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ABSTRACT

The main objective of the current thesis is to optimise direct energy deposition (DED)
process parameters to fabricate parts with good mechanical and geometrical properties and
to determine the best of postprocessing heat treatment schedule in order to enhance the the
mechanical properties of the as-printed samples.

Firstly, the impact of laser-directed energy deposition (DED) process parameters and post-
deposition heat-treatment cycles on the microstructural characteristics and hardness were
evaluated for cladding AISI D2 tool steel onto annealed AISI D2 substrates. The influences
of powder feed rate, scanning speed and layer height were assessed. After laser deposition,
the DED samples were subjected to various tempering heat-treatment cycles. In addition,
the wear resistance, indentation, and scratch hardness responses were assessed to evaluate
the heat-treatment effect compared to wrought D2. It was demonstrated that the hardness
values of the DED fabricated parts were higher than an annealed wrought D2, but lower
than the air-cooled D2. Subsequent tempering of the DED printed parts resulted in a final
hardness, essentially equivalent to the air-cooled level.

Furthermore, the geometrical characteristics and surface roughness of the DED-processed
specimens were assessed. It was concluded that the use of higher laser scanning speeds
decreases both the size of single clads and the level of sample over-building. However,
there was no clear trend for powder feed rate on either single-clad size or dimensional
accuracy. Furthermore, the surface roughness was also assessed using CLSM, to evaluate
the influence of the various DED operating conditions. It was demonstrated that the amount
of partially un-melted powder particles adhered to the sample surface significantly affects
the surface roughness of the DED processed specimens.

The ability to deposit overhang structures using DED was also investigated by depositing
inclined thin walls, under various process parameters and angles of inclination. The impact
of the process parameters and the angle of inclination on both angle accuracy and side
surface roughness were analysed.

These favourable findings contributed to the scientific knowledge of DED of AISI D2 tool
steel by optimising the process parameters and reducing the post-processes to obtain high
wear resistance, better dimensional accuracy, and improved surface roughness.

XV



LIST OF ABBREVIATIONS USED

Al
AISI
AM
BCC
BCT
BHN
BJ
CAD
CLSM

CNC

Dio
Dso
Doo
dpHN
DED

dT/dt

dvin

EBAM

Eutectoid temperature

American Iron and Steel Institute

Additive manufacturing

Body-centered cubic

Body-centered tetragonal

Brinell hardness number

Binder jetting

Computer-aided design

Confocal laser scanning microscope

Computer numerical control

Spot size

Indenter ball diameter

10% of the total particles are smaller than the size reported
50% of the total particles are smaller than the size reported
90% of the total particles are smaller than the size reported
Indentation diameter in Brinell hardness test

Direct energy deposition

Cooling rate

Average length of diagonals in Vickers hardness test
Energy density

Electron beam additive manufacturing

Xvi



EDS

FCC
FE-SEM
fo

G,

HAZ
HR

HS,
ICP-OES
I

L

LPBF

MEC

PSD
Sa
SDAS
SLM

SLS

Electron dispersive X-ray spectroscopy
Applied force

Powder feed rate

Face-centered cubic

Field emission scanning electron microscope
Oscillating frequency

Real temperature gradient

Heat affected zone

Rockwell hardness number

Scratch hardness

Inductively coupled plasma—optical emission spectroscopy
Beam current

Length of wear test stroke

Laser powder bed fusion

Minerals Engineering Centre
Martensite starting temperature

Laser power

Particle size distribution

Arithmetical mean height

Secondary dendrite arm spacing
Selective laser melting

Selective laser sintering

Wear test time

Xvil



TTT Time-temperature-transformation

Us Solidification rate

v Scanning speed

Vace Accelerating voltage

VHN Vickers hardness number

Vioss Wear track volume

w Scratch width

WR Wear rate

wt% Weight percent

XRD X-ray diffraction

a Ferrite

y Austenite

Ve Interfacial free energy

AG* Critical free energy barrier

4Gy Volume-free energy release

Ay Shift value (perpendicular to the scanning direction)
Az Layer thickness

Oa Inclined thin wall design angle

Om Inclined thin wall modified design angle
A2 secondary dendrite arm spacing

xviil



ACKNOWLEDGEMENTS

First and foremost, I would like to express my deepest gratitude to my supervisor, Dr Kevin
Plucknett, for his continuous guidance, patience, and motivation throughout this long
journey. I am always humbled by his modesty and sincere advice in my academic and
professional choices. Dr Plucknett taught me how to always look at the big picture before
tackling problems one at a time. I will always be honoured to be one of his students and to

have him as my mentor.

I want to thank my esteemed supervisory committee: Dr Stephen Corbin and Dr Jan

Haelssig, for their time and commitment to supervising my thesis.

My appreciation goes to my friends and colleagues who have contributed in diverse ways
to my project. I would like to express my gratitude to Dr Mark Amegadzie, Dr Greg Sweet,
Dr Addison Rayner, Dr Marciel Gaier, Zhila Russell, Owen Craig, Jon Hierlihy, Paria
Siahpour, and Danielle Griffin. Thank you for all the good times, talks, and laughs. I would

like to thank Randy Cooke, Patricia Scallion, and Peter Jones for their technical support.

All my heartfelt love and appreciation for my family. [ am eternally indebted to my parents
for their love and support throughout my life. My sister, Rana, for all the love and memories
that we share. My greatest thanks go to the person, who aided me most throughout this
journey and most appreciative to the person closest to me, my wife, Omama, for her

unremitting encouragement, approvals, acknowledgements and her love.

Finally, my son Omar, and daughters Layan and Dima, I love you and hope to make you

proud.

X1X



CHAPTER 1 INTRODUCTION

1.1 Research Significance and Aims

The additive manufacturing (AM) market is presently valued at 12.7 billion US dollars,
and the AM industry is predicted to grow to reach a value of 15.8 billion US dollars
worldwide by the end of 2025 [1]. In terms of the metals AM market value, this covers
roughly 20% of the total AM market [1]. As illustrated in Figure 1.1, directed energy
deposition (DED) is the second largest metal printing process, with a share of 16% of the
metal AM market [2]. This can be attributed to the fact that the DED process can be utilised
for fabricating high-level, precision near net shape components. In addition, DED
technology is not constrained by a proprietary substrate, so material can be deposited onto
an existing surface or to repair a worn part. This benefit arises because of the small heat-

affected zone, which leads to low distortion [3].

