Characterization of Ti-5553 parts
printed by Selective Laser Melting

(SLM)

by

Soheil Bakhshivash

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Master of Applied Science
in
Mechanical and Mechatronics Engineering

Waterloo, Ontario, Canada, 2018

(© Soheil Bakhshivash 2018



I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis,
including any required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

11



Abstract

Nowadays, titanium alloys are widely used in a variety of industries like automotive
and aerospace due to their high strength to weight ratio. Ti-5%Al-5%V-5%Mo-3%Cr is
a metastable near beta titanium alloy with excellent fatigue performance and corrosion
resistance. Hence, it is mainly used in the airframe structure and the landing gear compo-
nents. As the additive manufacturing (AM) industry grows everyday, so does the interest in
printing of strategic Titanium alloys. Selective Laser Melting (SLM) is a powder-bed fusion
process utilizing the laser power as the heat source which scans over a compact powder layer
along a pre-defined path. In this study, the printability of Ti-5553 by pulsed-laser SLM is
investigated, thoroughly. To this end, a batch of powder was first characterized in terms of
size distribution, porosity level, chemical composition and microstructure. Afterwards, the
effect of Volumetric Energy Density (VED), sample geometry and scanning strategy was
evaluated on the microstructure and properties of the printed parts. Various tests such
as Archimedes method, Nano-CT scanning, surface roughness, Optical Microscopy (OM),
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), X-ray
diffraction (XRD), Electron backscattered diffraction (EBSD) and hardness mapping were
applied. Results showed that the virgin plasma-atomized powder had a high quality with a
mean sphericity of 0.95 and porosity of less than 0.01%. In addition, it was observed that
there was an optimized VED range leading to a nearly fully dense part, i.e. 99.7%, with
a smooth surface. Low and High VEDs resulted in a lack of fusion and spattering, respec-
tively, both undermining the density of the printed parts. Moreover, high VEDs provided
the energy required for the beta to alpha transformation and caused in-situ precipitation
hardening. This in-situ heat treatment is not desired due to the lack of homogeneity. Fur-
thermore, the sample geometry, 7.e. cubic or cylindrical, was determined to have negligible
effects on the achieved properties while the choice of scanning strategy directly affected
the texture and density of the printed parts. It was seen that the chessboard, stripes and
total fill strategies led to the optimized, medium and poor properties, respectively. Finally,
the best density of 99.94% was achieved by using the VED of 112J/mm? and the chess-
board scanning strategy. The sample showed a homogeneous hardness distribution with
an average of 295 £10 HV. The TEM analysis determined that the sample was in the beta
to omega phase transformation stage. Also, it had a columnar grain structure elongated
parallel to the building direction indicating a highly crystallographically textured part.
The EBSD analysis supported these findings by suggesting a preferred growth direction
with crystal texture seven times higher than the random intensity. The melt pool shape
of the optimized sample was seen to be goblet-like with a lower penetration compared to
the sample printed by the stripes strategy.
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Chapter 1

Introduction

1.1 Additive manufacturing industry

Additive Manufacturing (AM) is defined as “a process of joining materials to make objects
from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing
methodologies. Synonyms [include|: additive fabrication, additive processes, additive tech-
niques, additive layer manufacturing, layer manufacturing, and freeform fabrication” [3].
Although the first 3D printing process was introduced in 1987 by the commercialization
of stereo-lithography, the metal additive manufacturing initially emerged not sooner than
1998 [9]. After two decades, the industry is growing to become an important means of
commercial production technology [10]. Statistics show a significant increase in the global
AM market size from $5.2 billion in 2015 to $12.4 billion in 2018 [11].

1.2 Pros and cons of AM

Three key industries of automotive, aerospace and medical, have invested heavily on AM
technology [12]. The benefits of AM for each is presented below:

e Automotive: One of the main applications of AM in the automotive industry is tool
making. It gives the car manufacturers the chance to produce specialized assembly
devices. Thanks to its ability to print free-form shapes, AM gives tool designers the
chance to enhance the performance and handling characteristics [13].



e Aerospace: The main features that makes the AM processes attractive for the
aerospace industry are the ability to make parts with no tools required which speeds
up the production rate and reduces the cost. In addition, these processes provide a
more straightforward supply chain [11]

e Medical: AM is revolutionizing the medical industry in terms of modeling a bone
structure before a surgery with the goal of making an exact transplant regardless of
the complexity [15].

Like any other manufacturing process, AM has its own drawbacks which are listed
below:

e Size: There is a size limit associated with AM. As the processes are relatively slow,
it is not practical to make very large parts [10].

e Defects: It is hard to eliminate defects such as porosity, micro-cracks and rough
surface. In most cases, post processing, in terms of Hot Isostatic Pressing (HIP),
machining and heat-treatment, is required.

e Cost: It is very expensive to purchase and maintain an AM machine. With the price
range of usually more than $200K, they are expensive to be invest on.

1.3 Applications of AM in aerospace

Aerospace parts are sometimes complex. In addition, the materials used in the aerospace
industry are usually expensive and it is important to minimize the waste. These factors
give rise to the industrial use of AM. General applications of AM in the aerospace industry
fall into three categories of component manufacturing, tool making and repair [17]. Several
applications of AM in the aerospace industry are listed below:

e Airframe components

Landing gear components

e Compressor support case

Engine cases

Engine blades

Engine housing



1.4 Titanium alloys in aerospace

Titanium alloys are widely used in the aerospace industry due to a combination of high
strength to weight ratio, corrosion resistance, good creep resistance of up to 550°C and
excellent fatigue performance. The following are some of the key reasons why Titanium
alloys are popular [18]:

e weight reduction,

e high service temperature,

e polymer matrix composite compatibility,
e corrosion resistance,

e tolerance to cyclic loading.

In most cases, Titanium alloys are a good replacement for aluminum, and sometimes,
nickel based alloys in aircraft. In fact, 20% of a Boeing 787’s weight is made of Titanium
alloys as a consequence of the above mentioned characteristics [19, 1].

1.5 Challenges associated with AM in aerospace

Although AM seems to be a good fit for manufacturing a variety of aerospace compo-
nents, there are concerns that need to be met and questions to be answered. Some of the
challenged accompanied with AM in aerospace are [20]:

e Process sensitivity: There are various AM processes. One needs to learn manip-
ulate the machine-to-machine variability.

e Means of inspection: If one decides to utilize AM processes, they must develop
new standards and introduce advanced inspection tools for non-destructive testing
(NDT).

e Design: Asinnovations are made regarding the structural characteristics, new design
guidelines are required to decrease weight parts.

e Modeling: The physics associated with AM needs to be modeled, accurately, with
the goal of precise microstructure and properties predictions. The models can facili-
tate the process optimization.



1.6 Aims of the research

This research covers the printability of Ti-5%Al-5%V-5%Mo-3%Cr by focusing on mi-
crostructural evolution occurring during pulsed laser Selective Laser Melting (SLM) and
the effects of VED, sample geometry and scanning strategy on it. The results discussed
are a part of a longer term project and are considered as a preliminary screening phase
with the goal of achieving a basic understanding of both the material and the process. The
core objective of this thesis is to optimize the microstructure and also to achieve a reason-
able density, roughness and hardness. The design of experiment (DOE) or the statistical
analysis stages are presented elsewhere.

1.7 Thesis outline

This thesis is divided into literature review, materials and methods followed by a chapter
dedicated to the results and discussion. A brief summary of the findings and potential
approaches to reach a more comprehensive results are give in the conclusions and future
works chapters, respectively.

The literature review provides a general understanding of AM and SLM in particu-
lar. Also, basics of metallurgy of Titanium alloys are discussed in detail with a focus on
metastable beta alloys. Finally, a review on the AM of Ti-5553 is given. The materials,
equipment and methodology used, including the chamistry and size distribution of the
as-received powder, metallography sample preparation, characterization and processing
equipment, design of experiment, etc., in the research are explained in deep in Chapter 3.
The research findings, i.e. the density, surface roughness, hardness, OM, SEM, TEM, Elec-
tron Backscattered Diffraction (EBSD) and XRD results,are presented in Chapter 4 and
a deep discussion is given for each with the goal of optimizing the process-microstructure-
properties relations. Finally, the main takeaways and potential research areas are clarified
in Chapters 5 and 6, respectively.



Chapter 2

Literature review

In this chapter, a brief review of the principles of metallurgy of Titanium alloys as well as
basics of pulsed-laser SLM is given. In addition, several previous attempts to assess the
printability of Ti-5553 are presented and their findings are discussed, thoroughly.

2.1 Metallurgy of Titanium alloys

2.1.1 History of Titanium

Titanium, as the fourth most abundant elemnt in earth’s crust, can be found naturally as
two compounds of TiO,, ¢.e. rutile, and FeTiO4 or ilmenite. Titanium was first detected
as an unknown element present in rutile by William Gregor in in 1791. Four years later,
a German scientist called Klaproth announced that Rutile is an oxide for a new element
and he called the element Titaium [1].

