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date on laser AM with elemental powders. In Chapter 3: Scope and Objectives, |
identify the need to study the alloying process in detail, and state the objectives of this
project. In Chapter 4: Methods, | detail the synchrotron X-Ray Di raction (sXRD)
and Infrared (IR) experiments, the Rosenthal Solution estimate, and the Electron
Microscopy performed. In Chapter 5: Results and Discussion, | explain and discuss
the ndings of this project. A paragraph in Section 4.4. Rosenthal Temperature
Predictions is taken from the paper Achieving homogeneity in a high-Fe -Ti alloy
laser-printed from elemental powders by F. F. Ahmed (the author of this thesis), S.
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have been explained above.) Sections 5.2: Results and 5.3: Discussion in this chapter
are also included in the paper mentioned above. Chapter 6: Conclusions and Future
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avenues for future research based upon this topic.



Abstract

Additive Manufacturing (AM) processes are gaining prominence in industry as they
can build parts to near-net-shape with minimal postprocessing. Metal laser AM tech-
niques, such as Selective Laser Melting (SLM), o er rapid cooling rates on the order
of 105 10° K/s. This is due to a highly-focused laser heating a microscopic vol-
ume in an otherwise lower-temperature environment. Hence, metal laser AM can
manufacture novel, out-of-equilibrium microstructures that cannot be produced in
near-net-shapes with other processes. It is desirable to optimize feedstocks for metal
AM processes to leverage their advantages. One option of optimizing feedstocks is
through in-situ alloying, or by using elemental powders. Elemental powders homog-
enize over the course of multiple laser passes, or intrinsic heat treatments. However,
rapid cooling rates prevent the homogenization of a layer when rst printed. To in-
vestigate the homogenization process, this thesis used synchrotron X-ray Di raction
(sXRD) to track the phase transformations during the SLM of a 14-layer single wall
(single-hatch, multilayered) of Ti-1Al-8V-5Fe (Ti-185) from elemental Ti, Fe and an
alloyed AlIV powders, capturing frames at 250 Hz. Infrared imaging was performed
simultaneously on the surface at 1603.5 Hz to observe the temperature changes at the
surface. Post-mortem electron microscopy was performed on cross-sections of the wall

perpendicular to the scanning direction to observe the changes in the microstructure

Vv



with respect to the build direction. Speci cally, Electron Dispersive X-Ray Spec-
troscopy and Electron Backscatter Di raction were performed to observe the alloying
elemental distribution and microstructure of the wall with respect to the build direc-
tion. The research performed found that in the melted zone, phase transformation
times below 50 ms yielded a partially-alloyed microstructure, with regions concen-
trated and dilute in alloying elements. Partial mixing was di usion-induced by laser
beam heat and the exothermic heat of mixing of Ti-185 from its constituent elements.

Further di usion during reheating cycles yielded an alloyed microstructure.
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Chapter 1

Introduction

1.1  An Introduction to Laser Additive Manufac-
turing

In 2018, the Additive Manufacturing (AM), also termed 3D-printing, economy in
North America was worth $3.9 billion USD and was projected to reac§51.77 billion
USD by 2026, highlighting the importance of AM as a viable manufacturing process
[22]. AM processes are those in which an object is formed, or printed, layer-by-layer
from a feedstock. A computer-designed model outputs a pattern for each layer which
corresponds to its cross-section area at that specic height [1]. AM o ers multiple
bene ts that make it a growing process in the global economy. Parts can be produced
with very few postprocessing steps. As a result of this, and because the process is
additive, the buy-to-y ratio (ratio of input to output material in a manufacturing
process) is high. For example, for an aerospace engine, AM can reduce the buy-to-

y ratio from 10:1 to almost 1:1 [23]. Lattices, internal channels, and undercuts,
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geometries which are di cult to produce via other methods, can be produced [24]. It
also o ers an opportunity for part repair. Additionally, less human labour is required
than other processes, with labour costs consisting of only 2-3% of the total cost
in printing. AM can be applied in multiple elds, such as biomedical, aerospace,
automotive and oil and gas applications [23].