2% 2%

= Powder Bed Fusion = Direct Energy Deposition
= Binder Jetting Material Extrusion
B VAT Photopolymerisation ¥ Lamination

Figure 1.1 Metal AM market [2].



On the other hand, metal AM products can demonstrate a lack of dimensional accuracy
after fabrication as a result of variations in material properties, surface roughness, and/or
distorted geometry due to either residual stresses or slicing software discrepancies [4-6].
As a consequence, post-processing operations are essential after each print. These
operations, such as machining, powder removal, stress relief, surface finishing, support
structure removal, etc., were shown to account for 27.9% of an AM part fabrication cost

[1,7].

In terms of the proposed material for this research, AISI D2 tool steel is known as a strong
example of industrial cold work die steels. This can be attributed to its exceptional wear
resistance as a result of the composition including high chromium (~12 wt%) and carbon
(~1.5 wt%) contents, which allows the formation of high-hardness carbides through a
tempering step. Moreover, the high chromium content also leads to good resistance to both

oxidation at high temperatures and surface staining when hardened or polished [8,9].

As aresult, each of the aforementioned three aspects (AM market growth, the need for cost
reduction, and the industrial applications of AISI D2 tool steel) drive the need to investigate
the whole fabrication workflow of DED ‘end-to-end’. In addition, the capability of DED
to repair worn parts or cracks is highly beneficial for cold work die applications, in which
defective parts could be repaired instead of having to replace the whole system. As a
consequence, the present investigation was initiated with the DED of AISI D2 tool steel
onto substrates of the same material to produce dense parts with good surface and
geometrical quality, in order to explore the possibility of reducing the number of post-

processes to obtain parts with better mechanical properties.



1.2 Research Objectives

The main objectives of the current thesis is are identify the best DED process parameters
to produce parts with good mechanical and geometrical properties, and to assess the effects
of postprocessing heat treatments on the possible enhancement of the mechanical

properties. This objective can be divided into the following sub-objectives:

1. Generating and characterising additively manufactured structures of D2 tool steel

on like substrates using DED.

2. Selection of an optimum processing parameter window, followed by hardness,

scratch and wear testing, and microstructural analysis of the as-printed D2 samples.

3. Determining the optimal post-heat treatment schedule to obtain AM parts with
desirable mechanical properties (e.g. higher hardness and wear resistance) and

surface integrity.

4. Exploring the feasibility of reducing the number of post-processes needed to obtain
AM parts with desirable surface finish and dimensional accuracy by optimising the

process parameters.

5. Producing design strategies and simple test components with overhung structures
by minimizing the discrepancy between designed and actual deposited components.
These, in turn, can then facilitate the manufacturing of hollow structures using

DED.



1.3 Thesis Outline

This thesis divided into eight chapters, which combine all the goals and objectives of the

research.

Chapter I provides an outline of the thesis chapter contents and how the overall document
is structured. It also includes the objectives, significance, and contributions made by the
author to the present research relating to DED-processed D2 tool steel. Furthermore, this
chapter illustrates the main contributing information to this field of research which is to
provide optimized system parameters using relevant DED equipment and laser technology,
in order to print D2 tool steel samples with preferred material properties that provide the
utmost usage in the industrial application, such as high hardness and wear-resistant D2

additively manufactured components.

Chapter 2 presents a literature review of relevant background information. The first section
of this chapter illustrates the DED process, including a description of the method in
addition to the advantages and drawbacks of the DED process in comparison to other metal
AM techniques. It demonstrates the impact of the various process parameters on the
deposited material, such as physical properties, microstructure, and surface roughness. The
second section provides details about evaluating and enhancing different material
characteristics (e.g., hardness, wear, surface roughness, residual stresses, etc.). The third
section presents a background relating to tool steels, especially for the AISI D2 grade,
where the influence of alloying additions and heat treatment on the microstructure and

mechanical properties is reviewed.



Chapter 3 demonstrates the main experimental methodologies and types of analysis used
in this research. A detailed description for the selected DED process parameters is
illustrated. In addition, the methodologies of the pre/post-deposition examinations are

presented.

Chapter 4 presents a published journal article addressing the first two objectives through
investigating the effects of a wide range of process parameters on the microstructural
characteristics of ‘as-printed” AISI D2 tool steel. Those characteristics include
morphology, chemical composition, and phase formation. The indentation and scratch
hardness of these materials was also investigated. Furthermore, the impact of post-
deposition heat-treatment cycles on the microstructural characteristics and hardness were

evaluated.

Chapter 5 illustrates a submitted journal article that presents a study of the influence of
DED process parameters on the geometrical properties and surface roughness of AISI D2
tool steel, with the aim of addressing the third research objective. Within this context, the
impacts of laser scanning speed and powder feed rate were evaluated. The geometrical
characteristics of the DED processed clad were examined, including the size of single
clads, in addition to the dimensional accuracy of the multi-layer specimens. Furthermore,
the influence of the various DED operating conditions on surface roughness was also
assessed. To address the fourth objective, the ability to deposit overhang structures using
DED was investigated, through the deposition of inclined thin walls, conducted under

various process parameters and angles of inclination.



Chapter 6 presents a submitted journal article in which an investigation is provided of the
effects of varying the targeted layer thickness upon the microstructural, geometrical,
hardness, and wear characteristics of the as-processed AISI D2 tool steel. The
microstructural characteristics included investigating the morphology of the cross-sections
of the DED processed samples, determining the chemical composition and distribution of
alloying elements along the cross-section, and exploring the phases formed after DED
processing when applying different layer thicknesses. In addition, the Rockwell-C
indentation and scratch hardness were examined. The wear resistance of the samples was
evaluated. Finally, the surface roughness and dimensional accuracy were assessed. It is
worth noting that the effects of layer thickness upon the DED processed characteristics are
presented in a single chapter due to the significant impact of layer thickness upon the
heating/cooling cycles, which is one of the main parameters in determining the material

behaviour.

Chapter 7 demonstrates a comparison between the wear resistance of as-printed AISI D2
tool steel to wrought D2 tool steel subjected to different heat treatment schedules. In order
to evaluate the tribological properties, the specific wear rate determined, such that the
relationship between the wear rate and the wear test duration could be assessed. In addition,
the findings were subsequently explained with respect to the microstructural and

microscopic analysis of the wear scars.

Chapter 8 provides a summary of the main research findings and accomplishments from

the thesis, as well as recommendations for future work related to this research topic.