Many attempts were taken in order to obtain pure Titanium. Around 1937, Krolls
succeeded in purifying Titanium by the reduction of TiCl, with Mg in an inert environment
[1]. The first Titanium alloys emerged almost three years later in 1940 [21]. That was when
the commercial usage of Titanium in industries like aerospace and defence started to grow
as they needed a rather strong alloy with a relatively lower density to be used in the engine
and airframe structural components [22].

The Dupont company was the first of its kind that commercialized Titanium products in
1948 [21]. The aerospace industry is still the main consumer of Titanium alloys, however,
other markets like automotive, medical and architecture are using them. Titanium is



difficult and expensive to process, consequently, not all industries can economically utilize
Titanium based alloys.

2.1.2 Crystal structure

Pure Titanium has an allotropic transformation at 882°C above which it has a BCC
structure, i.e. the 8 phase, with the lattice parameter of 0.332nm. When it cools down
to below the transformation temperature, it turns into an HCP phase called the o phase
which has lattice parameters of a = 0.295nm and ¢ = 0.468nm [!]. Figure 2.1 shows
the mentioned phases. The HCP structure, see Figure 2.1a, has three close packed planes
of basal, prismatic and pyramidal, i.e. (0002), the {1010} family and the {1011} family,
respectively. On the other hand, the BCC structure has only one close packed plane family
of {110} as shown in Figure 2.1b.

0.468 nm

a

(b)

Figure 2.1: (a) the HCP and (b) the BCC crystal structures of Titanium with their most
densely packed lattice planes [1].



2.1.3 Effect of alloying elements

As shown in Figure 2.2, there are three main types of alloying elements classified based on
their effect on the allotropic transition temperature. The first group, i.e. the a stabilizers,
increase the transition temperature. Aluminum is the most popular « stabilizer being
used in Titanium alloys. On the other hand, the 3 stabilizers decrease the transition
temperature. Based on the way they work, they fall into two categories of S-isomorphous
and [-eutectoid elements. Finally, neutral elements such as Zirconium and Tin have no
effect of the 8 to « transformation.

8

Ly

i
Ti
o stabilizer [} stabilizer neutral
[} isomorphous |} eutectoid
(AlLO,N,C) (V.Mo,Nb,Ta) (Fe,Mn,Cr,Ni,Cu,Si,H) (Zr,Sn)

Figure 2.2: Effect of alloying elements on the 5 to « transition temperature [1].

According to the alloying elements used, Titanium alloys can be classified as follows
[23]:

e « alloys

e near « alloys

e o+ (3 alloys

e near [ alloys

B alloys

When more than one alloying element is used, usually an Aluminum or Molybdenum
equivalent, as described in Equations 2.1 and 2.2, is used to assess the effect of o and [
stabilizers, respectively [17].



[Allequin. = [Al] + 0.17[Zr] + 0.33[Sn] + 10[0] (2.1)

[Moequiv. = [Mo] + 0.67[V] + 2.9[Fe] + 1.6[Cr] (2.2)

The binary phase diagram shown in Figure 2.3 clarifies the effect of (8 stabilizers
on the Titanium alloy classification. « stabilizers affect the diagram in exact opposite
way. Ti-5553 has 4 main alloying elements, i.e. Aluminum, Vanadium, Molybdenum and
Chromium. One may notice that three of these elements are considered as J stabilizer.
Hence, this alloy is also known as a near [,or metastable 5, Titanium alloy. Since this
project focuses on using Ti-5553, a brief introduction to g alloys is given in the following
section.

o i Metastable Stable
Alloy| a + |3 Alloy |3 Alloy [> Alloy

Temperature
rd
Q
+
=5

[3 - Stabilizer Concentration

Figure 2.3: Schematic illustration of a psudo-binary phase diagram showing the effect of
[ stabilizer content on the type of Titanium alloy [1].



2.1.4 Beta Titanium alloys

Table 2.1 shows some of the pros and cons of § Titanium alloys compared to other categories
[21]. These alloys are the most expensive and strongest Titanium alloys.

Table 2.1: Pros and cons of # Titanium alloys

Pros Cons
high specific strength higher density
excellent fatigue performance small processing window
cold formable high cost
easy to harden segregation issues

The high content of 3 stabilizers in these alloys, i.e. usually more than 10%, suppresses
the martensitic transformation commonly seen in the o + § Titanium alloys. Some con-
ventional heat-treating processes used for § Titanium alloys are [21]:

e [3 solution annealing
e «//f3 solution annealing
e short-term high temperature exposure

e long term low temperature exposure

By solution annealing above the allotropic transition temperature, a pure 8 microstruc-
ture with a coarse grain structure is achievable. On the other hand, if the solution annealing
takes place at the temperatures slightly lower than that of the § transus, needle-shaped
primary « («,) precipitates. Another type of a precipitates is the grain boundary a (agp).
Since the grain boundaries have a higher energy state compared to the matrix, they are
preferred nucleation sites for the secondary phase precipitation, which in this case is «
phase[21].

By warming a Ti-5553 sample up to temperatures near 400 °C, a fine distribution of
the secondary « needles, i.e. ag, can be achieved within the matrix. The presence of such
precipitates increases the hardness and strength of the material, significantly. The aging
temperature and time determines the size and distribution of the precipitates which, in
turn, defines the mechanical response of the material. In sum, three key factors of 5 grain



size, grain boundary o and the morphology and volume fraction of o, and a, must be
carefully controlled in order to reach the desired properties [21].

The £ to a transformation has two steps. First, an HCP phase called w with a short
c¢/a ratio nucleates at the early stages of aging. While the precipitation pace is controlled
by the aging temperature and time, the nano-scale equiaxed w phase next turns into the
a needles with a basket-wave structure. Figure 2.4 shows a few dark field TEM images
taken from an Ti-6554 alloy in different aging conditions. The transition between the w

Figure 2.4: Ti-6554 aged for (a) 10 min at 773 K, (b) 6 hr at 573 K followed by 10 min at
773 K, (c) 12 hr at 573 K followed by 10 min at 773 K, (d) 24 hr at 573 K followed by 10
min at 773 K. [2]
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to a phase can be clearly seen. In summary, the general allotropic transformation can be
written as f = S+ w — 6+ a.

2.2 Additive manufacturing

2.2.1 Classification

Additive manufacturing (AM) is a rather new technique capable of printing parts layer
by layer to a near net-shape geometry with minimal machining required. Various AM
processes utilize different heat sources such as plasma arc, laser and electron beam to melt
or sinter a powder bed layer, wire or ribbons [24, 25, 26, 27, 28].

First, a CAD file is broken into many sections. Each of the sections next will be used
to print the parts layer by layer in an inert or vacuum atmosphere [17]. The AM, formerly
known as 3D printing or rapid prototyping, has been used for a few decades. Nowadays in-
dustries like aerospace, automotive, defence and medical are showing an increasing demand
for applying this technology to make their products [29, 30, 31, 32].

AM processes can be classified based on their heat source or their feed stock. Table
2.2 shows some of the processes used in each source-feed stock combination. Each process
has its own advantages and drawbacks. For instance, the wire-feed systems have a higher

Table 2.2: Metall additive manufacturing classification

Heat source Feedstock  Examples

SLM

Powder-bed LS
Laser DMD
Powder-fed LENS

Wire SMD

Powder-bed -
Arc Powder-fed

Wire WAALM

Powder-bed EBSM
Electron beam Powder-fed -
Wire EBF
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deposition rate which improves the manufacturing time, however, the dimensional accuracy
is a challenge for them. In other words, more machining, leading to higher amount of waste,
is needed to finish their surface. The systems using an electron beam source need a vacuum
environment and also usually need a pre-heated substrate for better results. Thus, such
processes are more time consuming and expensive but they are good for the production
of larger parts, e.g. an engine blade. One should choose the best process based on the
material, part size, time and application.

2.2.2 Selective laser melting

Selective laser melting (SLM) is a powder-bed fusion system utilizing the laser power as the
heat source. As shown in Figure 2.5, the laser is directed by a mirror to scan over a path
defined by the CAD file and melts a powder layer. Once the scanning phase is complete,
the fabrication piston moves down by a thickness of a powder layer which is distributed
by a roller on the previous layer, homogeneously.

There are two different categories of SLM processes: (I) continuous laser and (II) pulsed
laser. The melt pool geometry can be controlled easily by the latter.

Scanner system

Roller

rencen
delivery Object being
system fabricated

.

Powder delivery piston ‘ Fabrication piston

Figure 2.5: The schematic illustration of the glsslm process [3].
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2.2.3 Volumetric energy density

Volumetric energy density (VED) is defined as the average energy transferred to a volume
of material and usually expressed as J/mm. It is one of the key factors playing an important
role in the quality of the printed components. Hence, the first step to build a recipe is to
optimize the VED. Equation 2.3 presents the general formula to calculate the VED:

P

VED = —

(2.3)
where P is the laser power, v is the laser scanning velocity, d is the laser spot diameter and
[ represents the layer thickness. When a pulsed laser system is used, the laser scanning

velocity itself is dependant to the point distance pg and exposure time e; as shown below
by Equation 2.4 [33]:

L
VU(m/s) = = (2.4)

€

By combining the above equations, the VED in pulsed laser systems can be calculated by
Equation 2.5:

B Pe,
 padl

Amongst these parameters, the laser spot diameter and layer thickness are usually kept
constant for all of the samples. Hence, the three parameters of laser power, point distance
and exposure time must be modified in order to optimize the properties of the printed
components.