Laser AM techniques are valuable to manufacture novel alloys. These processes
use a nely-focused laser to melt powder or wire in a series of layers. Selective Laser
Melting (SLM), also termed Laser Powder Bed Fusion (LPBF), utilizes a powder
bed as shown in the diagram in Figure 1.1 a). A layer of powder is deposited from
a reservoir onto a substrate, and fused with the laser. From the reservoir, another
layer of powder is deposited upon the previous layer, and another layer is printed.
This process continues until a part is built. Direct Energy Deposition (DED), also
termed Direct Laser Deposition (DLD), injects powder into the laser beam via nozzles,
where it melts and fuses onto the part [25]. A diagram of DED is shown in Figure 1.1
b). Another technique, better suited for larger materials, is Laser Wire-Feed Metal
Additive Manufacturing (LWMAM), in which a wire is fed into the system instead
of powder, as shown in Figure 1.1 c) [26]. Laser additive manufacturing processes
o er extremely high cooling rates on the order of 10 10° K/s [27]. The resulting
microstructures are, in the terms of Boussinot et al., \strongly out of equilibrium” [28].
The cooling rates can be leveraged produce novel microstructures, and hence, novel
materials, that cannot be processed with conventional techniques such as casting,

which have signi cantly lower cooling rates.
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Figure 1.1: The process of a) SLM, b) DED and c¢) LWMAM. a), b) and c) are taken
from [1], [2] and [3] respectively.
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1.2 The Need for In-Situ Alloying

Because the eld of AM is relatively novel, alloys designed for optimized processing
and properties with other techniques are conventionally used in AM. To make the
most of laser AM, the opposite needs to be done, i. e. optimize the compositions of
alloys to leverage the advantages of AM to yield the most ideal properties for a given
application [29]. Developing optimal powder compositions is expensive, as it involves
producing, printing and testing di erent feedstocks. Finding optimal feedstocks are
crucial to the progress of laser AM, as materials costs consist of a signi cant part of
the total cost in AM [23].

There is an emerging technique calleth-situ alloying, however, which uses el-
emental powders instead of pre-alloyed powders [25]. An example of an elemental
powder mixture is shown in 1.2. The elemental powders alloy within the melted
and heat-a ected zones during AM to generate an alloyed microstructure [30]. The
diagram in Figure 1.2 b) shows the printing of alloys via DED from an elemental
feedstock. Figure 1.2 c) shows an example of an alloyed bulk microstructute:situ
alloying o ers a wide range of alloying customizability, which is very useful for research
and development. It is also less expensive than fabricating and printing pre-alloyed
powders, o ering cost savings during manufacturing. Additionally, the process may
be aided by an exothermic heat release during mixing, reducing the powder input
needed. Furthermore, it is easy to produce functionally graded alloys, i. e. alloys
that vary spatially in their compositions [30]. The process dh-situ alloying is shown
in Figure 1.2.

Though studies on in-situ alloying have veri ed that alloying can be achieved in

the bulk microstructures with the desired printing parameters, a layer is initially not
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Figure 1.2: a) Secondary electron image of an elemental powder mixture containing
Ti, Ni and Al powders. b) DED using separate hoppers for di erent elemental pow-

ders. The augers were used to control the powder concentration in the mixture. c)
EDX images showing homogeneity in the bulk microstructure of elemental Cu and
316L-steel powders printed via SLM. The consistency of the EDX image of Cu (bot-
tom left) demonstrates that alloying was achieved. a), b) and c) are taken from [4],