The research demonstrated in this thesis was conducted from May 2019 to December 2022.

All of the sample preparation, materials characterization, data collection, and draft



manuscript preparation (for journal and conference articles) was completed by the thesis
author, unless otherwise stated, operating under the guidance of the PhD supervisor Dr

Kevin Plucknett.

Others acknowledged contributions included the construction of the G-code and preparing
the DED system, performed by the relevant technicians at Dalhousie University.
Inductively coupled plasma optical emission spectroscopy (ICP-OES) analyses were
conducted by the Minerals Engineering Centre (MEC) staff at Dalhousie University. Any
major metal working was performed by the machinists at Dalhousie University to produce

samples (e.g., substrates, cross-sectioned and/or wrought D2 samples).



CHAPTER 2 LITERATURE REVIEW

2.1 General Additive Manufacturing Process Information

Additive manufacturing (AM) is defined as the process where materials are joined, usually
layer-by-layer, to form parts from 3D computer models [10]. In AM, the final product is
fabricated by adding materials, dissimilar to the traditional manufacturing processes such
as stamping and machining in which the final shape is created by subtracting materials
from larger sheet metal or stock [11]. AM was also more traditionally known as freeform

fabrication and rapid prototyping [12].

AM processes have many advantages, compared to traditional manufacturing techniques.
Firstly, AM does not typically require additional resources such as fixtures, jigs, coolants,
and cutting tools, which are needed in traditional manufacturing processes. In addition,
AM provides high production flexibility, due to the independence of the product quality
on labour skills. Furthermore, AM processes have high part flexibility, because a single
part can be built with variable mechanical properties; for example, flexible on one side and
stiff on the other side. Due to the absence of tooling limitations, complex parts can be
fabricated in a single piece. Additionally, there is no need to remove large amounts of
material in AM, dissimilar to conventional manufacturing processes, because raw materials
are efficiently used in AM processes by creating the part layer upon layer, with the profile
of each deposited layer corresponding closely to that ‘slice’ from the computer design file.
As a result of the aforementioned advantages, AM demonstrates a positive prospect as a
strong candidate for medical, automotive, and aerospace applications. Figure 2.1 illustrates

various applications for AM processes [13-15].
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Figure 2.1 Some of the major applications of AM [1].

In contrast, when making comparison to conventional manufacturing processes, AM is not
the best candidate for some cases, specifically in the field of mass production due to some
clear disadvantages. Firstly, imperfection is one of the primary drawbacks of AM processes
because parts fabricated by AM usually have a ribbed and rough surface finish, which is
attributed to the large-sized powder particles and plastic beads that are stacked on the
surface of the product. In addition, materials used in AM are still limited because a specific
material formulation is required for each AM technology; in this respect, a source of
carefully formulated feedstocks are needed for each material. Size limitations are also some
of the main disadvantages of AM, although this does depend largely on the technique used,
as the size of parts produced by AM is still limited because the time needed to finish the

construction process can often be very long. Additionally, AM equipment is generally



much more expensive per unit of production than that used for more traditional

manufacturing processes [16-18].

2.2 Additive Manufacturing Technologies

Different methods are used to build and combine material layers in various AM processes.
Laser or electron beams are used in some methods as a source of thermal energy, to melt
or sinter plastic, metal, or even ceramic powders. In other processes, notably binder jet
printing, injection printing heads are used in order to spray solvent or binder materials onto
powdered polymers or ceramics. Figure 2.2 briefly illustrates the main AM processes [19-
21]. In this work, our main focus is on powder-based AM processes, especially DED

(referred to in Figure 2.2 as direct metal deposition (DMD)).

Additive

Manufacturing
processes

|
f

quuld
Based

1
Electron

Laminated Direct s .
Object Laser Metal Laser Beam Binder W Stereolithography
Manufacturing il Melting Ml Deposition [f§ Sintering Melting T‘Egl;;o (SL)
(LOM) SLM (DMD) (EBM)

e

L-L--L--

Figure 2.2 A summary of common AM technologies [21].
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2.2.1 Laser Powder Bed Fusion

Laser powder bed fusion (LPBF) is one of the powder-based AM techniques where dense
metallic parts are produced by selectively scanning a powder bed with a focused laser
beam, which melts or sinters the powder. LPBF can be classified into two techniques, based
on the level of powder heating. LPBF is called selective laser melting (SLM) when the
powder is heated to more than its melting point. While, in the case of heating the powder
to just under the melting point (sintering temperature), LPBF is described as selective laser

sintering (SLS). A schematic diagram of the LPBF process is presented in Figure 2.3 [22].

One of the main advantages of using LPBF over the other AM techniques is that the un-
melted powder from previous layers acts as a support to any overhanging geometry.
Furthermore, it can be used with a very wide range of materials. On the other hand, part
distortion is a common problem, for LPBF-manufactured components, due to the shrinkage
of the build material. In addition, the LPBF process consumes a lot of time to construct the
part, while LPBF cannot be used to produce closed-hollow geometries as the loose powder

will become entrapped [23].
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Figure 2.3 Schematic diagram of the LPB process [22].
2.2.2 Electron Beam Additive Manufacturing

Electron beam additive manufacturing (EBAM) can also be classified as a powder-based
AM process. In EBAM, the powder bed is scanned and heated layer-by-layer using a
focused, high-power beam of electrons. Figure 2.4 shows a schematic diagram for the
EBAM process [24]. Although both EBAM and LPBF are powder-bed AM techniques,
there are some differences between them. For instance, the heating source for LPBF and

EBAM is laser spot and electrostatic charge, respectively. Another difference between

12



them is that a high vacuum is used in EBAM instead of inert gas in LPBF. Table 2.1 lists

some of the main differences between EBAM and LPBF [25].

Table 2.1 Comparison between EBAM and LPBF [25].

Characteristics EBAM LPBF
Thermal source Electron beam Laser
Atmosphere Vacuum Inert gas
Scanning Deflection coil Galvanometer
Energy absorption Conductivity Absorptivity
Scan speeds Magnetically driven, very fast Limited by galvanometer inertia
Powder heating Electron beam Use infrared or resistive heaters
Surface finish Moderate to poor Excellent to moderate
Materials Metals (conductor) Polymers, metals and ceramics
;‘;Vder particle Medium Fine
Energy costs Moderate High

Filament

Grid Cup
Anod

Focus coil ——— .