2.2.4 Scanning strategies

Another factor determining the quality of the results is the laser scanning strategy chosen.
There are a variety of strategies available depending on the machine used. The four most
popular strategies are: (I) stripes, (II) chessboard, (III) total fill and (IV) meander. Each
strategy has its own advantages and disadvantages. Table 2.3 shows the pros and cons of
each strategy. One should consider the size and geometry of the part to be printed before
choosing the scanning strategy.
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Table 2.3: The advantages and disadvantages associated with each scanning strategy

Strategy Advantages Disadvantages

Consistent heat distribution throughout the layer

Stripes Ideal for parts with large XY cross-section Rather slow
Chessboard Improvements over Stripes Slower than Stripes

Total fill Good surface finish Poor density

Meander Quick and efficient Inconsistent heat distribution

Ideal for parts with small XY cross-section

2.3 AM using Ti-5553 alloy powder

By the time of this thesis, there are only three research articles available addressing the
SLM of Ti-5553. In this section, each paper is discussed, briefly.

The first article is written by Shwab et al. [1] which focuses on continuous SLM of a
gas-atomized Ti-5553 powder with the size range of 25-45 pm and a pure 3 phase structure.
While keeping the laser spot diameter at 80 pm, five different laser powers of 60, 80, 100, 120
and 140 W were used along with five scanning velocities of 100, 120, 140, 160 and 180 mm//s.
In addition, two scanning strategies of stripes and chessboard were investigated. Cylindrical
and cubic samples were printed for the tensile tests and characterization, respectively.

The papers suggests that the best result, in terms of density, was achieved by using the
laser power of 100 W and the scanning velocity of 180 mm/s. Also the chessboard strategy
led to a significantly better results. Figure 2.6 shows the effect of hatching overlap on the
final density. It is found that by optimizing the overlap field, the porosity level drops from
0.11% to 0.05%.

In addition, a columnar grain structure is seen parallel to the building direction by
EBSD analysis, see Figure 2.7. It is explained that the reason of this highly textured
structure is the re-melting cycles applied to the beneath layers. Also the mean grain width
is determined to be 140 pm.

Figure 2.7 also demonstrates that the grain structure is much finer at the scanning
track overlaps compared to the coarser grains inside each track. It is discussed that there
is an intense texture occurred along the 100 plane family with 7 times the random intensity.
Also, a planar to cellular solidification mode transition is observed using SEM investigation.
Finally, a yield strength of 800 MPa is recorded for the as-printed samples.

The second paper is written by Zopp et al. [5] and discusses the processing of Ti-5553
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Figure 2.6: Nano-CT scan results showing (a) the sample with the hatching overlap of
60 pm and (b) the sample with the optimized hatching overlap of 120 pm [4].
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Figure 2.7: The EBSD results showing the texture in (a) the front cross-section and (b)
the top view, respectively [4].

by continuous laser SLM. The research was done while the laser power and layer thickness
were kept constant as 80 and 30 pm, respectively. The build plate was pre-heated up to
200°C and the oxygen content was less than 0.10%.

Four main powder size ranges were tested, i.e. 25-32, 32-45, 45-53 and 53-63 pm. Even
though a same heat input was applied to all of them, Figure 2.8 shows that by increasing
the powder size, the surface roughness gets increases due to the presence of layer particles
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Figure 2.8: The surface roughness study results showing the effect of powder size range on
the final roughness achieved [5].

The most recent article published regarding the SLM processing of Ti-5553 is also
written by Shwab et al. [06]. In this paper, the possibility of in-situ heat treatment of
Ti-5553 at the printing stage is investigated. To this end, the substrate was kept at 500 °C.
The laser spot diameter used was 80 pm and the chessboard scanning strategy was utilized.
Figure 2.9 clarifies the rationale of the research, which attempts to develop a method to
avoid heat treatment after AM.

The XRD results shown in Figure 2.10 indicates that the samples printed on a pre-
heated substrate had experienced an in-situ precipitation hardening treatment. In general,
the volume fraction of o phase is zero, however, a 52% « fraction is reported for the
hardened sample.

TEM results showed that the § to « transition was completed in the heat treated
samples. Also, the tensile test results demonstrated a significant increase in the yield
strength, i.e. from 800 to 1100 MPa, caused by the pre-heating of the substrate. Finally,
the hardness increased from 290 to 463 HV when the heat treatment was done.
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Figure 2.10: The effect of in-situ heat tratment on the a phase content of the printed
samples [0].
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Chapter 3

Experimental procedure

In this chapter, a brief review of the materials, equipment and methodology used is given.
To this end, some important specifications of the as-received Ti-5553 powder as well as
the processing and testing machines are first discussed. Afterwards, the experimental
procedure is explained step by step.

3.1 Materials

3.1.1 Ti-5553 powder

The corresponding size distribution of the plasma atomized powder purchased is given in
Table 3.1. One may see that the size range matches with that of 15-45 pm. The particle size
distribution analysis was performed using a Coulter® LS particle size analyzer according
to ASTM B822 [341].

Table 3.1: Particle size distribution analysis results

Cumulative mass Diameter(pm)

Dig 22

Dsxo 35

Doy 46
<15pm 3% by volume
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In addition, Table 3.2 shows the results of the chemical analysis of the as-received
powder confirming the Ti-5%Al1-5%V-5%Mo-3%Cr composition of the alloy. The chemical
analysis was performed using ASTM E1409 [35], ASTM E1941 [36] and ASTM E2371
[37] for the Oxygen and Nitrogen content, Carbon content and the metallic elements,
respectively.

Table 3.2: Chemical composition of the virgin Ti-5553 powder

Element wt.%

Al 5.14
\Y 4.98
Mo 4.97
Cr 291
Fe 0.37
O 0.09
N 0.01
C 0.01
Ti Balance

3.1.2 Kiroll’s reagent

Kroll’s reagent was used to etch the metallography samples. Table 3.3 shows the chemical
composition of the etchant.

Table 3.3: The chemical composition of Kroll’s reagent

Ingredient Volume (ml)
Distilled water 92
Nitric acid 6
Hydrofluoric acid 2
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3.2 Equipment

3.2.1 Renishaw SLM machine

A Renishaw AM 400 modulated laser and powder-bed fusion additive manufacturing ma-
chine shown in Figure 3.1 was used to investigate the printability of the Ti-5553 powder.
The machine was equipped with a pulsed Ytterbium laser with the maximum power of 400
W and a large SafeChange” filter. Three different scanning strategies were available: (I)
Stripes, (II) Chessboard and (III) Total fill.

Figure 3.1: The modulated laser powder-bed additive manufacturing machine used [7].

The schematic illustration of each scanning strategy is shown in Figure 3.2. Each
scanning strategy provides a number of advantages over the others, however, each has its
own drawbacks. The pros and cons of each strategy is discussed previously in Chapter 2.
Other scanning strategies like Meander are not used in this research.
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Figure 3.2: The different scanning strategies provided by the Renishaw machine.

3.2.2 ZEISS Nano-CT scanner

A ZEISS Xradia 520 Versa 3D X-ray Nano-C'T scanner was used to investigate the porosity
level of the samples. The resolutions of 0.5 and 12 pm per pixel were chosen to run the tests
on the virgin powder and the printed samples, respectively. Also, Dragonfly” software was
utilized to analyze the scan results.

3.2.3 Keyence confocal microscope
A Keyence laser confocal microscope was used to study the surface profile and roughness of
the printed samples. The microscope uses a UV laser and a 16-bit photo multiplier to accu-

rately obtain measurement data from the samples and provides up to 500X magnification
for microstructural investigations.

3.2.4 FT4 powder rheometer

The flow characteristics of the virgin powder was analyzed using a FT4 Powder Rheometer®.
Properties like compressibility, permeability, shear, etc. can be assessed using this machine.
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Each test was repeated three times on three different powder samples to minimize the er-
TOrs.

3.2.5 ZEISS Ultra SEM

A ZEISS field emission SEM with the gun voltage of 20 kV was employed for microstructural
investigations and to trace any phase formation or fine features that cannot be seen by OM.
The secondary and backscattered electron modes were used for general observations and
composition related studies, respectively. SEM/EDS was utilized for the chemical analysis.

3.2.6 JEOL 2010F TEM

TEM investigation was used to trace the phase transformation in each stage, i.e. the beta
to omega and omega to alpha transformation. In addition, TEM/EDS was utilized to color
map the alpha and beta stabilizer elements, separately. The operating voltage was set as
200keV. The samples were ground down to the thickness of 100 pm and then subjected
to electro-polishing and ion-milling, performed respectively with Struers Twin-jet polisher
and Gatan PIPS mill, around the hole made by electro-jetting.

3.2.7 Bruker D8 XRD machine

In order to characterize the virgin powder and the printed samples in terms of phase
distribution, a Bruker D8 XRD machine with a Copper cathode was used. The working
voltage was 40kV and the current was 44 mA. The scan speed was selected as 0.5 °min~*
and the scan range was set between 20-120°. The XRD sample preparation procedure will
be discussed later in the methodology section.

