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ABSTRACT

Metal-Additive Manufacturing presents many challenges for different materials even though it is
known to shorten processing time. During metal-additive manufacturing processing, various
complex mechanisms occur during the processing and thus affect the microstructural integrity of
the material being processed. Powder composition, processing parameters and post-processing
treatments dictate the microstructural integrity and mechanical properties of the processed parts.
Materials such as cemented carbides (WC-Co) which is very common and suitable for products in
aerospace, nuclear, manufacturing, mining and military need to be carefully studied to successfully
transition from its conventional powder metallurgy processing to this novel manufacturing
technique. In this research, WC-17Co and WC-Co-hBN cemented carbides were processed using
Selective Laser Sintering (SLS) and heat treated at 400 °C, 600 °C, 800 °C and 1000 °C for 3
hours to understand the effect of processing and post-processing heat treatment on the structure
and properties of the cemented carbide. Electron microscopy and X-ray diffraction (XRD) analysis
revealed that the microstructure of the as-printed WC-17Co specimen was characterized by
relatively large poly-angular WC/W-C chips, WC-Co dendritic structures, W-C-Co phase and Co-
rich regions. WC-Co-hBN also revealed from the microstructure polyangular WC chips which
were smaller in size with no W-C phases present in the sample. During heat treatment between 0
°C to 600 °C, the large poly-angular chips in both WC-17Co and WC-Co-hBN disintegrated to
smaller poly-angular chips as a result of the conversion of the unstable W,C phase to the more
stable WC phase and the generation of W-Co-N and Co-W-B phases respectively. Heat treatment
above 600 °C resulted in the coalescence and growth of relatively large WC phase chips. There
was significant increase in hardness of the WC-17Co samples during heat treatment when
compared with the as-printed WC-17Co sample, with the sample heat-treated at 600 °C being 36%
harder than the as-printed sample due to the breakdown of poly-angular WC chips and the increase
in volume fraction and spatial distribution of the observed W-C-Co phase regions. The increase in
hardness at 600 °C was coupled with the highest fracture toughness, representing a 34% increase
in fracture toughness, when compared with the as-printed sample. The high fracture toughness is
attributed to the evolution of the ductile WsCoeC phase in the sample after heat treatment.

Nevertheless, the as-printed sample had approximately 15% higher wear resistance than the



sample heat-treated at 600 °C. In the WC-Co-hBN, the heat-treated samples had lower hardness
values compared to the as-printed WC-Co-hBN sample. However, the hardness values were 3
times higher than the hardness value of the WC-17Co sample. This was attributed to the lower
grain sizes in the WC-Co-hBN as compared to the WC-17Co samples. The wear resistance of the
WC-Co-hBN samples were much higher than the WC-17Co samples with the highest being on the
WC-Co-hBN sample heat treated at 1000 °C. It is concluded that post-processing heat treatment
of SLS printed WC-17Co alloy at 600 °C can be used to improve the structure and mechanical
properties of the alloy. And a further improvement of the wear properties and hardness of the

material can be done by adding a volume of hBN to the alloy.
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CHAPTER 1: INTRODUCTION

1.1 Background

The world is developing at a very fast rate and people expect to have their lives as simple as it can
be. Consumers expect to get the products they seek for as early as possible. Thus, a necessity is
laid on manufacturers and industrial companies to meet the desires of these consumers in order to
stay in the game. Specifically, in manufacturing companies, the need to cut down production time
of products is a very important improvement segment that is currently being studied. Newly
implemented technologies that offer improvements can be greatly appreciated by any process
chain. A process chain involves the stepwise sequence of processes that are scheduled to wait in
the background for an event. Most at times, these sequences/processes trigger a separate event that
can, in turn, start other processes in the sequence. An example may be found in the manufacturing
of a cutting insert for lathe machines. Cutting inserts are processed using a manufacturing
technology called Powder Metallurgy (PM). PM is the process of producing metallic materials and
components from powders rather than through the classical ingot metallurgy route [1]. Typically,
A die must be made in the process chain before we can go ahead and compact the product into a
green state and sinter it. Sintering of materials describes a process whereby green products
coalesce into a solid or porous mass by heating it (and usually also compressing it) without
liquefaction [2]. Other classic process chain technologies including casting, forming, welding
amongst others are still adopted for making specific parts. Nowadays, we are still used to making
machines and parts from solid blocks of raw material, and then machining away material until
desired shape is acquired. However, most of these technologies were limited in design and
production time. These challenges downgraded the versatility of the technologies. Industries and
consumers wanted to apply new design ideas and never get limited by the processing technique.
Additionally, consumers requested products to be made against a time but still, the process chain
lagged and made them not attractive again to use these technologies. All such techniques shall be
grouped together and called Conventional Manufacturing Techniques (CMT). However, since
1980s there were new manufacturing technologies being developed, that used a different approach

entirely. Those technologies are commonly named Metal-Additive manufacturing technologies



(hereinafter M-AM). The main underlying principle of all M-AM technologies, that will be listed

later, is making part by adding material, instead of removing it.

