the components inside the chamber are required. The high amount of aluminum

evaporation causes sudden machine blockages that force to re-initialize the process.

- One of the main relevant inconveniences is the impossibility to detect the
temperatures during the process. The machine has only a thermocouple located at the
bottom of the build plate. To monitor the temperatures during the process it would
be necessary an infrared camera. In many documents, constructive machine
modifications were made allowing the installation of infrared cameras. Some
examples are available in the following works ( [122], [123], [124]) and showed the

subsequent configurations:
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Side view
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Figure 90 Side view of the IR-camera setup mounted with a 15° angle relative to the beam column. From [124].

Figure 91 Top of Arcam-A2 build chamber with new component location and IR-camera. From [123].
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8. Conclusions

In the subscribed work, comparisons between the two EBM process methodology were
studied in terms of: Microstructure, Mechanical properties and Macro instrumented
indentation test, studing the relations among the parameters and discussing the results. The
development of a MatLab model gave an additional tool to better understand the connections
between microstructure, mechanical properties and process parameters, even if the results of
the simulations were affected by approximation errors and were not compared with the real

operating temperatures.
Mainly 4 Macro groups were discussed:
1) Microstructure

The porosity of the specimens through the Archimedes’ principle was analyzed and an
average value of 4.39 C’# was found for the samples "a, c and d" while a slightly lower value

for the sample "b"was detected.

The observed microstructure is called "graded microstructure" since it varies with the
distance from the build plate. Three macro areas have been observed: i) Bottom part:
consisting of prior equiaxed 3 grains due to the isotropic heat flow, within which there is a
mixed structure of o lamellae (with columnar structure or with Widmanstétten morphology)
and [} phase. ii) Core part: is the transition zone between the prior equiaxed beta grains and
the prior columnar 3 grains. Within these primary grains there is still a mixed a + f3
microstructure, finer than that of the bottom part. iii) Top part: consisting of prior columnar
[ grains due to the hindered atomic diffusion by rapid cooling. Within these prior columnar

[ grains, very fine a + 3 phase (perhaps martensite on the topmost surface) was inspected.

The sample ‘a’, obtained through the BTM, appeared to have many defects in terms of
unfused layers and microporosities. The microstructure was quite fine compared to other
cases even if the shape and size of the specimens were affected by very pronounced
deformations to make the samples not suitable for the project specifications. The sample ‘d’
was the best obtained, showing a fine microstructure, with a good distribution of the pores

and free non-fused zones.

2) Tensile test
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The UTS values were 1047 Mpa for the specimen produced with the BTM and ranged
between 992 and 1065 Mpa for the specimens made with the MM. The Young modulus was
minimal for the sample ‘a’ (107 GPa) and was maximum for the sample ‘d’ (116 GPa) while
the other two specimens had intermediate values. The elongation was minimal for the sample

‘c’ (11.7%) and was almost the same in the other cases (12 + 12.6)%.

3) Macro instrumented indentation test (MII)

The specimens were subjected to the MII test using a load of 300 N. It was observed that the
Ti-6Al-4V material responded very positively to the test, showing comparable results to the
traditional tensile test. As for Indentation hardness (Hit), higher values were obtained for the
samples ‘a’ and ‘d” and lower values for the samples ‘b’ and ‘c’ [Figure 72]. These values
were converted to equivalent Vikers hardness values [Figure 74] and were fairly in
agreement with the real Vikers hardness values found in the literature. Regarding the
indentation modulus, lower ‘Eit’ values for the samples ‘b’ and ‘c’ were obtained and higher
values for the samples ‘a’ and ‘d’ were inspected [Figure 71]. On average, the values in
[Figure 71] were quite in agreement with those found in the tensile test [Figure 64]. It was
verified that indentation hardness increased as the microstructure size decreased. The UTS
values obtained through the Tabor formula (Hit / 3) were compared with the real UTS values

, and similar results were obtained with an error less than 20%.

4) EBM simplified model

A MatLab model was developed both to predict the temperature distribution on the surface
of the material and to create links between microstructure, mechanical properties and process
parameters. The model showed results that were in agreement with the literature in terms of
trend and maximum temperatures. Temperatures that were too high would lead to major
deformations because the shrinkage stresses and probable trapping of evaporated gases
during the cooling step, instead, too low temperatures would lead the formation of unfused
layers and porosities. About the performed work, the sample ‘a’ showed higher
temperatures, causing pronunced defects and distortions of the material. The sample ’d’,
which was the best obtained, exhibited much lower temperature than the sample ’a’, ensuring
good microstructure, mechanical properties and well congruence with the design

dimensions.
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5) Making a general report, the sample d’ (I = 12 mA, v=4.53 m/ s) was the one that

showed the best results in terms of shape, geometry, microstructure and mechanical
properties. This conclusion does not mean that the MM is better than the BTM, but it is a
proof that the BTM is not always the best methodology to adopt. Generally, the BTM leads
to advantages when the current variation range is correctly chosen, generating homogeneous
density and temperatures over the entire surface. In this work, the 98 preset speed factor
parameter (speed function 98) was adopted, which did not seem to lead to optimal results.
The MM, however, is more difficult to calibrate but presents excellent results in maximum

yield conditions.
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