3.2.8 CLEMEX CMT

The CLEMEX CMT automated micro-hardness machine was used to generate a color map
of hardness variation in the printed samples. The force chosen was 300 gf and the dwelling
time was set as 10s. More than 1200 indents were made on each sample to insure the
accuracy and coherency of the results, which were made at a 0.3 x 0.3 mm spacing on the
cross-sectioned specimen after grinding and polishing.
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3.3 Methodology

First, the powder characterization, in terms of rheometry, SEM, XRD and Nano-CT scan
investigations, was done. In order to develop a printing recipe for Ti-5553, it was essential
to first find the optimized VED. As there was no research found regarding the pulsed
laser SLM of this alloy, the only practical approach was to use the data available for the
continuous laser SLM of Ti-5553 and translate it for the Renishaw machine, as the start
point.

Considering the paper by Schwab et al. [1] as the reference, a VED range of 92.6-
388.0 J/mm? was first suggested. However, the range was expanded to 20.9-584.0 J/mm?
so that the results would be more comprehensive. The major issue with the reference
paper was the slow production rate, i.e. the very low scanning velocities and laser powers
chosen. In order to turn the study into an industrialized process, it was decided to increase
both the laser power and the velocity to maintain the new VED range and expedite the
production rate, simultaneously.

To this end, three laser powers of 100, 187.5 and 275 W were selected. As described
previously by Equation 2.4, point distance (pg) and exposure time (e;) are the two main
parameters determining the scanning velocity of the pulsed laser SLM. To keep the VED
in the specified range, a minimum, intermediate and maximum value was suggested for
each of them, i.e. 30, 50 and 70 pm for the point distance and 46, 66 and 86 ps for the
exposure time. Furthermore, the laser spot diameter and the layer thickness were set as
70pm and 45 pm, respectively, and the chessboard scanning strategy was used for all of
the experiments. An approximately 10pus delay time may exist between each exposure
cycle of the modulation procedure in Renshaw AM400. This delay was neglected in this
study as it is still under investigation in consultation with the OEM. If validated, the VED
values should be revised accordingly. This will be corrected/highlighted in our paper to
be submitted shortly. Also the hatching distance and the overlap degree between each two
chessboard patterns were kept constant as 95 um and 20%, respectively.

Twenty-seven combinations were generated based on the three values considered for
each variable. The list of process specifications is shown in Table 3.4. Two samples of A
and B were printed for each combination to check the repeatability of the process. The
samples were designed as cylinders with the diameter and height of 10 mm and 15 mm,
respectively. Also, a cone was designed at the bottom of each sample so that it’d be easier
to detach them from the build plate once the process was done. Three batches of 18
samples, 7.e. 54 in total, were printed with the samples randomly distributed on the build
plate to minimize the errors. Figure 3.3 shows the schematic illustration of a batch to be
printed.
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Table 3.4: List of parameters chosen to print the first batch of samples

Sample Power Exposure Point Scanning VED
# (W)  time (ps) distance (um) velocity (m/s) (J/mm?)
1 AB 100 46 70 1.52 20.9
2 AB 100 46 50 1.08 40.9
3 AB 100 46 30 0.65 114.0
4 AB 100 66 70 1.06 29.9
5 AB 100 66 50 0.76 58.7
6 AB 100 66 30 0.45 163.0
7 AB 100 86 70 0.81 39.0
8 AB 100 86 50 0.58 76.4
9 AB 100 86 30 0.35 212.0
10 AB  187.5 46 70 1.52 39.1
11 AB 187.5 46 50 1.08 76.7
12 AB  187.5 46 30 0.65 213.0
13 AB 1875 66 70 1.06 56.1
14 AB 187.5 66 50 0.76 110.0
15 AB 1875 66 30 0.45 306.0
16 AB  187.5 86 70 0.81 73.1
17 AB 1875 86 50 0.58 143.0
18 AB 1875 86 30 0.35 398.0
19 AB 275 46 70 1.52 57.4
20 AB 275 46 50 1.08 112.0
21 AB 275 46 30 0.65 312.0
22 AB 275 66 70 1.06 82.3
23 AB 275 66 50 0.76 161.0
24 AB 275 66 30 0.45 448.0
25 AB 275 86 70 0.81 107.0
26 AB 275 86 50 0.58 210.0
27 AB 275 86 30 0.35 584.0

Once the samples were printed, they were first subjected to the Archimedes density
analysis. To this end, the samples were each weighed three times in the wet and dried con-
dition. The ideal density, i.e. the bulk with zero porosity level, of Ti-5553 was considered
as 4.65g/cm® [5]. The densities calculated by the Archimedes test were compared based
on how close, in terms of percentage, they were to the ideal density. The surface roughness
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of the samples were next evaluated by a Keyence confocal microscope, see Section 3.2.3 for
more details. Afterwards, the Rockwell, i.e. HR;, and HR,, test were used for hardness
measurements. Five indents were made for each sample. The forces used was 150 kgf as
suggested by the standards [38].

After the general tests mentioned were done, a few selected samples with the lowest,
medium and highest densities were selected for a more detailed analysis. First, one sample
from each category was subjected to Nano-CT scanning to determine their exact density.
In addition, micro-hardness mapping was used to study the hardness distribution in the
selected samples. Microstructural investigations in terms of OM, SEM and TEM were
then carried out on 2 samples of each category. The details of the sample preparation
procedure is shown in Table 3.5 which is basically the preparation suggested by Struers
[39] with a slight modification. As mentioned before, Kroll’s reagent was utilized to etch
the samples and the etching time was 20s. Finally, XRD analysis was used to compare
the phase distribution before and after printing. The XRD samples were prepared by the
coarse grinding procedure mentioned in Table 3.5.

Figure 3.3: The input CAD file showing the random distribution of the samples on the
first printing batch build plate.

Having determined the best VED in the first phase, the effects of geometry and scanning
strategy on the final properties were studied next. Three different scanning strategies of
stripes, chessboard and total fill were used to print the second batch. The details of
each strategy is previously shown in Figure 3.2. All samples were printed with the same
parameters used to print the sample #20 in the previous stage as it showed the best density
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Table 3.5: The sample preparation procedure used for Ti-5553

Step Coarse grinding Fine grinding Polishing
Surface Sandpaper MD-Largo MD-Chem
Abrasive SiC #320 Diamond 9pm  Colloidal silica 0.04 pm
Suspension Water DiaPro 9 OP-S + 10%H-0,
RPM 300 150 150
Force (N) Hand 30 30
Time (min) Until plane 5 5

and mechanical properties. Also, two geometries of cylinder and cube, with the dimensions
of D =10mm x H = 15mm and 10 x 10 x 15mm?3, respectively, were allocated to each
scanning strategy.

Two identical samples of A and B were printed for each combination of geometry and
scanning strategy leaving 12 samples printed in total. The specifications of each sample
are listed in Table 3.6. The samples were distributed randomly on the build plate and
a cone was designed at the bottom of each sample for easier detachment after printing.
Figure 3.4 demonstrates the CAD design of the second printing phase.

Figure 3.4: The input CAD file showing the random distribution of the samples on the
second printing batch build plate.
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Table 3.6: List of sample specifications for the second printing batch

Sample # Geometry Scanning strategy

1 AB Cube Stripes
2 AB Cube Chessboard
3 AB Cube Total fill
4 AB Cylinder Stripes
5 AB Cylinder Chessboard
6 AB Cylinder Total fill

After the printing stage, the samples were subjected to the Archimedes density anal-
ysis with the same procedure mentioned before. Then, the hardness measurement was
performed using the HR, and HR, tests. One selected sample from each category of
stripes, chessboard and total fill were next scanned by the Nano-CT scanner with the goal
of having a more accurate density analysis and better comparison. Afterwards, the same
samples were prepared as shown previously in Table 3.5 for the OM, SEM and EBSD
observations.

27



Chapter 4

Selective laser melting of Ti-5553

In this chapter, a thorough discussion is given regarding the printability of Ti-5553 alloy.
Starting with a thorough characterization of the powder, the chapter then explains the
results of each printing phase in terms of density, surface roughness, hardness, OM, SEM,
TEM, XRD and EBSD analyses to finally identify the best printing condition.

4.1 Powder characterization

The Ti-5553 powder purchased was characterized in terms of compressibility, permeability,
size distribution, porosity level, chemical composition and microstructure. The powder
rheometry results is shown in Figure 4.1. These results can be of high importance if one is
planing to re-use the powder over and over since they provide a handful of data to optimize
the life cycle of the powder [10]. After a few batches of printing, the rheometry of the
virgin powder changes which directly affects the physical and mechanical properties of the
printed part. Hence, it is advised to keep tracking the characteristics like compressibility
and permeability after each batch. Powder processing, e.g. sieving, is needed for recylcling
once a notable change in the rheometry results is seen. However, the recycled powder may
not have the same quality of the virgin powder [11] and this causes various flaws in the
powder, which adversely affects the mechanical properties of the printed part [12].