[5] and [6] respectively.
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homogenous upon printing, with unmelted powders potentially remaining [31, 11].
Via intrinsic heat treatments caused by the laser as it prints layers above it, the
originally printed layer transforms its microstructure each time, becoming more ho-
mogenous at each step. With optimal parameters, alloying can be completed by the
time it is outside the heat-a ected zone [20, 8, 6, 32, 33, 9, 7]. However, the process
of developing an alloyed microstructure is not well known. This is the gap in the
literature that this research aims to Il. Chapter 2: Review of the Literature on
Elemental Powders in Laser AM will detail the current literature on using elemental
powders. With the foundation of Chapter 2, Chapter 3: Scope and Objectives will
explain the research which needs to be performed for a stronger understanding of de-
veloping an alloyed microstructure, and outline the objectives that this research aims
to accomplish. Chapter 4. Methods will explain the printing and analysis techniques
used to understand alloying further. Chapter 5: Results and Discussion will show the
ndings and use them to explain the alloying process. Chapter 6: Conclusions and

Future Work will conclude this thesis, and o er future avenues for research.



Chapter 2

Review of the Literature on

In-Situ  Alloying in Laser AM

2.1 Introduction

The objective of this review is to provide the reader with an understanding of how ho-
mogeneity is achieved inn-situ alloying in laser AM, the factors in uencing whether
homogenization is complete, and strategies to improve homogenization. First, this
chapter shows examples in which homogeneity was achieved in the bulk microstruc-
ture. This review then explains factors that in uence whether homogeneity is achieved,
such as the enthalpy of mixing and the di erence in melting point between di erent
elements. An exothermic enthalpy of mixing aids in mixing by providing additional
heat which promotes di usion. High-melting-point elements may take longer to mix
due to their lower tendency to melt. The melting and boiling point di erence also
raises the issue of vaporization of low-melting-point/high-vapour-pressure elements.

While homogenization may be achieved in the bulk microstructure, attention must
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also be paid to the surface, where layers undergo only a single heating cycle: that
which transformed them from powder to printed material. It is explained how al-
loying is incomplete at the surface as a result of rapid cooling. As for the gradient
between the nal layer and the bulk microstructure, a few studies have investigated
this, and their ndings are discussed. Strategies for improving homogeneity, including
remelting, increasing the build temperature and satelliting, are then explained. This
review builds the knowledge required to understand the need for a thorough study
investigating the alloying process, which will be discussed further in Chapter 3: Scope

and Objectives.

2.2 Bulk Microstructure

2.2.1 Achievement of Homogeneity in the Bulk microstruc-

ture

Multiple examples ofin-situ alloying in laser AM have demonstrated complete homog-
enization of the bulk microstructure. For example, Schwendnest al. rst achieved
homogeneity in the printing of Ti-10Cr (at. %) via DED in 2001 [8]. Wanget al.
printed 316L-steel with Cu powder at 25 and 50% Cu powder via SLM, and found that
Cu had dissolved in the 316L-steel [6]. Aziat al. printed Ti-1AI-8V-5Fe via SLM
from Ti, Fe and an alloyed AlV powder, and obtained a homogenous microstructure
[20]. Polozovet al. printed Ti-5Al via SLM and found that Al had fully dissolved

in Ti [32]. Schenrath et al. printed Ni-21.5Fe via SLM and found that at a high
energy density of 429 J/mnd, homogeneity was achieved. However, this sample was

more porous than its inhomogeneous lower-energy-density counterpart, printed at 71
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Figure 2.1: Elemental distribution in the SLM of CoCrFeNi and elemental Mn at
energy densities of a) 120 J/mrhand b) 259 J/mm?. Stronger mixing of Mn in the
alloy is demonstrated in b) over a). Taken from [7].

J/imm 3, potentially due to higher material evaporation [33]. Wanget al. found in the
printing of Ni-Ti (powders mixed 50% by volume) via SLM that homogeneity was
mostly achieved at a high energy density (130 J/m#), however, there were many
keyhole defects [9]. Chemt al. printed a high-entropy alloy from an alloyed CoCr-
FeNi and elemental Mn powder via SLM. As shown in the EDX maps in Figure 2.1
c), they found that the sample was not homogenous at a low energy density of 120
J/imm3. However, as shown in the maps in in Figure 2.1 d), homogeneity was mostly
achieved at 259 J/mn? [7]. This will be discussed further in Section 2.2.2: Factors