1.2 Problem Statement and Research Objectives

In this research, WC-Co cemented carbides which are processed using M-AM are to be studied.
The aim is to design a suitable process chain for producing WC-Co alloys using M-AM with
appropriate mechanical properties. This is challenging because there are currently no approved
powders for 3D printing cemented carbides such as WC-Co neither are there any 3D printers
licensed to print cemented carbides. Additionally, there are no standards that are available for
examining and qualifying printed parts. However, there is the need to evaluate the structure and
properties of these processed parts to validate its adoption. This will aid us in correlating the
processing technique to the microstructure of the alloy and thus, the mechanical properties of the
alloy. Primarily, the main objective of this study is to understand the effects of the processing
technique on the microstructure and mechanical properties of the most successfully printed WC-
Co part so far. A further development is to adopt a one-step post-processing technique to improve
the mechanical properties of the alloy including hardness, fracture toughness and wear properties.
This will serve as a guiding framework to successfully produce a part suitable for industrial
applications devoid of surface defects or other undesirable characteristics that would hinder
successful part production, using a M-AM technology and a tool grade cemented tungsten carbide
powder. Furthermore, on this main objective, the following are detailed objectives completed
towards fulfilling this main objective:

Assess the microstructural and mechanical properties of an as-printed WC-Co alloy.

Perform post processing heat treatments on the as-printed WC-Co alloy and study the
microstructural evolution and characterize the mechanical properties (hardness, fracture toughness
and wear).

Fabricate a new cemented carbide with hBN to give optimized properties.

Assess the microstructural and mechanical properties of the new cemented carbide with self

lubricating properties.



Perform post processing heat treatments on the as-printed new cemented carbide and study the
microstructural evolution and characterize the mechanical properties (hardness, fracture toughness

and wear).

1.3 Research Methodology

Material powders and processing parameters of a recent study will be adopted for this research
[3,4.] Powders will be acquired for processing on the EOS M280. EOS M280 is certified for
processing customized powders using selective laser melting/sintering. Fabricated samples will be
subjected to material and mechanical characterisation. This can be done by using advanced
microscopy including Scanning Electron Microscopy (TESCAN VEGA 3) and mechanical testing
techniques (hardness, fracture toughness and wear) to effectively understand the processing
technique on the microstructure of the material. Information derived will be used to redevelop the
process chain design which will aid in obtaining a better and suitable fabricated part for direct
applications. In addition to the microscopy, chemical analysis will be adopted to understand
chemical composition and phases distribution in the material. This will be done by adopting X-
Ray diffractometer (Philips XRD) and the EDS component of TESCAN VEGA 3. With regards
to the mechanical characterisation, hardness will be done by using a digital Vickers hardness
testing machine. Fracture toughness test will be done using the indentation method. This method
employs indentation cracks emanating from an indent done on the sample to estimate the fracture
toughness. Using a macro Vickers testing machine and Carl Zeiss Optical microscope, the indent
with cracks can be easily analysed for these samples. Wear tests were done using a Bruker UMT
Tribolab. The mass of the sample before and after wear test was measured to determine wear loss
using a high precision mechanical weighing balance. Using an alumina ball as counter body, the
samples was oscillated on a linear axis terming it as a reciprocating wear test. Post processing heat
treatment will be adopted to improve the mechanical properties of the printed sample. The same
mechanical and microscopy analysis shall be carried out on the heat-treated samples to easily
compare with the as-printed samples. The next goal is to use this manufacturing process along
with the details of this present study to produce a new WC-Co material with a percentage of
hexagonal Boron Nitride(hBN). This is done to help improve the wear properties of the material

since hBN is known to possess great lubricating properties when in service comprising of contact
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loading and friction wear. This will be a novel material for cemented carbides to have better
properties for same applications that WC-Co is used for. Extensive alloy design and parametric
studies would be done to successfully print a sample and a similar characterisation testing plan
shall be done. This will include the post-processing heat treatment which is needed to improve the
mechanical properties right after printing and the material and mechanical characterisation

(hardness, fracture toughness and wear).

1.4 Summary of Findings

The summary was built from the relationship that the processing has on the microstructure and
how this microstructure dictates the properties of the material. This section shall point out the
important microstructural and mechanical characteristics of both materials and clearly define a

conclusion for the scope of research. The summary has been defined below:

In the WC-17Co as-printed sample, four distinct microstructural features which included regular
and irregular WC polyangular chips, W-C-Co phase dendritic structures, W-C-Co “foggy”
(shapeless) regions and cobalt-rich background regions were observed. This was attributed to the
repeated thermal cycles, large temperature gradients and relatively high cooling rates during
solidification. The X-ray diffraction analysis showed that the as-printed specimen was made up of
W3Co3C, W>Co4C, W-C and the hexagonal WC phases.

. After heat treatment of the as-printed WC-17Co sample at 400 °C, there was an increase in the
number of regular polyangular chips with reduced size as a result of decomposition of the unstable
W.C phase chips to the more stable WC chips. The X-ray diffraction analysis identified no new
phase in addition to the existing phases found in the as-printed sample.

. After heat treatment of the as-printed WC-17Co sample at 600 °C, the general sizes of the regular
and irregular chips had become smaller as a result of continues decomposition of the unstable W-C
phase chips to the more stable WC chips. The XRD diffraction patterns revealed a new W-C-Co
(WsCosC) phase which was not observed in the other specimens.

. After heat treatment of the as-printed WC-17Co sample at 800 °C, the volume fraction of the
irregular polyangular WC chips was significantly higher than was observed in the other samples.

There were agglomerations of globular precipitates within the darker cobalt-rich regions in
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addition to platelet WC chips. The XRD showed higher peak heights for the WC-Co phases and a
new WCo s phase.