In order to verify the size distribution and sphericity of the virgin powder, SEM ob-
servation was used. Figure 4.2 shows a few images taken from the powder sample with
different magnifications. It is seen that the particles are smooth and highly spherical which
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Figure 4.1: The results for three repeat sets of samples showing (a) the compressibility and
(b) the permeability of the as-received Ti-5553 powder.

indicates the good quality of it. Only a few non-spherical particles were detected by scan-
ning the whole sample which is shown in Figure 4.3. Since the volume of such particles
were less than 0.01%, their effect on the final properties is negligible.

Image analysis technique was used to check the size distribution of the powder. To
this end, 20 SEM images were use to measure the diameter and sphericity factor of each
particle. The results proved that although it was first assumed that the powder size range
is between 15-45 pm, there are numerous fine particles with the diameters of below 10 pm.

The reason is that such small particles are, in most of the cases, electro-statically bonded
or fused partially to the surface of larger particles. That results in a cluster of large particles
with smaller ones fused in between. The majority of industrialized size distribution analyzer
machines use a shadowing system which is basically a light source emitting as the powder
particles are falling from a vibrating channel leaving their shadow on a white background
behind them which is being detected by a built-in camera. The process is faster compared
to the image analysis but it cannot distinguish individual particles that are partially fused
together to form a cluster. Hence, the range given by the powder supplier, i.e. 15-45um,
is relatively high due to the fact that the machine fails to detect finer particles. Figure 4.4
demonstrates ultra-fine particles at the interface between two large ones.

A combination of large and fine powder particles is suitable for powder-bed fusion
system as the finer particles fill the gap in between the larger ones leading to higher
density, i.e. porosity level, of the printed part. In addition, spherical powder shape and
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Figure 4.2: SEM images taken from the virgin powder using low (a and b) and high (¢ and
d) magnifications.

high packing density ensures good flowability which is crucial while powder-bed fusion
systems are employed.

Figure 4.5 illustrates the image analysis results. It is observed that about 70% of the
detected particles are finer than 10 pm in diameter. In addition, about 95% of the particles
had a sphericity factor of more than 0.98, where a sphericity factor of 1.00 represents a
perfect sphere, which confirms the good quality of the powder. The details of this analysis

30



(a)

(a)
Figure 4.4: Ultra-fine particles partially fused to the interface of larger ones.

is shown in Table 4.1. It is seen that the powder size ranges from 0.4-52 um while the
mean sphericity of the particles is 0.96. The EDS results shown in Table 4.2 confirm the
Ti-5%A1-5%V-5%Mo-3%Cr composition of the alloy.

In order to do a preliminary analysis on the internal porosity level of the particles,
a powder sample was mounted in Bakelite. The sample was next ground and polished
following the preparation procedure presented in Chapter 3 Figure 4.6 demonstrates the
SEM images taken from the sample. It is seen that the particles possess a high density
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as no pits or holes were detected inside them. The microstructure suggests a dendritic
solidification for the powder which is common due to the very high cooling rate associated
with the plasma atomization process. The contrast between the crust and interior of the
particles can be a result of surface oxidation or phase difference which will be clarified
further when discussing the XRD results.
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Figure 4.5: The image analysis results showing (a) the size distribution and (b) the spheric-
ity of the powder particles.

Table 4.1: The summary of the image analysis results

Analysis Count(#) Minimum Maximum Average Standard deviation
Size distribution 2237 0.48 pm 52.85pm  12.36 pm 12.48 nm
Sphericity 2237 0.62 1.00 0.96 0.05

Table 4.2: The EDS analysis results done on the powder sample

Element wt.%  Error

Al 5.48 7.99
Vv 5.06 7.09
Mo 4.18 9.69
Cr 2.64 8.18
Ti Balance -
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Figure 4.7a shows the powder sample scanned by the Nano-CT scanner. One may
note particles with different sizes and random distribution indicating a proper sample
extraction. As illustrated in Figure 4.7b, only two pores were detected inside the particles
which confirms the SEM observation results.

Figure 4.6: The SEM observations revealing inside of the particles.

Since the alloy is considered a near beta composition and the plasma atomizing imposes
very high cooling rates, the powder is expected to consist of pure beta phase, however, the
XRD results demonstrated in Figure 4.8 reveals that the virgin powder has a small portion
of alpha phase. This matter can be explained by the fact that, as described before in Table
3.2, there is about 0.1% Oxygen in the as-received powder.

Oxygen is an alpha stabilizer and is more likely to be found at the surface of the
particles due to surface oxidation. In addition, Titanium has a high tendency to react
with Oxygen even in room temperature and form a passive layer of oxide which explains
the reason for the contrast between the crust and the interior of the particles. The results
suggest about 17.7% alpha to be present in the virgin powder, however it should be noted
that the X-rays only penetrate a few microns into the particle surface where most of the
Oxygen contamination could be expected. This data can be used to compare the phases
before and after printing the samples and helps to discuss the microstructural evolution.
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(b)
Figure 4.7: The Nano-CT scan test results showing (a) the powder particles and (b) their

internal pores.
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Figure 4.8: The XRD results performed on the virgin powder.
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4.2 Effect of volumetric energy density

In the first phase of the research, effect of VED on the density, hardness, surface roughness
and microstructure of the printed samples was investigated. A total of 54 samples, i.e.
2 samples of A and B for each condition, were printed which the specifications shown
previously in Table 3.4. Figure 4.9a shows a printed batch of samples in phase 1. One may
note that the samples are randomly distributed on the build plate. It was found that the
samples printed with high VEDs had an oxidized surface due to the high heat input applied
especially at the cone-shaped end which was a constricted path for heat flow. Figure 4.9b
shows the oxidized surface while printing of sample #27 which had a VED of 584 J/mm?.

(a)

Figure 4.9: The as-printed batch showing (a) the random distribution of the samples and
(b) the burned surface of the sample with high VED.

By performing the Archimedes density analysis, it was observed that about one-third of
the samples showed a relative density of more than 99.5%. Figure 4.10 shows the relative
density vs. VED while the relative density of 1.00 represents the ideal density. It is clear
that most of the samples with high relative densities have a VED range of 50-175J/mm?3.
Amongst them, samples #20, 22 and 11, i.e. VEDs of 112.0, 82.3 and 76.7 J/mm?, exhibit
the best relative densities of 99.92%, 99.87% and 99.80%, respectively.
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In addition, the specimens with the highest VEDs exhibit an intermediate density. For
instance, samples #27, 24 and 18 with the VEDs of 584.0, 448.0 and 398.0 J/mm? have
relative densities of 96.72%, 98.35% and 96.81%, respectively. On the other hand, the
samples with the lowest VEDs like 20.9, 40.9 and 29.9 J/mm?, i.e. samples #1, 2 and 4,
exhibit the lowest relative densities of 91.01%, 93.53% and 95.14%, respectively.
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Figure 4.10: Effect of VED on relative density of fabricated Ti-5553 specimens.

Figure 4.11 shows the results of analysis done on the density measurement data. It
is evident that there is an optimum heat input range, which is governed by the laser
power and scanning velocity, leading to higher density. As demonstrated in Figures 4.11a
and 4.11b, a combination of low laser power and high scanning velocity results in a poor
density as a consequence of low heat input. This matter can cause lack of fusion which, in

turn, contributes to internal porosity level [13]. On the other hand, a combination of high
laser power and low scanning velocity leads to spattering and gas absorption due to the
excess heat input applied [13]. Consequently, a higher porosity level is observed for such
combinations.

As described in Equation 2.4, the scanning velocity in a pulsed laser system is governed
by the point distance and exposure time. Figures 4.11c and 4.11d highlight the effect of
these parameters on the final density attained. One may see that a combination of wide
point distance and low laser power leads to a poor density. In fact, the wider the point
distance is, the higher the scanning velocity will be. As a consequence, the amount of
heat input decreases by increasing the point distance resulting in the lack of fusion. On
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the other hand, spattering occurs by applying a high laser power and using a short point
distance due to excessive heat input.
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Figure 4.11: The Archimedes density analysis results showing the effect of (a) laser power,
(b) scanning velocity, (c) point distance and (d) exposure time on the relative density
achieved.

Similarly, it is observed that the porosity level increases by applying a very long expo-
sure time. Longer exposure times for each laser shot means slower scanning velocity, and
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in turn, higher heat input. On the contrary, a short exposure time coupled with a low laser
power leads to the lack of fusion due to insufficient heat input.

In order to compare the samples with a higher accuracy, samples #20 and 27, i.e.
the best and highest VEDs respectively with 112.0 and 584.0J/mm?, were selected for
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Figure 4.12: The Nano-CT scan results showing (a) the size distribution and (b) morphol-
ogy of the internal porosities for the samples with the best and highest VEDs used.
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Nano-CT scanning test. Figure 4.12 illustrates the distribution of internal porosities and
their sphericity for each of the samples. In addition, a quantitative analysis regarding the
porosity level is given in Figure 4.13a. It is observed that there is a wide range of pore
sizes detected in both samples most of which are in the range of 0.05 x 10° - 1 x 10° pm3.
It is also seen that the number of pores inside the sample printed with the highest VED is
much higher. Furthermore, numerous pores larger than 1 x 10° pm?3 were found inside the
sample 27.