Deflection coil

[i=s]
Electron Beam
Powder Container

Vacuum Chamber

Building Table %

Figure 2.4 Schematic diagram of the EBAM process [24].
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EBAM has many advantages compared to other AM techniques. For example, the beam
movement is nearly instantaneous. In addition, the vacuum environment helps eliminate
impurities such as oxygen. Furthermore, the high energy source is less expensive in
EBAM. On the other side, one of the disadvantages of EBAM is that the use of vacuum
strips out the alloying agents with low boiling points, such as Mn. Additionally, residual
stresses are a problem in EBAM. However, it is much lower than LPBF because of the

elevated bed temperatures [26].
2.2.3 Binder Jetting

Binder jetting (BJ) is one of the primary large scale AM techniques that is currently
available. BJ is a powder-based process where a liquid binding agent is selectively ink-
jetted into a powder bed to fabricate a metal green part. This process is followed by either
sintering or melt-infiltration, in order to pyrolyze the binder and obtain final strength and
density. While creating the green part, adhesion across the sectional layer can be developed
by forming ‘stitching primitives’ as a result of the interaction between the binder droplets
and the powder particles. In order to build the next layer, a new powder layer is spread
above the previous one, by using a counter-rotating roller. After that, both the new layer
and the previous one is stitched together, using the jetted binder. The green part
manufacturing is completed by repeating the layer-by-layer process [27]. A schematic

drawing of the BJ method is presented in Figure 2.5 [28].
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Figure 2.5 Schematic diagram of the BJ process [28].

The BJ technique has many advantages over other AM processes. Firstly, there are no
residual stresses in the manufactured part, due to the absence of rapid heating or cooling
of a molten pool of material; in BJ processing, the 3D components are shaped in a layer
wise manner through the directed application of the binder. In addition, in contrast with
laser-heated AM processes, BJ is readily able to process highly reflective materials, such
as copper. On the other hand, the required additional post-processing, to improve the
mechanical strength of the printed green parts, is one of the main disadvantages of BJ. In
addition, BJ is limited to the use of moderately fine packed powders due to the difficulty
of spreading ultra-fine powders, where powder agglomeration due to humidity can cause
defects in the green part [29], while ultra-fine powders also tend to ‘plume’ in the BJ

system.
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2.2.4 Direct Energy Deposition

One AM approach, in which a computer-aided design (CAD) model could be used to
directly fabricate fully dense metal parts, is referred to as directed energy deposition, or
DED [30-33]. In the 1980s, during the epoch of welding technology based AM, the
establishment of the primary theories of DED was fueled by the need for the refurbishing
of metallic components [34]. For instance, one of the pioneering techniques was patented
by Mehta et al. [35] whereby metallic parts could be repaired by a combined system of
blown powder, with a laser beam as a heating source. Nowadays, the DED process can be
summarised as: a small melt pool of metal being generated as a result of heating a metallic
substrate with the aid of a laser beam, while a fine powder stream is deposited into the
molten pool, using a powder delivery system. An associated computer numerical control
(CNC) is used to drive the laser beam over the desired path to generate a single 2-D layer.
Then, the subsequent deposition of layers, one onto another (i.e., layer-by-layer), creates a
3D part [36]. Furthermore, DED is also often known as laser coating [37,38], laser
consolidation [39], laser direct casting [40], laser powder deposition [41,42], rapid
prototyping [43], solid free-form fabrication [44], etc. Figure 2.6 illustrates a schematic

diagram of the DED process [45].
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Figure 2.6 Schematic diagram of the DED process [45].

The DED approach possesses several benefits in comparison to other AM techniques. One
of the main advantages is that high-value tooling can be conserved instead of having to be
substituted with a new part, using DED to repair corroding or critical contacting (i.e.,
tribological) surfaces [46,47]. Additionally, DED can be utilised to build components with
hidden channels, thin walls, or deep cavities, since there are very few restrictions for the
geometry of the fabricated parts [16,25]. However, one of the principal drawbacks of DED
is that the rapid heating-cooling cycles leads to residual stresses, which can result in
cracking or failure of the fabricated component [48-50]. A further disadvantage is that the
quality of the manufactured part is inadequately reproducible, due to the extraordinary
sensitivity of the deposited material quality to any minor variations or disturbances in the
operating process parameters, (e.g., laser power, powder feed rate, scanning speed, etc.)

[51].

17



2.3 DED Process Parameters

Some AM system are pre-programmed by the machine vendors with optimum process
parameters for a select range of materials. Typically, in DED, the proper process
parameters must be identified by the users for their specific materials and applications,
largely because the DED systems are delivered as a flexible platform. The DED process
parameters can be classified into three categories: laser scanning, powder, and substrate.
The laser scanning parameters include the laser power, laser scanning speed, spot diameter,
hatch spacing, and scanning pattern. The powder process parameters include powder feed
rate and powder characteristics. Finally, substrate preheating and the method of fixation

are examples of substrate process parameters.
2.3.1 Laser Scanning Parameters

e Laser Power

Laser power is possibly the most essential parameter in the DED system since the power
input determines if the powder particles are fully melted or just sintered. It is worth noting
that the indication of laser power value is profoundly dependent on the chemistry of the
feedstock. One of the common methods to determine the laser power is referred to as the

energy density, as illustrated in Equation 2.1:

E=—
vd

Equation 2.1: Laser beam energy density [52].

where P refers to the laser power (W), v represents the scan speed (mm/s), and d is the spot
size (mm). This equation demonstrates that the energy density is increased by either

increasing the laser power or decreasing the laser scanning speed, while the spot size is
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usually a fixed value. If the energy density is too high, it leads to excessive dilution of the
substrate into the cladding and vice versa. Whereas too low of an energy density results in
a lack of fusion [53]. Furthermore, the laser power greatly affects the width of the deposited
layer. The use of higher laser power results in a wider depositing layer. This can be
attributed to the fusion of more powder during melting [53]. The surface finish of the
fabricated part is also profoundly dependent upon the power input. Furthermore, the
amount of energy input dominates the cooling with scanning parameters contributing to
this as well. It is also essential to consider the laser operational mode (i.e., pulsed or
continuous). For the pulsed mode, rapid heating and cooling take place due to the laser
being turned on and off which, in turn, results in a more refined microstructure [54]. On
the other hand, the use of continuous laser mode causes a minimal increase in hardness
[54]. Additionally, it is required to add laser cooling systems when using powers above 4
kW since, at these high temperatures, the optics and the nozzle can be damaged or distorted

due to the possibility of powder clogging [55].