After heat treatment of the as-printed WC-17Co sample at 1000 °C, the relative sizes of the regular
polyangular chips were smaller and well-developed with a higher volume fraction of pores within
the W-C-Co phase. The XRD analysis showed a high reduction

in the peak heights of some of the W-C phases when compared to the other samples. A new W-C-
Co (W10Co03C4) was identified in addition to a significant reduction in the peak intensity of the
WCos phase.

The heat-treated WC-17Co samples had relatively higher hardness when compared to the as-
printed sample with the sample heat treated at 600 °C having the highest hardness. In addition,
this sample had the highest fracture toughness (8.37 MPavm), representing a 34% increase in
fracture toughness, when the sample was compared with the as-printed sample

(6.23 MPaVm).

In the as-printed WC-Co-hBN sample, a similar structure just like the as-printed WC-Co sample
was observed. However, the grain sizes of the WC-Co-hBN samples were smaller than the WC-
17Co samples. The EDS mapping showed an even distribution of the B and N across the sample.
The X-ray diffraction analysis showed that the as-printed specimen was made up of W3CosC,
W3CosN, WgCo03C4, CoOWB, Cos.47N and the hexagonal WC phases.

After heat treatment of the as-printed WC-Co-hBN sample at 400 °C, no new structures were
observed in the sample however, the already existing structures had undergone a few changes.
The sizes of these structures varied as compared to as-printed sample. The X-ray diffraction
analysis identified no new phase in addition to the existing phases found in the as-printed sample.
But, the peak intensities of the WC phases had reduced.

After heat treatment of the as-printed WC-Co-hBN sample at 600 °C, the general sizes of the
regular and irregular chips had become smaller and the bigger WC chips were broken down. The
XRD diffraction pattern revealed just one W3CosN phase whiles a lot of W3CosC phases which
were not there were now present.

After heat treatment of the as-printed WC-Co-hBN sample at 800 °C, there was drastic depletion
in the Co rich regions, and most WC chips were very big and are coalescing with other WC chips.

The XRD showed higher peak heights for the W-C-Co phases including the new W3CosC phases
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that had been observed in the previous sample. The intensities of the W-C-Co phases were
primarily larger than that of the ones in the as-printed sample.

After heat treatment of the as-printed WC-Co-hBN sample at 1000 °C, high temperature W-C and
W-C-Co phases evolved in the sample. The relative sizes of the regular polyangular chips were
very big with few Co rich regions. The XRD analysis showed a new phase which is the hexagonal

BN was identified in addition to a significant reduction in the peak intensity of the WC phase.

. The heat-treated WC-Co-hBN samples had relatively higher hardness when compared to the as-

printed WC-17Co samples. The hardness value of the as-printed WC-Co-hBN was 3 times higher
than the WC-17Co as-printed sample. However, the heat treatment process applied to the WC-Co-
hBN samples decreased the hardness of the material. It is concluded that post-processing heat
treatment of SLS printed WC-Co-hBN alloys provide good mechanical properties and this heat
treatment at 1000 °C can be used to improve the structure and mechanical properties of the alloy.
The wear properties of the WC-Co-hBN samples were observed to be better as compared to the
WC-17Co samples. The sample with the best wear properties was identified in the WC-Co-hBN
sample heat treated at 1000°C. This was attributed to the formation of the hexagonal BN
phase(hBN) captured on the XRD pattern. hBN is known to possess self lubricative properties and

this is what made the sample more resistant to wear than all the samples.

1.5 Thesis Organization

This thesis is structured into six chapters. The following are summaries of the chapters:

Chapter 1 introduces metal-additive manufacturing for cemented carbides and presents the
problem statement and objectives for the research.

Chapter 2 reviews the metal-additive manufacturing, its benefits and challenges as well as
cemented carbides (WC-Co) material is also presented in this chapter.

Chapter 3 describes the material and processing technique used in this research. A detailed
description of the advanced microscopy and mechanical characterisation techniques used are also

presented.



e Chapter 4 provides comprehensive observations of the microstructures of the as printed and heat-
treated specimens of both WC-Co and WC-Co-hBN alloys as well as the mechanical results
extracted from the standard mechanical characterisation tests.

e Chapter 5 discusses the main findings in this research based on the results of the microstructural
and mechanical observations of the specimens. The final section of this chapter discusses how the
results from this research can be applied in tailoring and designing process chains suitable for
additively manufactured cemented carbides.

e Chapter 6 presents a conclusion of the results and future work from this study. In addition,

references are presented at the end of this thesis.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This chapter defines and reviews additive manufacturing and cemented carbides. In detail, an
introduction to additive manufacturing as fabrication technique is addressed in section 2.2. The
relevant types additive manufacturing related to this research are being reported in section 2.3
while section 2.4 is a discussion of the advantages and importance of additive manufacturing to
the industrial world. Section 2.5 also presents the challenges of additive manufacturing and 2.6
reviews provides a review on cemented carbides, its applications, material and mechanical
properties among others. Finally, the scope and objectives of this research is presented in section
2.7.