Moreover, Figure 4.13b illustrates the sphericity of internal pores detected. One may
see that most of the pores in both samples have a sphericity factor of 0.4 - 0.8 where the
factor of 1 represents a perfect sphere. Hence, it can be concluded that the pores are
somewhat spherical, i.e. neither bar-shaped nor completely spherical.
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Figure 4.13: The quantitative Nano-CT scan results showing (a) the pore size distribution
and (b) the sphericity of them.

Figure 4.14 demonstrates the average surface roughness reported for each printing con-
dition. The area between the green vertical lines represents the pre-determined VED range
resulting in the best densities achieved, see Figure 4.10. However, one may notice a signif-
icant variation of surface roughness within that range. Even by considering two samples
with a very similar VED values, the surface roughness is different because it is not strongly
dependant on the VED.
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Figure 4.14: Effect of VED on the surface roughness of the printed samples.

Although two samples may have a similar VED, they do not necessarily have the same
process parameters, i.e. the laser power, point distance and exposure time. By analyzing
the color map given in Figure 4.15a, it can be concluded that while applying a rather low
laser power, a combination of high exposure time and high point distance is not suitable.
As the laser power increases, see Figure 4.15b, one should increase the point distance and
keep the exposure time as short as possible to achieve the desired roughness. As shown in
Figure 4.15¢, exposure time is the dominant factor determining the surface quality of the
printed sample while a high laser power is chosen. A short exposure time coupled with a
medium point distance is found to provide the best results in this case.

Table 4.3 shows the hardness test results done on three selected samples from each
category of low, best and high VED range. Samples #1, 2 and 4 represent, respectively, the
three lowest VEDs while samples #27, 24 and 18 are the highest VEDs tested, accordingly.
Finally, samples #20, 22 and 11 are the three highest densities achieved.

It is observed that the samples in the "low VED” category were so soft that their
hardness numbers recorded were in the range of H R,. The samples with the best densities
had a hardness number of about 26 H R, which is comparable to the hardness of a pure beta
phase [11]. On the other hand, an average hardness of about 41 H R, was recorded for the
"high VED” category which is almost comparable to a homogenized and aged Ti-5553 [15].
This hardness is a sign of the in-situ heat treatment, e.g. precipitation hardening, in high
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VED samples during the printing phase. The in-situ precipitation hardening phenomenon
is frequently reposted by other researchers especially while applying high heat inputs or
keeping the substrate in a specific temperature [16]. However, the precipitation might
not take place homogeneously within the printed sample as the bottom, i.e. first printed,
layers experience much more re-heating cycles compared to the top, i.e. last printed, layers.
Thus, the aging treatment is more likely to occur at the bottom section of the samples.
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Figure 4.15: The color map contours showing the effect of exposure time and point distance
on surface roughness while using different laser powers.
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Table 4.3: The Rockwell hardness test results performed on the low, best and high VED
samples

Category  Sample # Test method Hardness number

1A 50
Low VED 2B HR, 85
4A 91
11A 20
Best VED 20A HR, 26
22B 27
18A 42
High VED 24B HR, 41
27TA 38

Figure 4.16 illustrates the XRD results. One can note that the sample 20, i.e. the best
density, consists of a pure beta phase while the sample 27, i.e. the highest VED, relatively
appears to contain significant fraction of o phase. As discussed before, the high heat input
applied to the sample 27 facilitates the in-situ heat treatment of the sample being printed.
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Figure 4.16: The XRD results comparing the samples with the best and the highest VEDs.
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Figures 4.17 shows stereo microscopy images taken from the selected samples in front
view. The notches at the top of each samples are an artifact of the printed sample codes.
One may see a very high porosity level in the low VED samples, even though they show a
rather smooth surface roughness. Although the number and size of the pores decrease in
the high VED samples, yet the surface roughness has been deteriorated and the samples
are not dense enough. Finally, the samples in the optimized VED range not only have the
best density but also the smoothest surface roughness.

Sample 4

5 mm 5 mm 3 mm
—— —

Sample 11 Sample 20 Sample 22

5 mm

Figure 4.17: The stereo microscopy images showing the porosity level and surface condition
of the printed samples sectioned along their diameter.

In addition, Figure 4.18 demonstrates the top view stereo images taken from the sam-
ples. The same trend is seen clearly in terms of the low VED samples representing the
worst density and medium roughness while the high VED samples show a slightly better
density but their surface roughness is not suitable. On the other hand, the best density
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and roughness is observed in the optimized VED samples.

The laser track lines are clearly seen in the optimized VED samples showing the chess-
board scanning strategy. However, as it is very difficult to grind the samples with zero tilt
angle, the current images are showing several printing layers meeting each other. Based
on the thickness measurements, a variation of about 100 pm is observed which explains
the presence of 3 layers in the images considering the layer thickness was kept constant at
45 pm.

Sample 27

5 mm 5 mm

Sample 11 Sample 20

5 mm 5 mm

Figure 4.18: The stereo microscopy images showing the porosity level and surface condition
of the printed samples in top view.

In order to check the hardness homogeneity in each category, two Vicker’s micro-
hardness color maps are given in Figure 4.19. A homogeneous hardness distribution is
observed in sample 20, see Figure 4.19a. The decrease in hardness is evident as the blue
areas, and attributed to the presence of the notches at the top and, potentially, the internal
porosities nearby. In addition, one may note a slight banding pattern occurred due to the
scanning pattern, however, the hardness variation is less than 10 Vickers in most of the
cases, and the sample shows a promising hardness average of around HV 290.

On the other hand, the hardness map shown in Figure 4.19b reveals an inhomogeneous
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hardness distribution for sample 27. While the fraction of blue areas corresponds to the
high internal porosity level, and one may notice that there is a gradual hardness transition
along the building direction from the top to the bottom of the sample. By comparing the
two samples, it can be seen that the top part, i.e. the last layers printed, of sample 27 shows
almost the same hardness value measured in sample 20. However, by tracking the hardness
towards the bottom of the sample, the hardness increases significantly to around HV 500
which is comparable to peak aged Ti-5553 [15]. The reason can be attributed to the fact
that the bottom layers experience frequent re-heating cycles which provides the activation
energy required for the nucleation and growth of the alpha precipitates inside the beta
matrix. This theory will be assessed later where the microstructures are characterized.
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Figure 4.19: The micro-hardness color maps showing (a) sample 20 and (b) sample 27 at
the front view.

Figure 4.20 illustrates the cross-section along the diameter, i.e. the front view, OM im-
ages taken from samples# 1, 20 and 27 as the lowest, best and highest VEDs, respectively.
The porosity observed in the low VED sample are not spherical indicating the process-
induced defects due to lack of scan path overlap [17]. The pore sizes are found to be much
larger than the other two samples and the lack of fusion in terms of layer inconsistency is
evident. The high VED sample, on the other hand, has more spherical shaped pores as
a consequence of gas-induced defects [18, 19]. These kinds of pores occur as a result of
spattering which increases the chance of gas absorbtion.

The columnar growth of grains is more clearly seen in the best density sample compared
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to the other two. One may see that that the grains are aligned with the building direction,
i.e. vertically, forming a highly textured part. Some of the grains are as wide as 100 pm.
This columnar texture is common in the as-printed samples, and happens due to epitaxial
growth of the previously printed layers while printing a new layer on top of them [50, 51,
52, 53]. In fact, the grains follow the heat path which, in this case, is vertical. Although
some pores can be detected, this sample is clearly much denser.

(¢)

Figure 4.20: The front view OM images showing (a) the lowest VED, (b) the highest VED
and (c) the best density samples, respectively.

Figure 4.21 shows the top view, 7.e. the last layer printed, optical microscopy images
taken from the lowest, highest, and best VED samples. One may notice a similar trend in
terms of the lack of fusion phenomenon occurred in the low VED sample and the spherical
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porosities detected in the high VED sample. In addition, the laser scanning tracks are
clearly seen in the best density sample. The width of the vertical bands perfectly matches
with the laser spot diameter which was kept constant as 70 pm. It is observed that finer
grains are formed at the interface between the tracks while coarser ones are detected inside
each track. Moreover, very fine features are observed inside the high VED sample which are
suspected to be the alpha precipitates. This theory will be confirmed later while discussing
the SEM and TEM results.

Scan track
boundaries
(c)

Figure 4.21: The top view OM images showing (a) the lowest VED, (b) the highest VED
and (c) the best density samples, respectively.

Several different defects occurred in the low VED samples are shown in Figure 4.22.
Due to a lack of fusion, a fraction of powder particles are not melted, see Figure 4.22a.
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In addition, some particles are partially melted, i.e. share a grain with the matrix while
the fine dendritic grain structure inside the particles are almost intact as shown in Figure
4.22b. Finally, a number of particles were marked as embedded powder in the matrix by
surface fusion. The evidence verifying their presence is the change of grain structure and
a local area. As demonstrated in Figure 4.22¢, the grain structure in the middle perfectly
matches that of powder particles. This anomaly can result in poor mechanical response
in general. However, it was validated by Vicker’s micro-hardness test that the particle
and the matrix show the same hardness which reduces the chance of observing different
deformation behaviors from them.