e Scanning Speed

As previously mentioned, the laser scanning speed affects the energy density, since the
increase in speed causes a decrease in energy density. This consequently results in higher
cooling rates and melt pool shrinkage [25]. However, from the economical point of view,
it is better to use faster scanning speeds in order to reduce the print time; the use of high
scanning speeds can lead to molten pool distortion, porosity, and dimensional issues. On
the other hand, a slower scanning speed leads to the build-up of heat, which results in
tempering of the lower deposited layers [53]. Additionally, the shape of the melt pool is

strongly impacted by laser scanning speed. The use of higher scanning speed leads to
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alteration in the molten pool shape from an elliptical to a teardrop shape [56]. As a result,
large temperature gradients are created which affect the direction of growth. That may lead

to higher residual stresses [57].

o Spot Size

The spot diameter refers to the area where the laser beam focuses on the substrate at an
instant in time, which is invariably indicated by a diameter measurement. The spot size
affects the quality of the manufactured part. A larger diameter results in a lowering of the
printed resolution of the part and a rougher surface finish. In addition, a smaller spot size
results in more localised heating, which could lead to the burning and evaporation of
powder [58]. Furthermore, mirrors and lenses are utilised to focus the laser beam onto the
substrate. When using higher power, it is necessary to use a cooling system to mitigate the

effect of thermal lensing, which causes a change in the beam shape [58].

e Hatch Spacing

The deposition path followed by the laser typically covers multiple parallel lines, and the
offset between the center of each track is known as the hatch spacing [23]. In order to
accomplish bonding and densification, it is required to overlap the lines [25]. Therefore,
the hatch spacing is often less than the beam diameter [52]. As illustrated in Figure 2.7, the
ideal hatch spacing is determined in the case of having excess powder to fill the gap
between the two tracks. That condition is obtained when the overlap area (A2) is equal to
the negative space Al. However, any variation in melt pool size or shape could lead to a

change in the hatch spacing [57].
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Figure 2.7 Ideal hatch spacing for the DED process, adapted from [59].

e Scanning Pattern

The scanning pattern represents the specific beam paths that are followed to deposit the
part. The orientation of subsequent layers is changed at 30°, 45°, 90° or randomly to help
alleviate the generation of residual stresses in the manufactured part. In addition, the
change in successive layer orientation prevents the excess powder from levelling, thus

enhancing the surface finish [25].
2.3.2 Powder Parameters

e Powder Layer Height

Similar to the majority of the DED operating parameters, the layer height is profoundly
impacted by laser power, scanning speed, powder feed rate and spot diameter. For instance,
the layer height is increased by increasing either the powder feed rate or laser power [53].
Whereas the use of higher scanning speeds leads to lower layer thickness [58].
Furthermore, the build time, dimensional accuracy and surface finish are influenced by
layer height, since a faster build time could be achieved by using higher layer thickness.

However, the fabricated part could be under-built. This can arise because the rate of raising
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the nozzle is faster than the rate the material is consolidated. On the other hand, setting of
thin layer heights results in overbuilt parts due to the deposition of more consolidated

material [53].

e Powder Characteristics

It is crucial to ensure good flow properties of the powder used in the DED process. In
regard to powder flowability, it was reported that spherical powder particles are the most
prefered shape [55]. The powder shape significantly affects the layer height and melt pool
temperature. Furthermore, the method of powder atomisation impacts the DED process
characteristics. For example, due to the irregularity of shape for water-atomised powder,
more laser energy is scattered than when a more spherical gas-atomised powder is used,
which leads to more melting [60]. Another effect is that, at higher powder feed rates, more
powder particles are deposited in the case of using gas-atomised particles than water-
atomised ones. This can be attributed to the fact that the shape of the water-atomised
particles is irregular, in addition to the fact that the particles are locking together which

reduces the flowability, in contrast with gas-atomised powders [60].
2.3.3 Substrate Temperature Parameters

e Preheating

Depending on the DED system, the powder and substrate may be preheated, which is
invariably beneficial for the properties of the manufactured part. The first advantage is to
conserve the energy required for fusion by reducing the amount of laser power needed for
melting the powder. A further benefit is that residual stresses and warping could be reduced

by preheating [25]. This arises because of the change in cooling rates and temperature
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gradients, depending on the extent of the substrate pre-heating [61]. Furthermore, better
bonding is more likely to be accomplished by preheating the substrate, in comparison to

DED on a cold substrate which results in the formation of cracks [62].

o Atmosphere and Shielding Gas

Since oxidation could lead to defects in the DED processed parts and poor bonding between
individual layers, especially when depositing reactive material, the enclosure atmosphere
is strictly controlled. Therefore, the oxygen level is controlled to be around 100 ppm by
using an inert gas purge in a vacuum. Additionally, an inert shielding gas is utilised to
deliver the powder. This leads to a higher convection rate and lower solidification time.
Argon and helium are the most common inert gases used with a powder feedstock. It is
worth noting that the shielding gas flow rate profoundly impacts the level of porosity in
the manufacturing part; at higher shielding gas flow rates, the powder could be blown

away, or the gases could become entrapped, which results in porosity in either case [25].

2.4 Printing Characteristics

In DED, the deposited material experiences several extreme conditions, because of the
interrelated system parameters, in comparison to conventional casting methods. As a result,
it is critical to control the molten pool, which can be tailored to achieve preferred final
product properties. In addition, the cyclic heating arising in AM, which is a layer-by-layer
process, is another printing characteristic required to be analysed. This is due to the fact
that cyclic heating of the previously printed layers significantly impacts the microstructure,

phases, properties, and surface finish.
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2.4.1 Melt Pool Size

In the DED process, the deposition of a precise amount of material onto the substrate, while
the laser beam focuses on the same spot, leads to the formation of a small melt pool (with
an average diameter and depth of 0.25-1 mm, 0.1-0.5 mm, respectively) [63]. The
immediate melt pool volume rapidly solidifies right after the movement of the laser beam
past its location; at high scanning speeds, considering material properties and the other
DED process parameters, the solidification rate could be as high as 103-10° °C/s [25].
Consequently, the process can result in the formation of distinctive phases or morphologies
in contrast with those found under conventional manufacturing methods [25]. Increasing
the energy density leads to slower cooling rates, which in turn causes refining in the
microstructure to be similar to the casting case [25]. Therefore, there are innovative DED
systems in which new sensing and monitoring equipment is used to control the melt pool
size, by controlling the delivery of the feed. This can alleviate the inconsistency between

parts, which minimises material wastage and part defects [63].
2.4.2 Thermal History