2.2 Metal-Additive Manufacturing

Metal-Additive manufacturing (M-AM) is a modern method of fabrication process which is used
in producing a functional engineering metallic component [5]. There is the adjunct foundation
which comes from the manufacturing known as subtractive manufacturing which is being termed
in this study as the conventional manufacturing technique (CMT). During its reign (CMT),
products were formed by picking a bulk material, gradually and intentionally shaping out the
product. Depending on the intricacies that the part being fabricated has, much time will be spent
on delicate sections to get it carved out right. This was very time consuming and placed a limitation
on the freedom of design that can be explored for specific structures. However, bringing M-AM
tackled most of these problems which included the time consumption and freedom of design along
with other benefits. In detail, the manufacturing technique forms a part or product by fabricating
2D layers on top of each other whereas the model or design is acquired from a computer aided
design (CAD) model data. The material used during processing are micron-sized powders. These
powders are spread on a platform periodically after which a laser is shot on with a precise
movement to form the layer print. As a rapidly growing technique, companies and industries are

adopting this for their different fabrications. This technology has proven its worth in almost every



sector including the biomedical and aerospace centre. Immense capabilities have not yet been

mined. However, it is greatly known to possess diverse benefits.

2.3 Types of Metal-Additive Manufacturing

All metallic materials present a set of physical properties and attractive mechanical properties
which makes them useful for many industrial applications. In metal additive manufacturing,
processing of such materials may be treated differently under the same conditions. This is because,
they possess different physical properties which include melting point. This has given rise to
different approaches of processing metallic materials even though they all go through the same
additive processing technology. Below are discussed the four established Metal-Additive
Manufacturing processes that can be used to process different metallic materials including

ceramics and cermet.

2.3.1 Powder Bed Fusion (PBF)

Powder Bed Fusion (PBF) is considered one of the growing techniques under Metal-Additive
Manufacturing. The process involves a focused energy system which may be a laser or electron
beam [6]. This beam provides heat energy that would be used to selectively melt or sinter a layer
of powder bed. The powder bed is made up of tiny metallic particles which the beam focused on
to melt. Based on the laser beam source, two kinds of powder bed fusion systems have been
identified by the ASTM F42 Committee on Additive Manufacturing. The are namely Selective
laser Sintering/Melting (SLS/SLM) and Electron Beam Melting (EBM) [7]. Both are known to
use the same powder bed principles however, because of their specific laser sources, there is a
little difference in their hardware set-up. The setup for the EBM is essentially a high-powered
scanning electron microscope which is coupled with a collimator, filament and magnetic coils to
effectively collimate and deflect the beam spatially. However, the SLM/SLS typically displays a
system of lenses with a scanning mirror (galvanometer) to maneuver the beam’s position. Also,
the powders are also distributed differently for each system. EBM system use a powder hopper

and a metal rake whiles the SLS/SLM system uses a powder hopper or different feeding system



and a soft distribution plate that drags powder across the build surface. We shall pay close attention

to the SLS/SLM and its processes in the next sub-headings.

2.3.1.1 Selective Laser Sintering/Melting (SLS/SLM)

In this process, which are found under the PBF, they all share the same printing procedure where
powder particles are selectively fused by a local thermal process generated from a laser in a layer
by layer manner. However, they differ in the way the materials experience fusion and melting. 3D
printed parts processed using SLS/SLM are done by applying a beam of laser energy to the powder
bed by following the 3-D CAD descriptive data of the part which has been sliced into stacks of 2D
figures. This 2D layer is formed by the laser beam which scans over the required cross-sectional
area. This laser provides specific heat capacity used to melt, sinter and bond powder particles
together. Subsequent layers are created by spreading a layer of powder on top of the previously
processed powder and bonded at the same time by repeating the same scanning process. A
schematic diagram of the process is shown in Figure 2-1. Though SLS and SLM follow the same
processing principle described early on, it is important to distinguish them to note the difference
between the two techniques. The main difference between SLS and SLM is that the SLM achieve
a full melt of each powder particle found in the mixture during processing of the material in the
chamber. However, sintering of powder particles is only prevalent in the SLS technique.
Additionally, special cases whereby not all the elements found in the powder mixture gets melted
since the laser power could reach only the melting point of one of the elements involved can be
also placed under SLS [6]. This difference however does not deter many published reviews and
articles to consider them as one process.

Most researchers who are interested in SLM are also interested in SLS. This is also the reason why
this thesis also identifies both technologies as one. The technology has been tried for different
metal alloys including aluminium alloys [8-12], titanium alloys [13-17], steel alloys [18-22],
ceramic alloys [23] as well as high entropy alloys [24]. In this thesis, importance has been placed
on the contribution and efforts of researchers to paint a general picture of materials processed in
this field, its impacts and general properties. Automotive, military, rapid tooling, and space
technology are considered as areas where application of SLS/SLM is promising with combination

of the materials currently being researched. The feasibility of fabricating components for military
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applications using SLS with HIP was demonstrated by Das et al [25, 26]. The medical field has
seen much improvement from this technology too. Different researchers employed SLS/SLM to
successfully create implants biocompatible for medical purposes [27-30]. Other outstanding
ecological performing indicators of SLS/SLM process include reduction in emissions because
fewer raw materials need to be produced, design for light-weight structuring with a weight
reduction and design for performance and indirect usage of toxic chemicals like lubricant or
coolant in any measurable amount [31]. The rapid development and improvement of the SLS/SLM
technology creates an expectation in manufacturing in the next few decades. In due time,
SLS/SLM will remain as the future of manufacturing as human lives continue to depend upon the
quality and ease of use of its products in the manufacturing, transportation, medicine, sports and

electronics sectors.