In uencing Homogeneity in the Bulk Microstructure.
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2.2.2 Factors In uencing Homogeneity in the Bulk Microstruc-

ture
Enthalpy of Mixing

The mixing enthalpy of the constituent powders will in uence how easily it mixes.
This was rst demonstrated in 2001 by Schwenedest al. They compared the DED
of Ti-10Cr and Ti-10Nb (at. %) via elemental powders. As shown in Figure 2.2 a), a
homogenous microstructure was achieved in Ti-10Cr. Its SEM image (top) appeared
consistent without heterogeneities. An EDX linescan through a layer (bottom) con-
rmed this nding by showing that the composition varied by only £ 0.6%. However,
as shown in Figure 2.2 b), Ti-10Nb did not homogenize. Unmelted Nb was observed
between layers in its SEM image (top). An EDX linescan through a layer (bottom)
demonstrated a+ 3% variation in concentration. They attributed this to the mixing
enthapies of Ti with Cr and Nb, which are -12.7 kJ/mol and 4.2 kJ/mol respectively
[8]. However, this may also be attributed to the melting point di erence between Cu
and Nb, which are 1,358 K and 2,750 K respectively. This will be discussed in the

next subsection.

Melting Point Di erence

With a signi cant di erence in melting points, a higher-melting-point component
may not fully melt and dissolve, and hence the microstructure may only be partially
alloyed. In 2010, Fallahet al. printed Ti-Nb coatings on Ti-6Al-4V via laser cladding
(DED). They found that under a power of 900 W, a powder feed rate of 0.100 g/s, a
beam diameter of 2 mm and laser speeds of 5-11.67 mm/s (energy densities of 39-90

Jimm?2), unmelted Nb particles were remaining. Increasing the power to 1100 W

10
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Figure 2.2: SEM image (top) and spatial elemental distribution of alloying element
(bottom) of a) (Left) Ti-Cr and b) Ti-Nb printed via DED. Taken from [8].

ensured homogeneity. However, increasing the powder feed rate to 0.133 g/s from the
ideal conditions again yielded unmelted Nb particles [34]. Poloz&t al. observed in
the SLM of Ti-6Al-7Nb, and Ti-22Al-25Nb the presence of unmelted Nb. However,
in Ti-6Al-7Nb, in regions far from the unmixed Nb, they observed a concentration
close to the powder composition; this shows that the sample contained unmixed and
mixed regions [32]. Wanget al. also studied the in uence of varying energy densities
in printing NiTi (1:1 atomic ratio). Figure 2.3 shows optical microscopy images
of microstructures printed at a low (40 J/mn?), medium (80 J/mm3) and high (130
J/imm 3) energy density (left, middle and right, respectively). At a low energy density,
they observed the presence of unmelted powder. The di usion region surrounding the
Nb shows that part of the Nb had melted and started to alloy, although insu ciently,

with its surroundings. At a high energy density they observed better homogeneity,
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but more keyholing defects [9]. Wangt al. found in the SLM of Ti-35Nb that there
were partially alloyed Nb particles in the microstructure [35]. Polozoet al. used
X-ray microtomography to observe and analyze a volumetric sample of SLM-printed
Ti-22AI-25Nb at an energy density of 55.6 JJ/mm. Their reconstructed volume is
shown in Figure 2.4 a). Of interest to this review is the volume of unalloyed Nb,
which is shown in Figure 2.4 b). As demonstrated in this sub gure, the unalloyed
Nb phase occupied 6% of volume [4]. The above ndings in printing Ti-Nb alloys in
[4, 35, 32, 34, 9] are due to Nb having a signi cantly higher melting point (2741 K)
over Ti (1941 K). Singet al. printed Ti-50Ta (wt. %) via SLM and found unmelted
Ta, although the amount of dissolved Ta increased at higher energy densities, from
20% at 16 JJmm>to  45% at 144 J/mn? [36]. Zhaoet al. printed Ti-6Ta, Ti-12Ta,