Due to the layer-by-layer deposition technique, complex thermal cycles are generated
during the DED process [25], as the movement of the laser beam results in severe variations
in heat build-up and cooling rates. In thin walls, the heat dissipation rate is too slow, which
can therefore result in a higher build up in temperature. In addition, the deposition of new
layers influences the previously deposited layers by causing their remelting or reheating,
potential phase transformations, and/or the formation of complex microstructures [63]. It
is also important to note that the aforementioned changes could be occurring together

within the same part, which leads to anisotropic properties [25]. In consequence, warping
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and crack formation could be caused by the propagated residual stresses due to the
complicated thermal history [10]. Therefore, restricted control over the residual stresses,
deposited microstructure, and phase transformations is a major problem for DED
technology. Hence, the consistency and quality of DED process could be achieved by
understanding the propagation of the aforementioned challenges, which results in broader

adoption in industrial applications [25].

2.5 DED Product Quality
This section illustrates the desired mechanical characteristics of the parts manufactured by
DED. Such characteristics include hardness, wear resistance, surface roughness, and

residual stresses.
2.5.1 Hardness

There are plenty of definitions for hardness, depending on the field. For instance,
metallurgists define hardness as ‘resistance to penetration’, or sometimes the ‘resistance to
permanent deformation’. In contrast, lubrication engineers describe it as ‘resistance to
wear’. Moreover, machinists refer to it as a ‘resistance to machining’. All of these

properties are correlated to the plastic flow stress of materials [64].

o Common concept of hardness testing

Since hardness is generally described as material resistance to permanent indentation, the
main concept of hardness testing is to apply a specific load, through an indenter tip of
known geometry, onto the surface of the material being examined, with the applied load
then held for a specific time. The size or depth of the residual indentation is then measured

to determine the material hardness, which is used to indicate the ability to utilise the
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material for specific applications. Thanks to the ease of conducting a hardness test, it is

considered one of the most common methods for the inspection of metals and alloys.

e [ndentation Tests.

In indentation tests, the amount of plastic deformation in the material is used to assess the
material hardness, which can be determined by measuring the indentation area and/or
depth, depending on the test type. Greater penetration depth and projected area are

consequently found in softer materials.
o Brinell Test

The Brinell test involves applying a force onto the surface of the examined material using
a hardened steel ball. The selection of suitable load and ball diameter is significantly
impacted by the hardness of the material being evaluated. For example, a ball with a
diameter of 10 mm and a load of 3,000 kgf is used with cast irons. While a 500 kgf load is
used for softer materials. Combinations of various loads and ball diameters could be used
in Brinell hardness testing while keeping a constant load to square diameter ratio (5 and 30
for soft metals, and steels and cast irons, respectively). The Brinell hardness number (BHN)
could then be determined, in kgf/mm? by applying Equation 2.2, where F refers to applied
force in kgf, D represents the diameter of the indenter ball in mm, and d is the indentation

diameter in mm [64].

F

D [D - /DT =3,y

BHN =

Equation 2.2: Calculation of the Brinell hardness number.
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o Vickers hardness Test

Similar to the Brinell hardness test, the Vickers hardness test involves application of a
specific force onto the surface for a fixed duration. However, a diamond pyramid with a
square base is used as the indenter geometry instead of ball (for the Brinell test). This
method is valid for numerous metals and alloys, as well as ceramics, with a wide hardness
range as a result of the intrinsic hardness and shape of the diamond indenter. A wide range
of test loads (i.e., 1-120 kgf, depending on the material hardness) can be used in the Vickers
method. In addition, it can be utilised for micro-hardness testing, when keeping the applied
loads between 0.005 to 2 kgf on the Vickers scale. Equation 2.3 demonstrates the relation
used for obtaining the Vickers hardness number (VHN), in which F refers to the applied

force, in kgf, and d is the average length of diagonals, in mm [65].

1.8544F
VHN = ——

dIZ/H N
Equation 2.3: Calculation of the Vickers hardness number.

o Rockwell Test

In the Rockwell test, there are two types of indenters. A diamond cone indenter is used
with hard materials. Whereas a hardened steel ball, with sizes of (1/16”) or (1/2”), is used
in testing the hardness of softer materials. The difference between the Rockwell hardness
test and the aforementioned Brinell and Vickers hardness tests is that the Rockwell
hardness is determined by measuring the depth of the indentation, instead of the indentation
size, as shown schematically in Figure 2.8. Therefore, the accuracy of Rockwell testing is

critically dependent upon the sample surface conditions, due to the dependency of the
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indentation depth measurements on the surface conditions. In consequence, to minimise
the surface condition effect, a minor load of 10 kgf is first applied to establish a reference
position. After that, the major load is applied, according to the Rockwell hardness scale, as
presented in Table 2.2. Then, the value of the Rockwell hardness number is determined
following Equation 2.4, where HR is the Rockwell hardness number, £ is the indentation
depth as a result of applying the total load (major plus minor loads), and e refers to the
indentation depth after releasing the major load. It is worth noting that the Rockwell

hardness number is worthless without specifying the scale [64].
HR =E —e

Equation 2.4: Calculation of the Rockwell hardness number.

A B c
Minor load FO o Minor load Fo

plus
Major load F1 = Total load F

Figure 2.8 Schematic diagram for measuring penetration depth in the Rockwell test [65].
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Table 2.2 Commonly used Rockwell hardness scales [65].