Embedded
particle

()

Figure 4.22: The SEM images showing (a) unmelted powders, (b) partially melted powders
and (c) embedded powders, respectively.
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Figure 4.23 provides a closer look at the precipitates detected in the high VED sample.
Omne can detect a thick continuous array of grain boundary alpha phase (agp) with a
precipitate-free zone (PFZ) around the boundary. In addition, numerous nano-scale alpha
precipitates, with the mean width of 73nm, are detected within the matrix. Such HCP
precipitates have grown in preferred directions which are expected to be coherent with the
BCC matrix based on their sizes and alignment within the matrix. This theory will be
assessed in detail via TEM results.

Figure 4.23: The SEM images showing the precipitate particles in (a) low and (b) high
magnifications.

Figure 4.24 demonstrates some microstructural features observed in the best VED sam-
ple. For instance, the epitaxial growth of grains along the building direction is clearly seen
in Figure 4.24a. As explained before, this phenomenon occurs due to the recrystalization
of the previously printed layers while the new layer is being printed leading to a columnar
grain structure. In addition, it is observed that there is a shift from planar to cellular
solidification at the melt pool edges, see Figure 4.24b. A similar transition is reported by
Schwab et al. [1]. This transition can be attributed to the two main factors of temperature
gradient (G) and growth rate (R) where a high & ratio results in a planar solidification.
The transition to the cellular solidification takes place as the ratio drops due to a decrease
in temperature gradient.

Moreover, a few embedded powders were detected inside the best density sample. As
discussed before, although these kinds of defects generally lead to a localized weak mechan-
ical response, the side-effects will not be as severe in this case since no hardness variation
was seen between the embedded powders and the matrix and the powders are not brittle.
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However, the sudden change of grain structure at a local area might adversely affect the
properties. The presence of such powders can be attributed to the local spattering or
entrapment of powders into the pores and voids of the previously printed layer [54].
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Figure 4.24: The SEM images taken from the best density sample showing (a) the epitaxial
growth of grains, (b) the transition in the solidification mechanism around the melt pool
edges and (c) the embedded powders, respectively.

Figure 4.25 shows some features detected by the TEM observation of the sample with
the best density. A high number of possible stacking faults are seen within the matrix. As
it is clear in Figure 4.25a, the direction of the stacking faults changes from one grain to
another due to the fact that different grains have different crystal orientations. In addition,
one may see a nano-scale secondary phase distributed homogeneously in each grain, see
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Figure 4.25b. Based on the size and morphology of this phase, i.e. finer than 30 nm and
equiaxed, it can be considered as possible omega phase [55].

Considering that fact that the beta to alpha transformation has two-steps, as described
before in Chapter 2, one can conclude that the best density sample, i.e. VED of 112 J/mm?,
is in the early stages of aging, 7.e. the formation of the coherent omega phase with the
HCP crystal structure and a short c¢/a ratio. Figure 4.25¢ appears to exhibit evidence of
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Figure 4.25: The TEM images taken from the best density sample showing (a) the stacking
faults, (b) the HCP omega phase particles and (c¢) the lattice strains, respectively.
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lattice strains in the BCC beta matrix, consistent with the very first stage in the beta
to omega transformation. In summary, the sample has undergone an in-situ precipitation
hardening, but contrary to the high VED sample, the precipitation is homogeneous leading
to the hardness uniformity.

The presence of the omega phase in this sample is verified by the SAD diffraction
pattern shown in Figure 4.26. One can clearly see the spots indicating the coherent omega
precipitates. A similar pattern was observed by Zheng et al. [55]. The presence of such
particles can facilitate post aging, which is commonly used as a subsequent heat-treatment
process after the printing phase. These particles can act as preferential nucleation sites for
alpha needles due to their higher energy level compared to the matrix which provides a
share of the activation energy of nucleation and growth of the secondary phase, i.e. alpha.

Figure 4.26: The omega phase detection by TEM (a) the image taken from the SAD and
(b) the diffraction pattern.

As it is shown in Figure 4.27, the beta to alpha transformation appears to be completed
in the highest VED sample, i.e. VED of 584 J/mm?. The common basket-wave structure
is clearly seen in both the top and the bottom of the sample. However, one may notice that
the alpha needles are significantly coarser at the bottom. In fact, the first few layers printed
have undergone a much higher number of re-heating cycles which provides conditions for
the growth of the alpha phase. In other words, the bottom part of the printed sample has
received a higher amount of heat elevating the energy state of the matrix. Considering
that the growth phenomenon is diffusion-based, the higher the heat input is, the faster it
progresses. Thus, the growth of the alpha phase is expedited at the bottom of the sample.

o2



By measuring the mean width of the alpha needles, one may realize that the top part
is at the final stages of the omega to alpha transformation. While no equiaxed particles,
i.e. the omega phase, is detected, the mean width size of less than 30 nm measured, see
Figure 4.27a, which indicates that the needles have not started to coarsen. On the other
hand, the mean width of 95nm, see Figure 4.27b, implies that the alpha phase is in the
final stages of growth in the bottom of the specimen.

Figure 4.27: The TEM images showing the alpha phase structures in (a) the top and (b)
the bottom part of the sample with the highest VED, respectively.

Figure 4.28 shows the TEM diffraction pattern of a single alpha needle matching with
the «[0001] zone axis. In addition, Figure 4.29 provides the TEM/EDAX color map of
the alloying elements in order to understand the beta to alpha transformation. The al-
pha needles are observed in the primary image. One may notice that the titanium and
aluminum content has not changed very much from one area to another. In contrast, it
is clear that the needles are depleted from vanadium, molybdenum and chromium. Since
all three of these elements are beta stabilizers, the needles transform into the HCP alpha
phase controlled by the alpha stabilizer aluminum.

A comparison between the diffraction patterns of a pure beta matrix and the beta/alpha
structure is made in Figure 4.30. While both patterns are taken from the same beta zone
axis of 8[1,1,1], Figure 4.30c shows the coherent alpha phase spots in between the bigger
beta spots. In order to clarify the electron diffraction from multiple phases, Figure 4.30d
provides a schematic illustration of the diffraction pattern of SAD 2. One may notice
that the alpha needles have grown in three different preferred directions coherent with the
matrix. The zone axis of the alpha phase is expected to be a[2110] as previously discussed
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Figure 4.28: The TEM observation of the alpha phase showing (a) the image taken from
the SAD and (b) the the corresponding diffraction pattern, respectively.
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Figure 4.29: The TEM/EDAX color map showing the distribution of the alloying elements
in the high VED sample.

by Schwab et al. [0]. In some cases, each two alpha spots overlap with a bigger beta spot
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which can be seen as the so-called ”satellite spots” in the diffraction pattern of SAD 2.
This matter is shown in the schematic illustration as the intersection of the lines. One can
detect the three primary growth directions of the alpha needles in Figure 4.30a.

" .5(611)- :
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Figure 4.30: The comparison between the diffraction patterns of the pure beta phase matrix
and the general overview of the structure: (a) the TEM image showing the SADs, (b) the
diffraction pattern of SAD 1 showing a pure beta phase, (c) the diffraction pattern of SAD
2 showing the coherent alpha phase along with the matrix and (d) the detailed schematic
illustration of the alpha phase pattern distribution in c.

The IPF color map of the last printed layer, i.e. top surface, of the best density sample
is demonstrated in Figure 4.31. It shows a highly textured pattern and most of the grains
have an orientation between (001) and (111) shown by pink. The pole figures presented
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in Figure 4.32a verifies this theory by showing the grains are aligned strongly in a specific
direction with a maximum of about seven times of the random intensity. The < 100 > is
usually the easy-growth direction for most of Titanium alloys [56]. More texture analysis
is needed to fully discuss the reason why this direction is not the dominant one in this
research.

Figure 4.31: The IPF color map showing the texture of the top surface of the best density
sample.
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Figure 4.32: The pole figures of (a) the BCC and (b) the HCP phases, respectively.
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Another aspect requiring more research is the fact that the volume fraction of the HCP
phase, i.e. alpha, reported by the EBSD investigation is much higher than that of the
TEM and XRD analyses. The HCP data points are 100 times more frequent than the
BCC ones which suggests that the alpha phase is dominant, see Figure 4.32. However,
the pole figures presented in Figure 4.32b also verifies that the material is highly textured.
Since the hardness maps shown previously in Figure 4.19 supports the TEM and XRD
results, it can be concluded that further texture analysis would be useful to explain the
fraction of phases measured by EBSD.

4.3 Effect gemetry and scanning strategy

Figure 4.33 shows the second printing batch. As discussed in Chapter 3, the samples were
printed in two geometries, 7.e. cubic and cylindrical, and randomly distributed on the build
plate. For each geometry, three scanning strategies, i.e. stripes, chessboard and total fill,
were used and two identical samples of A and B were allocated for each combination of
geometry and scanning strategy. In contrast to the first batch, no oxidized surface was
detected while examining the samples, as they were all printed with the same VED of
112J/mm?; i.e. the optimized VED.