Ti-18Ta and Ti-25Ta (wt. %) via SLM and found unmelted Ta [37]. The melting
point of Ti is signi cantly lower than that of Ta (3290 K), explaining the presence
of unalloyed powders in [36, 37]. Traxeét al. found in the printing of Ti-20Zr the
presence of unmelted Zr. The melting point of Zr is at 2128 K, which is slightly
higher than that of Ti. It is not clear, however, what the uneven alloying can be
attributed to [38]. Martinez et al. printed Al-12Cu via SLM and found retained,
unalloyed Cu [39]. Cu has a higher melting point than Al, at 1358 K and 934 K
respectively. Bi et al. printed TiCr 1.7g from elemental and prealloyed powders as
a comparison via SLM and found regions of unalloyed Ti and Cr [40]. Nagaseal.
studied the SLM of four binary Ti alloys containing 20% Cr, Nb, Mo and Ta (at.
%) respectively. They observed that in the printing of Ti-Cr, unmelted Cr particles
were visible on the surface at 1.5 J/mr but not at 3 JJmm?2. Weak, unalloyed

Mo peaks were also observed in XRD of Ti-Mo, though the conditions at which this

12
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sample was taken were not made clear [41]. Mo and Cr have melting points of 2896
K and 2180 K. The melting point of Cr is similar to that of Ti, which explains why
unmelted Cr was only observed at a low energy density. Hanemaenhal. printed a
mixture of alloyed AISi1OMg and elemental Si via SLM to produce a hypereutectic
AlSi alloy. Samples were found to contain unmelted Si particles, as Si has a melting
point of 1703 K, compared to the melting point of AISi10Mg at 887 K [42]. Ewaldt
al. (2019) printed a high-entropy AICCoFeMnNi alloy via SLM. At the low energy
density of 143 J/mm?, they found regions of Ni, Fe and Co. They did not observe
this at a high energy density of 247 J/mm. Ni, Fe, and Co have melting points of
1,728 K, 1,811 K and 1,768 K. They are higher than the melting points of Al and
Mn, the latter which is 1,519 K. This explains why Ni, Fe and Co did not dissolve
su ciently at 143 J/mm 2 [43]. Schenrathet al. found in the printing of Ni-21.5Fe
(at. %) that at an energy density of 71 J/mm?, unmelted Ni powders remained in the
bulk due to the higher melting point of Ni [33]. Chenret al. printed W-6Ni-2Fe-2Co,
W-12Ni-4Fe-4Co and W-18Ni-6Fe-6Co via SLM. Due to the very high melting point
of W (3,695 K), unmelted W was observed, surrounded by a W-Ni-Fe-Co phase and
intermetallic Fe;Wg. This demonstrated that the W had partially dissolved [10].
Depending on the system, unalloyed powders may aid or hinder the performance
of the alloy. A benet of unmelted powders is that they may act as a composite
component in the alloy. In some systems they may act as a detriment, causing lack-of-
fusion defects and porosity due to insu cient coating of particles by the surrounding
phase. This is best demonstrated in Cheet al., as shown in Figure 2.5. They
observed in the printing of WNiFeCo alloys that at high W concentrations (80-90

wt. %), there was insu cient NiFeCo phase surrounding the W particles, causing

13
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Figure 2.3: Relationship between energy density, the presence of defects and the
degree of alloying in NiTi printed via SLM. Taken from [9].

Figure 2.4: a) X-ray tomographic reconstruction of Ti-22Al-25Nb printed via SLM
from elemental Ti, Al and Nb. Purple represents the Ti-Nb-Al phase. Red represents
the volume without Nb. Yellow represents the unalloyed Nb particles. Blue represents
the porosity. b) shows only the unalloyed Nb. Taken from [4].
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cracking and porosity (Figure 2.5 a)-d)). However, with 70% W, premature cracking
and porosity were avoided (Figure 2.5 e) and f)), and hence it behaved as a composite
material [10]. Using a high power can aid in melting and dissolving high-melting-point
alloying elements. However, using a high power may lead to keyholing defects, and,

as will be discussed in the next section, loss of material through vaporization.