Indenter Major Total Load Applications
load F (kgf)
F1 (kgf)
A Diamond cone 50 60 Cemented carbides, thin steel, shallow case-
hardened steel
B 1/16” steel ball 90 100 Copper alloys, soft steels, aluminum alloys,
malleable iron
C Diamond cone 140 150 Steel, hard cast irons, pearlitic malleable
iron, titanium, deep case-hardened steels
D Diamond cone 90 100 Thin steel and medium case-hardened steel,
pearlitic malleable iron
E 1/8” steel ball 90 100 Cast iron, aluminum and magnesium alloys,
bearing metals
F 1/16” steel ball 50 60 Annealed copper alloys, thin, soft sheet
metals
G 1/16” steel ball 140 150 Malleable irons, copper-nickel-zinc and

cupro-nickel alloys

2.5.2 Wear Resistance

The study of wear, known as tribology, is a complex process that is constantly being

updated. The wear of materials is a problem facing many industries, whether known or

unknown. The study of tribology gained greater popularity after the Second World War

and is still not fully established compared to other fields of science [66]. Steels are the most

common family of materials for tribological applications due to the flexibility of alloying

and mechanical properties that can be attained [67]. Generally, there are three stages of

wear: (1) a running-in period, (ii) a steady-state period, and (iii) a failure period. During the

running-in period, the wear rate depends upon the materials microstructure, mechanical

properties, and surface conditions. Next, the wear rate undergoes a steady-state increase

and then, finally, the material fails [67]. The type of wear can change depending on several

29



factors, such as the environment, applied forces, speeds, and the material(s) in contact.
Significant changes to the wear mechanism(s) depend on the sliding distance and velocity
change, as presented in Figure 2.9. If the sliding time is increased, then the mechanical
strength and interfacial adhesion determine the wear mechanisms. If the load is increased,
then damage will occur. Further increase of load and sliding will cause heating to decrease
the mechanical strength, potentially forming oxide layers, and can lead to phase changes.
At very high speeds and distances, there may even be surface melting. This type of wear
behavior is similar for all grades of steel [67]. Generally, the worn surface of mild wear

can be classified as smooth. Whereas, for severe wear, the worn surface is rough and deeply

damaged [67].

Heavy mechanical
damage
V' N

High interface
temperature
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Low interface
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v
Slight mechanical
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v
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Figure 2.9 Schematic of how sliding velocity and normal load influence wear [67].
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o Types of Wear

The friction that is generated between the sliding surfaces will result in heat being
produced. This heat buildup can be significant, especially at higher sliding speeds, and can
influence the wear mechanisms. This heat is mainly removed from the asperities (actual
contact areas of the surfaces) and can result in a rapid rise in temperature [66]. This
localized heating causes thermal expansion, and a small section of the material elevates
and is known as a ‘thermal mound’. Since most conditions are difficult to measure during
the experiment the worn surface can only be analyzed by the wear particles and worn
surface itself [66]. Wear is a complicated form of damage and different conditions produce
vastly different types of worn surface. The standard wear experimental set up, regardless
of the type of wear mechanism, usually involves a stationary substrate with a moving
counter surface. A brief outline of the common types of wear is provided in the following

sections.
o Abrasive Wear

Abrasion is when hard particles are forced into and moved along a surface, which then
roughen or scratch the surface [66]. During abrasive wear, material is removed from the
surface due to the hard particles moving across under a force. These particles can either be
loose or can come from the other surface which is in contact with the abraded surface [68].
Abrasive wear testing follows the ASTM Standard G65, which involves using a stream of
dry quartz sand passing between a rotating rubber wheel and the specimen under a specified
normal force [68]. Abrasive wear can be categorized by four types of mechanisms: cutting,
fracture, fatigue by repeated ploughing, and grain pull-out [66]. Cutting occurs when the

particle is harder than the surface. This can be determined easily with microscopy,
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especially scanning electron microscopy (SEM). This cutting mechanism is similar to the
orthogonal cutting model, but on a much smaller scale, and is referred to as micro-cutting.
The shape of the particle will influence the type of cutting mechanism; rough, angular
debris particles will have more cutting edges than ones that are rounded [66]. Below the
cut surface, significant plastic deformation occurs, leading to strain hardening. Fracture is
common in ceramics which are more brittle and lead to cracking. When the surface is
ductile, with constant abrasion from rounded particles, cutting is unlikely to occur, rather
the surface is deformed which results in fatigue. Grain pull-out is typically associated with
ceramics due to the weak boundary between the grains. The removed grain then become
pieces of wear debris, and can also cause further damage, being the ‘third-body’ in a three-
body wear scenario (Figure 2.10). Dry sliding is when there is no lubricant or moisture
introduced to the contact area. Higher loads will increase the wear rate [69]. There are two
modes of abrasive wear, as demonstrated in Figure 2.10. These modes of abrasion wear are
reviewed in more detail in prior studies [66,70]. Two-body wear is presented in Figure
2.10(a), in which hard particles are rigidly held and pass over the surface with a more
consistent wear pattern on the worn surface. While three-body wear is illustrated in Figure
2.10(b), in which the particles are free to move and slide over the surface, resulting in a

more random wear pattern on the worn surface.
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Figure 2.10 Schematic representations of: (a) Two-body, and (b) three-body abrasive wear

mechanisms [66].

Abrasive wear resistance is generally recognized as being more common in hard materials
but this is not always the case. In steels, the abrasion resistance is determined by the relative
proportions of martensite, austenite, bainite, pearlite, ferrite, and carbides [66]. Austenite
and bainite have better wear resistance than martensite, when dealing with hard particles,
because they have greater ductility and toughness which helps resist micro cutting and
fracture. Alloy carbides significantly improve the abrasion resistance of steels and result
in their high hardness [66]. There also is evidence that the wear resistance exhibits a linear
dependence with the hardness [71]. For steels, it appears that in an abrasive setting, the
wear rate is determined by the hardness and toughness of the material [72]. Hard coatings
are an attractive choice because they use a small amount of material in a thin surface layer,
allowing for more expensive materials to be used. Desired wear properties in sliding wear

are not the same as in erosion wear [73]. This is due to:
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e In sliding wear, the hard carbides provide a hard-wearing surface that can support
the deformation. Whereas, in erosion, there are constant impacts that can damage
the unreinforced matrix. As the matrix is damaged further, it has a harder time

retaining the reinforcing particles.

e In sliding wear, ceramic materials cause a reduction in the coefficient of friction
and help with the surface and further reduce material loss. No such reduction is

available for erosion wear.