2.3.1.2 Electron Beam Melting (EBM)

This method of processing is very similar to SLS/SLM. Therefore, metal powder is laid on the
printing stage. For EBM, instead of a laser discharging the energy, it is rather an electron gun that
will be discharging an electron beam on the powder. A schematic diagram of the EBM setup has
been shown in Figure 2-2. Consequently, it follows the same procedure that the SLS/SLM process
follows. Pioneers of this method state that EBM produces less thermal stress in parts and therefore
requires less support structure. Furthermore, it builds parts faster [32]. The capabilities of the EBM
technique are unique making it very beneficial to the aerospace industry especially (prototyping
and low volume fractions). The difficulties of machining including time and cost among different
procedures are wiped out, which makes the parts promptly accessible for utilitarian testing or
installation on a framework. Moreover, the manufacturing technique opens a way to new plan
arrangements (e.g., cell structures) and weight-decrease choices. The energy density; a value
calculated from a formula which combines the processing parameters that can be changed during
processing; is known to be sufficiently high to liquefy a wide variety of metal alloys and
composites. There has been an extensive research using this technique on materials such as
aluminum alloys [33], tool steels (H13) [7], cobalt-based superalloys [8] and Titanium alloys, in
particular, Ti-6Al-4V.
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2.3.2 Directed Energy Deposition (DED)

This technique involves a pointed source of energy which has been established in previous
techniques as a laser, electron beam, plasma or arc. Using this source of energy, metallic powders
are melted from a wire being injected or fed from a nozzle [34]. In Figure 2-3, a schematic diagram
illustrating the set-up of a typical DED system has been shown. The laser power is always
controlled by a controller where the CAD drawing is also fed into. The controller also gives the
options of setting printing parameters which may include beam diameter and scanning power
during processing.

Despite of a better manufacturing flexibility in PBF technologies, products produced with the DED
technology have greater overall benefits like higher density, defect-free structure, greater
reliability, and superior mechanical property. This technique is stemming from the process used
for welding where a material is deposited outside a build environment by flowing a shield gas over
the melt pool. In the DED, the most successful type of mechanism has been by using a laser source
and a feedstock which is powder fed. The first setup was done at Sandia National Laboratories and
originally patented as the LENS process [35, 36]. Currently, multipass welding processing are
being explored for DED process. This is because it has the potential to create and fabricate parts
with large geometries. It utilises lower heat input values. However, this induces a high-volume
fraction of porosity in the sample [37]. The nozzle is coupled with powder feeder and a gas supply
system. These work together to gradually deposit the metallic powders at controlled rate on the
workpiece. The laser head is outsourced by a high-power laser which is connected to a controller
which controls the laser energy output as well as the CNC platform on which the part being
fabricated sits on. As in PBF, powder hoppers must be filled, and a build substrate positioned. The
substrate can be positioned in a stationary position (3-axis systems) or on a rotating stage (5+ axis
systems) to increase the ability of the machine to process more complex geometries. The chamber
where the substrate is located is enclosed so that the laser or energy source is isolated from the
environment when in use.

Additionally, inert gases are not necessarily needed as in PBF techniques. However, for some
nonreactive metals, a shield gas directed at the melt pool may provide adequate safety and
resistance to oxidation. For reactive metals, including titanium and niobium, the chamber is

flooded with an inert gas (argon or nitrogen). Just like in a PBF, the printed part is attached to the
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substrate and must be removed through post processing techniques. These post processing
techniques will also help relieve residual stresses and improve the mechanical properties of the
material.

Research on DED techniques for materials include titanium alloys and steels [38-40] analyzed the
fatigue fracture surfaces of DED titanium alloy and found that the failure modes of DED titanium
alloy can be divided into three types: (1) cracks initiated from internal pore defects, (2) cracks
initiated from internal lack-of-fusion defects, and (3) cracks initiated from the surface/subsurface
of the specimen. With the improvement of DED process conditions and the development of hot
isostatic pressing (HIP), the proportion of lack-of-fusion decreases significantly, but internal pores

are almost inevitable and thus become the main factor affecting fatigue performance [41-43].
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Figure 2-1 : Schematic diagram of the SLS/SLM as a Powder Bed Fusion system/manufacturing
setup.
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2.3.3 Binder Jetting

The above technique follows a process just as the name explains. It basically deposits a binder on
a sample of metal powder, cures the binder which holds the powder together. Consequently, the
mixture is sintered or consolidated and sometimes infiltrated with a second metal. The infiltration
process is done using a metal alloy of lower melting point as the infiltrate and it is done to densify
the material. The consolidation process also in turn helps the material achieve uniform composition
of a single alloy. Since this technique is essentially considered as a powder metallurgy method,
porosity is a major concern of the parts printed using this method.