2.2.3 Loss of Material via Vaporization

Even if homogeneity is achieved in the bulk microstructure, the microstructure may
not conform to the desired composition. In contrast to insu cient melting and dissolv-
ing of high-melting-point components at low energy densities, excessive vaporization
of a component with a with a relatively low boiling point or high vapour pressure at
high energy densities may lead to loss of a fraction of this component. Polozval.
noticed a decrease in the Al concentration in printing Ti-22AI-25Nb. The Al concen-
tration varied from 16.5% at or below 100 J/mm?3 to 12% at 370 J/mm?® (at. %).
This is because the boiling point of Al is at the melting point of Nb at 2,743 and 2,750
K respectively [4]. Wanget al. found in the DED of Ni-Ti alloys that at high laser
powers with DED, the Ni concentration was lower relative to the Ti concentration, as
it has a lower boiling point than Ti (3,005 and 3,560 K respectively) [9]. Cheet al.
found in the SLM of W-6Ni-2Fe-2Co, W-12Ni-4Fe-4Co and W-18Ni-6Fe-6Co a lower
composition of Ni, Fe and Co in each alloy than in the powder. As they have low
boiling points relative to the melting point of W, they vaporized during printing [10].
Chen et al. printed a high-entropy CoCrFeMnNi alloy via SLM from a pre-alloyed
CoCrFeNi and elemental Mn powder. They observed that the Mn concentration de-

creased from 21% in the powder to 16% in the sample. They attributed this to the
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Figure 2.5: Backscatter electron images of a), b) W6Ni2Fe2Co, c), d), W12Ni4Fe4Co
and e), f), W18Ni6Fe6Co printed via SLM. The build direction is facing upwards.

Taken from [10]. 16
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low melting point of Mn (relative to the CoCrFeNi alloy) and the irregularity of the

Mn powder, though they did not specify the melting point of the CoCrFeMnNi alloy
[7]. Moorehead (2020kt al. observed in the printing of high-entropy MoNbTawW
alloys via DED that, even with remelting (which will be discussed later), that they

observed a lower than desired Mo concentration due to its high vapour pressure [5].

2.3 Surface Microstructure and Melt Pool Behaviour

Though most studies orin-situ alloying have focused on the bulk microstructure, only
two studies have shown how the surface microstructure appears. They have demon-
strated that the surface layer is unalloyed, unlike the bulk microstructure. Grigorieet
al. observed on the surface of Ti-22AI-25Nb printed via SLM from elemental powders
the presence of insu ciently-dissolved Al and Nb. They were located both between
and within melt tracks [31]. Dobbelsteinet al. printed a single track of high-entropy
alloy MoNbTaW from elemental powders on a Mo substrate preheated to 873-973 K.
Figure 2.6 shows the SEM and EDX images of the track. They show the presence of
unmelted powders sintered to, but not mixed with, the substrate. Though this was
performed with substrate preheating, it can be assumed that unmixed, but sintered
powders would also remain when printing at room temperature [11].

Insu cient dissolving in the melt pool can be explained through the negligible role
of Marangoni convection (mixing induced via surface tension), as shown in the work of
Clark et al. They used real-time synchrotron X-Ray Radiography (X-ray transmission
imaging) to visualise and analyze the behaviour of undissolved W patrticles in an Al-
6061 melt pool during SLM [12]. This combination of parent and tracer powders has

been used previously by Guet al. They chose Al-6061 as the parent powder for its
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Figure 2.6: (Left) Secondary electron and (Right) EDX images showing a single layer
of MoNbTaW printed via DED on a Mo substrate. Adapted from [11].

high X-ray transparency and low melting point. They chose W as a tracer particle
due to its high opaqueness to X-rays and extremely high melting point, allowing one
to visualize the ow of W patrticles in molten Al without losing W to melting or

di usion in the melt pool [44]. Clark et al. observed the trajectories of individual
particles, the traces of which are shown in Figure 2.7. As shown in Figure 2.7,
particles melt pool travel on the same order of magnitude as the laser beam itself.
With the extremely low time the melt pool spends molten, powders may complete
only one convective current cycle before solidi cation. As a result, Marangoni ow
plays a small role in particle dissolution inin-situ alloying [12]. Rather, alloying is
incomplete at the surface because the time powders spend at high temperatures is

insu cient to complete their dissolution.