Figure 4.33: The second printing batch showing the build plate (a) during the process and
(b) after the process, respectively.

The effect of geometry and scanning strategy on the achieved relative density is pre-
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sented in Figure 4.34. One may see that the total fill strategy leads to a poor density of
less than 99% while stripes and chessboard show a similar density of more than 99.5%.
In addition, the effect of geometry is negligible and there is no trend to prove that one
geometry has an advantage over the other one.

mmm Cube
mmmm Cylinder

100

98

96 -

94 -

Relative density (%)

92 1

A B A B A B

| | | | I\_y_ﬁ

Stripes Chessboard Total fill

Figure 4.34: The effect of using different scanning strategies and geometries on the relative
density.

In order to compare the stripes and chessboard strategies with higher accuracy, Figure
4.35 demonstrates the Nano-CT scan result. It is apparent that the chessboard strategy
leads to a relatively high density of 99.94%. This is the best density achieved amongst all
the first batch and second batch samples. In addition, it is observed that the pores are
distributed homogeneously in both samples, however, one may notice that the chessboard
strategy achieves a finer pore volume distribution compared to the stripes, 99.94% vs.
99.74%.

As shown in Table 4.4, the stripes and chessboard strategies produce the same hardness
of 27H R.., while the total fill strategy shows a slightly higher hardness number. This might
be due to an in-situ heat treatment occurred during the printing process, however, the
effects are not as severe as using a high VED. All these scanning strategies have their
own specific printing pattern which, in some local areas, affect the frequency and duration
of the re-heating cycles. This theory will be discussed further while investigating the
corresponding microstructure of each strategy.
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(a)

Figure 4.35: The Nano-CT scan results showing the pore volume distribution when using
(a) the stripes and (b) the chessboard scanning strategies, respectively.

Table 4.4: Rockwell hardness test results performed on the samples printed by the Stripes,
Chessboard and Total fill scanning strategies

Scanning strategy Sample # Hardness number (HR,)

Stripes 1A 27
Chessboard 2A 27
Total fill 3A 31

The front view cross-section of the samples are shown in Figure 4.36. The stereo
microscopy images support the fact that the total fill strategy results in a very low density
and the worst surface quality. One may see two vertical arrays of pores at the sides of the
sample indicating a patterned porosity distribution, leading to a poor mechanical response.

Although the stripes strategy seems to have a better quality, in terms of lower porosity
level, in this specific cross-section, the Nano-CT scan results presented previously in Figure
4.35 prove the higher density of the chessboard sample. In addition, the stripes sample
seems to have a smoother surface compared to the one printed by the chessboard strategy.

Figure 4.37 shows the top view cross-section of the samples. One may see an ”X” sign
matching with the diagonals of the sample printed by the total fill strategy as a consequence
of the patterned porosity. This can be attributed to the scanning path of this strategy. As
shown previously in Figure 3.2, there is a sudden 90 degrees turn in the laser scan path
occurring at the diagonals. The laser remains powered while making that turn, and in
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turn, gives rise to spattering.

Stripes Chessboard Total fill

Figure 4.36: The stereo microscopy images showing the porosity level and surface condition
of the printed samples with different scanning strategies in front view.

Stripes Chessboard Total fill

Figure 4.37: The stereo microscopy images showing the porosity level and surface condition
of the printed samples with different scanning strategies along the top view.

The scanning tracks are partially seen in the strips and chessboard samples. As ex-
plained before, the images are showing a plane intersecting with 2 or 3 printed layers since
it is not easy to section the samples with perfect alignment with the build layers. That is
why the tracks are overlapping with each other in the images. Since the samples are etched,
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one may notice a difference in the texture from one sample to another. This difference will
be highlighted in detail while discussing the OM observations.

The OM images taken from the front view cross section of the samples are shown in
Figure 4.38. Each melt pool array represents a printing layer and the building direction is
vertical from the bottom to the top. One may note a high number of large pores in the
sample printed by the total fill strategy. The highly textured and columnar grain structure
is evident in all of the samples. As discussed before, this texture occurs as a consequence
of the re-heating cycles.

Figure 4.38: The front view OM images showing the samples printed by (a) the strips, (b)
the chessboard and (c) the total fill scanning strategies, respectively.

In addition, there is a difference between the melt pool geometries of the stripes and the
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chessboard samples in terms of penetration and shoulder-to-shoulder width. Figure 4.39
highlights this difference by providing two OM images taken at the same magnification
showing the melt pool shape of the last printed layer, i.e. the layer with no re-heating
experience, of the stripes and the chessboard strategies. It is observed that the stripes
strategy leads to a higher penetration compared to the chessboard strategy, i.e. 75pum
and 45 pm respectively. Considering that both samples were printed with the same VED,
the melt pool shape is determined by the frequency and duration of the re-heating cycles.
Based on their specific laser paths, see Figure 3.2, the interval between each time the laser
scans a particular area varies between the two strategies, which directly affects the heat
input applied to that area. The higher the heat input is, the higher the penetration.

(a)

Figure 4.39: The OM observations showing the melt pool geometries of (a) the stripes and
(b) the chessboard scanning strategies, respectively.

Moreover, Figure 4.40 shows the top view cross-section of the samples. One may see
the ”X” mark in the total fill sample. As described before, this defect is an artifact of the
sudden 90 degree turn in the laser scanning path while the laser is still on. In addition,
the grain structure of the total fill sample is observed to be much coarser compared to the
other two strategies. This can be explained by the fact that, as shown in Figure 3.2, the
total fill scanning pattern starts from the very outer edges of the samples and ends at the
center. This pattern leads to a high amount of heat accumulated at the center of each
layer. Consequently, the grain structure is coarser at the center compared to the sides of
the sample.

Finally, using the stripes and the chessboard strategies result in different grain struc-
ture. It is evident by comparing Figures 4.40a and 4.40b, the track lines are less clear in the
sample printed by the stripes strategy. However, the scanning direction is inferred by look-
ing at the grain structure. The grain size is observed to be the finest when the chessboard
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strategy is used. EBSD analysis is required to fully compare the textures corresponding
to each strategy.

Melt pool
* boundaries

Pores at
Pl | the centre
(c)

Figure 4.40: The top view OM images showing the samples printed by (a) the strips, (b)
the chessboard and (c) the total fill scanning strategies, respectively.

63



Chapter 5

Conclusion

In this research, the printability of Ti-5%Al-5%V-5%Mo-3%Cr by Selective Laser Melting
(SLM) is studied. To this end, first the as-received powder was characterized thoroughly
in terms of the chemical and physical properties as well as the microstructure associated
with it. The effects of Volumetric Energy Density (VED), sample geometry and different
scanning strategies on the density, surface roughness, hardness and microstructure of the
printed parts were assessed. Archimedes and Nano-CT scanning tests were used to measure
and compare the density of the parts with low and high accuracy, respectively. In addition,
The surface roughness of the samples were investigated by mapping their surface profile
with a laser confocal microscope. Moreover, the Rockwell and micro-Vickers hardness tests
were performed, respectively, for the general hardness comparisons and the hardness color
mapping. Finally, a detailed microstructural analysis was done using stereo microscopy,
optical microscopy (OM), scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), X-ray diffraction (XRD) and electron backscattered diffraction (EBSD)
observations. A summary of the results is given below:

1. An optimized recipe is developed for the pulsed laser SLM of Ti-5553 resulting in the
best density, surface roughness and hardness exceeding that of previous reports.

2. The recipe is modified to be used as an industrial manufacturing process. The sug-
gested parameters such as the scanning velocity of 1.5m/s and the laser power of 275
W meet the industry requirements regrading the production rate.

3. The B to a transformation is discussed in detail by TEM analysis identified the two
step transition for the first time in a SLM printed part.
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4. A comprehensive discussion is given regarding the effect of scanning strategies on the
melt pool geometry and physical properties proving that the chessboard strategy is
the best option for pulsed laser SLM of Ti-5553.
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Chapter 6

Future works

Although the effects of Volumetric Energy Density (VED), sample geometry and scanning
strategy were discussed in detail, there are still a few improvements that can be made in
order to reach a more comprehensive and statistical results:

1. A narrower VED window can be chosen in the pre-determined optimized range and
a new build plate can be designed to investigate the effect of VED within that range.
The goal is to optimize the melt pool geometry by finding the transition from the
goblet-like to the conductive melt pool shape.

2. More comprehensive EBSD analysis is needed to achieve a clear understanding of the
texture corresponding with each scanning strategy. In addition, the texture analysis
given for the best density sample needs to be improved to realize the reason of its
conflict with the TEM and XRD results.

3. In order to industrialize the recipe, one should study the recyclablibity of the powder
and investigate the effect of using a recycled powder instead of a virgin one.

4. The experimental work can be supported by Finite Element Analysis (FEA) of the
process. This approach helps to study and predict the residual stresses associated
with the modulated laser SLM in particular.

5. Based on the application, a series of static or dynamic mechanical testing is required.
Once the optimized recipe is ready, one should start investigating the mechanical
properties of the printed parts by performing tests such as tensile, compression,
creep, impact or fatigue.
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