Extensive research on powder metallurgy and ceramics will pave greater strides for advances in
binder jetting method for manufacturing [44]. The hardware setup is discussed using a known
manufacturer of Binder Jetting systems: ExOne. ExOne is currently the major manufacturer of
the printers for more than a decade now. These printers use bronze as the infiltration for most iron
fabricated parts made with their system. Binder Jetting printers selectively deposit liquid binder
on top of metal powder using an inkjet print head. When the binder dries, a delicate binder—metal
mix (also alluded to as a ‘green body’) can be expelled from the powder-bed system. The green
body can at that point be cured to provide mechanical strength, which can take 6—12 hours. After
curing, the part is then going through a post-processing treatment at ~1100°C for 24-36 hours to
sinter the loose powder and to burn off binder, taking off 40% thick sintered metal portion.
Infiltration set in when the partially sintered material is set in contact with a molten pool of a
second material with a lower melting temperature than that of the sintered material. This permits
infiltration of the liquid metal into the pre-sintered structure by capillary activity to create a denser
part. Bronze infiltration of stainless steel can accomplish at least a thickness of 95%. Heat furnaces
are also adopted for post processing heat treatments to anneal the part and increase ductility [35].
This infiltration process which seems to be one of the main important things in binder jetting did
not stem form the technique. Long before binder jetting, infiltration was a technique used for
commercial production of materials. However, with the metal alloys, binder jetting introduced the
consolidation which was an alternate process to infiltration that can be used to produce solid alloys.
In detail, it works by designing in distortion of the part geometry to accommodate uniform
shrinkage during sintering. Inconel has been recently developed for Binder Jetting by ExOne and

is likely just the start of the development of additional consolidated metals for the platform. The
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material properties of the consolidated parts have not been published, so the quality cannot be
currently compared to other AM methods. Surface finish is in line with many PBF processes. The
surface finish of parts after annealing is quoted at 15 um, and postprocessing is quoted to reduce
roughness to 1-25 pm [35]. It is interesting to note that there are only limited published works with
reference to Binder Jetting than for PBF and DED. Therefore, a detailed description of processing
details is not addressed in this review. However, many research topics need to be addressed in the
future, including binder burn off, geometrical accuracy during consolidation and unique

infiltration materials.

2.3.4 Sheet Lamination

This technique involves the stacking of metal sheets that have been cut with precision which end
up forming the 3D object [45]. The stacks are joined together by an adhesive or using a
metallurgical bond like brazing, diffusion bonding, laser welding, resistance welding or ultrasonic
solidification [46, 47]. How the metal sheets are cut is very important for every sheet laminating
printer. Sheets may be either cut to the specified geometry prior to adhesion or machined post
adhesion. In doing that, sheet lamination has the advantage of low geometric distortion (the
original metal sheets retain their properties), ease of making large-scale (0-5m x 0-8 m x 0-5 m)
parts, relatively good surface finish and low costs. However, most of the products formed using
sheet lamination cannot be used for applications which need to withstand shear and tensile loading.
Geometric accuracy in the Z-direction is difficult to obtain due to swelling effects. Anisotropy is
very prevalent due to the binding process and agents. Steps involved in a brazing sheet lamination
process are shown in Figure 2-4. The sheets in this example are coated with flux (or low melting

alloy), which acts as a brazing alloy for joining these sheets.

16



ted aluminum alloy sheets Mold design

e aaaa)

3

2D profile laser
beam cutting

Slice data

Milling and finishing

NC data

Figure 2-4 : Schematic illustration of sheet lamination process to make injection or metal
forming moulds [48]

2.4 Advantages of Metal-Additive Manufacturing

One important advantage this manufacturing technology can boast of is the reduction in lead times
of a process chain for any product starting from design to final fabrication step. In other words, it
is considered as a faster transition from the design stage to the production of the final part. The cut
off time is coming from the mold creation part of the process chain as well as instrumentation. A
3D printed part does not require any specific tool or machining devices to process the part because
there is no need to mill or tool the part in order to adjust its shape or create holes or even add any
connecting elements. The only part now is just removal of supporting structures created during
printing and surface smoothening of printed parts. Thus, using metal additive manufacturing
translates into shortening lead times to days instead of weeks and months. For example, for
producing parts on a large-scale basis, using injection molding seems financially reasonable.
However, the molds need to be manufactured and then the speed of production line and the whole
factory must be optimized. As a result, getting the first part may happen after 15 to 60 days,
whereas in case of 3D printing, we can easily print the mold and use it for the injection molding

translating the lead time to just 2 or 3 days.

17



Secondly, there is a huge reduction in material used for the production as well as material wastage.
In conventional manufacturing, a bulk solid figure has material subtracted in order to carve out the
product whereas in 3D printing, raw material is added and formed layer by layer. Some of these
layers can be as slim as 5microns being built up. Therefore, limited resources are used reducing
cost of material for production and making the manufacturing technology very resource efficient.
Additionally, the world currently seeks to reduce carbon waste released into the environment and
thus it is encouraging the research of lightweight materials to be adopted. This is very important
for automotive and aerospace industries who are the major culprits of this problem. In 3D printing,
parts can achieve as low as 25% of final mass of products produced using conventional
manufacturing techniques. This makes it attractive for the industries who can now create lighter
products for the applications and hence reduce the emission of carbon into the atmosphere. Figure
2-5 shows image taken at European Space Agency Conference which was used to describe the
minimizing of weight of a product by redesigning the product geometry. Making better products
with seemingly higher mechanical properties yet still a lower density or weight is just an

innovation this M-AM offers without limits.

Another advantage goes for the engineers who sit down to creatively design the products and parts.
Looking at the products from their perspective, this technology is allowing them to create complex
and unique structures without fearing limitation of manufacturing technique. A designer just must
think of an idea, draw it and just feed it to the 3D printing machine and within a short while gets
what he thought of (Figure. 2-6). Traditionally, you would have to consider how easy it is to
manufacture your product and thus you would have to expel some design ideas on your product.
Also, complexity of the part does not generate additional costs. Where it was previously necessary
to use several separate parts within a twisted or welded structure, now just one part is required,
and it can be manufactured as a single piece. Effective and well-advanced structures including
nanostructures which are being available today for nano-engineering and technology can be

realised just by adopting this manufacturing technique for such products.