2.4 The Gradient between the Surface and Bulk
Microstructure

As implied through Section 2.2 and 2.3, there is a gradient between the unalloyed
surface and an alloyed microstructure. However, this gradient has only been inves-

tigated super cially. The work of Yan et al. is shown in Figure 2.8. They studied

18



M.A.Sc. Thesis { F. Ahmed McMaster University { Materials Engineering

Figure 2.7: (Left) Trajectories of tungsten particles in an Al-6061 melt pool during
SLM. Taken from [12].

the DED of a single wall (single-hatch, multiple layers) of Ti-6Al-4V. They observed
a microstructural gradient along the build direction, as demonstrated in Figure 2.8.
Figure 2.8 a) shows the concentration as a function of the build direction. Yaet al.
attributed the decrease in Al and V concentration to the decrease in heat conduc-
tion with increasing layer built. The thin layer thicknesses of the wall hindered heat
conduction. Hence, closer ot the surface, more Al and V evaporated. Micrographs of
a top, middle and bottom section of the wall (Figure 2.8 b)-d) respectively) demon-
strated a coarser grain size with increasing build height. This was attributed to the
increase in cooling rate. However they never elaborated upon which were the top
and bottom parts [13]. Kanget al. printed a single wall of Ti-Mo and observed the
resulting gradient structure between top and bottom sections. As shown in Figure
2.9, they observed unmelted Mo in the top section (Fig. 2.9 a)-c)), but no unmelted
Mo in the bottom section (Fig. 2.9 d)-f)). This demonstrated a gradient structure
resulting from successive intrinsic heat cycles in which alloying slowly occurred over
a series of steps. However, they did not elaborate on the distance between the top

and bottom sections to the topmost surface, preventing a clear understanding of how
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alloying occurred in the heat-a ected zone [14].

2.5 Strategies to Improve Homogeneity

Remelting

One strategy that has been tested to improve homogeneity is remelting each layer
after printing it to homogenize it. Remelting was rst tried by Dobbelsteinet al. in

the printing of a single track of a high-entropy MoNbTaWw alloy on a Mo substrate
with preheating temperatures of 873-973 K. Figure 2.10 shows the SEM and EDX
images of printing a) (previously shown in Fig. 2.6) without and b) with remelting.
Without remelting, the track was covered in unalloyed particles. With remelting,
however, a smooth, homogeneous track with few unalloyed particles was produced
[11]. Brodieet al. observed the microstructures of Ti-25Ta (wt. %) alloy printed via
SLM with and without remelting at various scanning speeds. As shown in the graph
in Figure 2.11 a) the percentage of partially-melted Ta decreased after remelting,
especially at high scanning speeds. Figure 2.11 b) and c) show the micrographs of
the microstructure printed at 300 mm/s with and without remelting, repectively. It
shows a decrease in the in the number of particles from b) to c) [15]. Let al. found,

in the SLM of a FeCoCrNi high-entropy alloy, an even distribution of alloying elements
at the surface with remelting compared to without remelting [45]. Dobbelsteigt al.
(2018), Dobbelsteiret al. (2019) and Mooreheaet al. also remelted each layer before
depositing a new one upon it in the printing of TiZrNbHfTa, functionally-graded
TiZrNbTa, and MoNbTaW high-entropy alloys respectively, also demonstrating that

a homogenous microstructure can be achieved with remelting [46, 47, 5].
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Figure 2.8: a) Composition of Al and V in a Ti-6Al-4V single wall printed via SLM
along the build direction from the substrate (-0.3 mm) to the surface (2.1 mm). b)-d)
Microstructure at the top, middle and bottom of the sample respectively. Taken from
[13].
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