In softer materials, micro ploughing was observed versus micro cutting [74]. Samples can
also work harden, leading to better wear resistance but also stress induced phase changes

likely occur from the retained austenite transforming to martensite [74].
o Erosion Wear

Erosion wear is similar to abrasion but the particles impact the surface [66]. ASTM
Standard G76 is used for erosion testing, which 34tilizes hard particles suspended in a
liquid that impacts the surface of the studied material. This type of wear is commonly seen
in gas turbine blades when an aircraft flies through dust or in slurry pump systems on the
impeller [66]. Erosion wear encompasses several damage mechanisms, which include:
abrasion at low impact angles, surface fatigue during low speed, high impingement angle
impact, brittle fracture or multiple plastic deformations during medium speed, large
impingement angle impact, surface melting at high impact speeds, and macroscopic
erosion with secondary effects [66]. A low angle impact favors a damage mechanism
similar to abrasion, because the particle tends to go across the surface at a shallow

impingement angle. High angle impacts are more typical of erosion. The speed of the
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particle is a critical parameter to consider because if the impact speeds are low, it favors
surface fatigue. If the speed of the particle is high, brittle fracture or fragmentation is more
common. Depending on whether the evaluated material is ductile or brittle, the
impingement angle has a crucial role in the wear rate. Figure 2.11 is a simple schematic
that shows the relationship between the impingement angle and wear rate of ductile and
brittle material. An impingement angle of zero is negligible because the particle does not
impact the surface. At relatively small impingement angles severe wear can occur if the
particle is hard and the surface is soft. For brittle materials, severe wear by fragmentation

can occur, reaching a maximum at ~90°.

Wear rate

Brittle
Material

Ductile
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Impingement angle (a)

Figure 2.11 Schematic of the wear rate as a function of the impingement angle for both

ductile and brittle materials

The size of the particle also determines the erosive wear rate. For steels, if the particle is
small it will experience a higher wear rate at lower impingement angles. If the particle is

larger, steel has better erosion resistance across all impingement angles [66]. Another
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factor to consider about erosion wear is the particle flux. As the particle flux increases, the
wear rate increases until a limit is reached because the particles begin to interact with each
other [66]. Erosion wear can be influenced by temperature, once it reaches 600°C, which
is the softening point of most steels. The best erosion wear resistance for steels differs from
abrasion resistance and requires good toughness and hardness. If the steel is experiencing

erosion, ductility should be prioritized over the hardness [66].
o Adhesive Wear

Adhesive wear can be very severe and is typically characterized by high wear rates and a
large unstable coefficient of friction [66]. This is common when a material of higher
hardness encounters a softer material and material transfer occurs. Like materials have a
greater tendency to have adhesion. Asperities with sharp slope angles will fail in
competition with asperities having small slope angles [66]. The material properties will
influence how the asperity breaks. In brittle materials, the break is clean with little
deformation and produces fewer wear particles compared to ductile materials [66]. When
the material transfers, it is usually smaller than the wear debris but has been significantly
work hardened, resulting in ploughing that is inefficient, ultimately leading to cracking
from the high tensile stresses [66]. This can be seen by the appearance of coarse grooves
on the worn surface of the softer material. To help reduce adhesion, a lubricant may be
added. Oxide tribofilms, which readily form on ferrous materials, act as a lubricant and
will reform if they are removed. When the oxide layer is damaged, adhesion can occur.
When selecting materials for sliding applications, like materials should be avoided. If a
poor combination of materials is selected, there is a chance they can become seized together

[66].
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o Oxidative Wear

This type of wear occurs between dry, unlubricated metals in the presence of oxygen. This
usually occurs at elevated temperatures but can also happen if the load and sliding speed
are increased, causing the frictional temperature to increase [66]. A general rule is that a
thicker oxide film will improve the wear resistance at low temperatures. If the temperature
reaches around 500°C, the iron oxide film can reach a thickness between 1 to 10 um. This
type of wear is seen in hot rolling, where the temperatures are elevated [66]. At low
temperatures, the oxide is beneficial in reducing adhesive wear, with the oxide layer being
supported by the strain-hardened substrate. However, at elevated temperatures, from the
environment or frictional heat, the thick oxide film becomes a major contributor to wear
[66]. When sliding speeds are above 1 m/s, the oxide film is readily destroyed with a rapid
increase in wear and friction. Then the oxide film rebuilds until it reaches a critical
thickness where it can no longer support the forces and fails again [66]. Fatigue can also
remove the oxide film. When the sliding speeds are below 1 m/s, the slow speeds do not
generate enough heat to form an oxide layer. As the temperature increases and there are
high stresses, oxidative wear increases. The time for the protective oxide layer to form is
reduced, instead it leads to more oxidized wear debris that eventually becomes a ‘glaze’.
This glaze is a glassy phase and spreads over the worn surface resulting in mild wear. If
the contact pressure is very high, the oxide film can fracture, which is known as ‘peeling’
[66] or spalling. Oxidative wear can transition to adhesive wear depending on the wear
conditions. When the loads are lower, oxidative wear is favored. When the load increases,
it transitions to adhesive wear Il the increased loads break the oxide film. Filally, it reaches

another transition where oxide layers are established and supported by the strain hardened
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substrate. In the case of stainless steels, the type of oxide that forms can be more beneficial,
which includes Fe304 and FeCrO. However, severe wear can occur with FeO and Cr,03,
which are more brittle [66]. At low speeds and ambient temperatures, the predominant
oxide is Fe;0s, at intermediate temperatures and speeds Fe3O4 is dominant, while at high
speeds and temperatures the dominant oxide is FeO [67]. Wear at elevated temperatures
becomes more complicated than at room temperature because of thermal softening of
materials and oxidation [66,75]. In mild wear, the wear surface is covered by oxide layers
generated by the rubbing surfaces, resulting in nanosized wear track debris. During severe
wear conditions, the contact is more established and plastic deformation of the surface

occurs with debris ranging up to several hundred micrometers [76].
o Fretting and Fatigue Wear

Fretting wear is when there is reciprocating sliding between contacting surfaces, sustained
for a long period, with a very small amplitude of sliding. Even if the sliding distance is not
that great, a significant drop in fatigue can occur along with severe wear [66]. Since the
sliding distance is very small, the wear debris generated stays between the surfaces and can
accelerate the wear degradation by abrasion. Like most wear mechanisms, an increase in
the hardness does not mean an improved fretting resistance. Rather, the amount of austenite
or martensite in the steel has a greater impact on the wear resistance. This type of wear is
typically seen where there are vibrations present such as rail wheels or components held

together with rivets [66].

Even if the surfaces are well lubricated, wear can still occur. This is caused by repeated
contact of the asperities on the surface leading to wear debris being generated from fatigue

cracks. As the surface undergoes repeated contact, it begins to become deformed and strain
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hardens [66]. As time passes, a weak point in the surface cracks and the crack propagates
down into the material. Once this crack connects back to the surface, it will generate wear
debris. Iron has