Lastly, repair and maintenance of complex structures can become very explosive using this
manufacturing technology considering for example space structures and machines which stay in

space for a long time. Spare parts can be printed just out in space and can be used to replace defunct

18



parts without sending someone to space. The cost of organising a trip as such is very costly and
this technology can just slash that with just its innovation. Manufacturing industries here on land
can also be able to repair parts which are difficult to reach unless you dismantle the whole part or

just replace the whole part with a new one.

The manufacturing technology has more interesting advantages in store and who knows the
immense opportunities we can mine from this technology for years to come. The global value of
M-AM products and services (all materials) is expected to grow considerably as stipulated by
different reports. Whether as a replacement for existing production methods on economic grounds,
or because of the ability to produce components that have up until now been impossible, M-AM
will certainly have an impact on the future of manufacturing. The growth in the M-AM industry
is predicted by many to be rapid and substantial, as more companies develop production
equipment, more materials become available and more end-user industries adopt the technology.
The global value of the industry will reach over $10 billion by 2021. Governments throughout the
world have identified AM as a growth industry and are funding research projects to further develop

the technology.
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Figure 2-5 : A image taken at European Space Agency Conference which was used to describe
the minimizing of weight of a product by redesigning the product geometry [49]

Figure 2-6 : (a) Designers of the Farinia group have limitless design for machine parts because
additive manufacturing [50] (b) The titanium brake caliper under test conditions showing no
limitation to freedom of design and performance. (Courtesy VW Group)
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2.5 Challenges with Metal-Additive Manufacturing

As discussed early on, M-AM deems a characteristic fit for many industrial companies around the
globe. It added advantage and approach to making complex and lightweight, yet solid structures
make it very appealing. Be that as it may, in its present state, M-AM faces some key difficulties
that must be tended to before it will be broadly received by the industries. Additionally, it has
made a lot of buzz in businesses over the world promising an adaptable and financially savvy
option in contrast to traditional manufacturing. Be that as it may, most organizations are still in
the beginning period of adoption because of different financial and technical difficulties with M-
AM. An examination from USP showed that M-AM right now speaks to an insignificant 0.04
percent of the worldwide manufacturing market. That being stated, the adoption of M-AM could
push ahead quickly if researchers can address the present issues related with the printed parts.

Some of the present issues, limitations and challenges related to M-AM are described as follows:

2.5.1 Residual Stresses

During printing, irregular and heating of the chamber which is directly affected by the melting and
solidification of the material in the chamber end up generating residual stresses in the material
right after processing. These stresses are basically known as the stresses that remain the sample
even after the material after printing has reached equilibrium with its environment. According to
Withers and Bhadeshia [51], residual stresses are grouped according to the scale at which they
occur. They therefore classify them under Type I, Type Il and Type |11 stresses. Type | is described
as stresses that emerge due to the shape of the material which includes the dimensions and
orientation. Type Il and Il relates to the microstructural part of the material. This includes phase
transformations and dislocations that occur at atomic scale level. All these types lead to
undesirable cracks which propagate upon loading of the part, delamination of the printed layers,
and warpage of the whole part against the substrate during processing. This in turn stops the
spreading process of the powder particles and affects the build causing it to fail even before it is
used for application. This problem affects the length of production of part which we wanted to
escape with the conventional manufacturing technique. Not only does it affect time but also leads

to waste of the material, energy and requiring extra efforts for designers to change the design.
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Figure 2-7 illustrates such issue, in which the cracked and deformed component stops the powder
deposition, leading to a failure build. The other challenge is exhibited in the separation of the part
built from the substrate on which it was built. The deformation results in limited load resistance,
dimensional inaccuracy, and reduction of fatigue performance of the component to more than 10
times compared with the conventional bulk material. For example, an implant was successfully
printed out in Ti6AI4V using laser powder bed M-AM, but once it was cut from the build tray, the
inherent residual stresses lead to undesirable deformation. In other cases, residual stresses are
desired for the part being produced. An example is glass plates that are rapidly cooled to introduced
compressive stresses in the surface area of the plate. This increases the load the glass plate can
bear and thus prevent crack growth. However, in M-AM, these residual stresses are mostly
undesired and therefore a challenge. Because they cause deformations from the intended shape or
irrelevant phase transformations which can make it very difficult to identify mechanical properties
of the material itself. Thus, reducing the strength of the material and help incite crack propagation
in the material. It becomes even weaker and a failure when external loads are applied to the part.
In the M-AM process, these residual stresses as explained earlier are caused by the large and
irregular thermal gradients during processing which are inherently present during processing.

The first mechanism that induces the stresses is called the temperature-gradient mechanism.

Figure 2-7 : An optical image of a part produced using SLM having distortion in the build of the
part due to cracks developing from residual stresses at the edges of the part[49].
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Figure 2-8 : A schematic diagram that illustrates the temperature-gradient mechanism that
happened in the processing of materials during AM[50]

This was borrowed from the stresses that come up in laser bending of sheets. Owing to rapid heat
of the surface, the laser does not present a slow heating rate and a steep temperature gradient
develops at the surrounding of the beam on the sample (Figure. 2-8). The strength of the powders
or material reduces simultaneously. Since the layer is being built on another layer, it is restricted
in the amount of expansion that can occur and therefore induced elastic compressive strains, Then
the yield strength is reached, plastic compression will occur.

The second mechanism is observed during the cooling session of the melt. Almost every researcher
who has handled metal additive manufacturing has encountered residual stresses. It is a challenge
that seems to have come and stayed with the manufacturing technique. However, current
researches are being done to practically reduce the amount that be generated to a value that will
not cause for alarm. Kruth [52] developed models that can be used to test for the residual tresses
which included theoretical and experimental models. In his conclusion, he suggested that one step
heat treatment procedure should be employed to relieve these residual stresses to the barest
minimum before application or we incessantly heat up the chamber to a higher temperature than
room temperature to reduce the thermal gradient during the processing. On the other hand, support
structures are required in metal M-AM to support overhangs of the component to ensure
manufacturability. These support structures are fabricated simultaneously with the component to
anchor the parts and dissipate heat to the build tray in order to prevent distortion/delamination
caused by residual stresses.

There are several published works in the past in the areas of reducing or relieving the residual

stresses. support structure design for M-AM techniques. Both finite element models, experimental
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models have been proposed to quantify and reduce them completely. Some them tried to change
the printing parameters of the machine to affect the laser energy and perhaps reduce the stresses.
Wau et al. studied the surface-level residual stress of SLM processed stainless steel 316 L-shaped
bar (off substrate) in as -build state by digital image correlation method and neutron diffraction
[22]. Residual stress near the center of part tends to be compressive and tensile near surfaces as

shown in Figure 2-9.
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Figure 2-9 : A diagram which shows the compressive stresses within the material and tensile
stresses at the surface of the material during material processing using AM techniques[50]

The effects of parameters including scanning strategy, laser power, scanning speed, and build
orientation on residual stresses of different materials has been systematically investigated. A
smaller scan island size and increased length energy density would result in a reduced residual
stress field. Kruth et al. studied the effects of scanning strategies on distortion and concluded that
the island scanning strategy (material deposited in a “chessboard” pattern) would cause less
distortion than other scanning strategy [53]. X-ray diffraction residual stress measurement of SLM
processed stainless steel and Ti6Al4V small-sized samples conducted by Yadroitsev et al. [54] has
shown that residual stress in scanning direction is more tensile than in the perpendicular direction
and reaches its maximum at the build-substrate interface. Kruth et al. [53] assessed the residual
stress of the SLM processed part using the bridge curvature method. The method has also been

adapted by other researchers [55, 56] to fast evaluate residual stress of SLM processed part.
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2.5.2 Feature Size, Surface Finish and Geometry Scaling

In the fabrication of metal parts using AM, it is very important to consider surface roughness,
geometrical accuracy and the minimum feature size. However, these parameters have not been
considered greatly because parts fabricated using M-AM must go through post processing
treatment which in turn change the parameters mentioned earlier. The smallest feature size that a
design can make has been dependent on the diameter of the laser source or energy in the case of
powder bed fusion methods and directed energy deposition. Table 1 below summarises the data
discussed previously which talks about the typical layer thickness and minimum feature sizes of
PBF and DED processes.

Table 1: Characteristic layer thickness and minimum feature sizes of the PBF manufacturing
techniques

Process Layer thickness(um) | Minimum feature size/beam
diameter(um)

SLM 10-50 75-100

EBM 50 100-200

DED (powder-fed) | 250 380

DED (wire-fed) 3000 16000

PBF techniques have an upper hand of creating smaller feature sizes than the other techniques.
Additionally, SLM has a better resolution than the DED systems because of the powder feed
systems related to each other. However, the powder fed DED has better resolution than wire fed
DED, which can be attributed to the use of finer feedstock (powder vs. wire). The feature size of
DED systems is so large that parts made with these techniques are limited to more simple
geometries than PBF techniques. It is therefore very sad to take one design and using different
additive manufacturing techniques, successfully print your object to look the same way. Also,
researchers who are working from the mechatronics point of view realised that, the movement of
the lasers and powder feed systems are not necessarily the same in the different systems. This
affects the feature sizes and surface roughness of your material even though you may have an idea

of the surface roughness using SLM technique, it may be different when you apply DED technique
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to print the same object. Below in Figure 2-10 is an image that describes level of roughness that
can be attained using post-processing techniques (right of image) as compared to the as-printed

part (left of image).

Figure 2-10 : A part produced using Selective Laser Melting which has been polished using
micro machining process [57]

2.5.3 Build Chamber Atmosphere

The operating conditions of the chamber which includes the temperature, pressure and gas present
have been known to affect the chemistry, processability and heat transfer of the material powders.
Inert gases or vacuum have been used typically for printing objects in these systems. Using a
specific inert gas requires specific processing conditions making the process a complex one to look
at. Most of the metal powders tend to oxidise or collect moisture when exposed to air and even at
higher temperatures, this is seen to increase exponentially [8]. This application was adopted from
welding where inert gases are used to create an atmosphere where oxidation cannot occur. AM
processes also have the same need [58]. However, with this, different parameters which worked
for inert gas A does not work for inert gas B or parameters that worked for Powder A does not
work for Powder B using the same inert gas. Paying close attention to small scale feature, the
chamber conditions can gravely affect or cause a localised oxidation also. It is high time we
concluded on which chamber conditions can work for which materials. It becomes even difficult
when you would want to create a new material and process it using 3D printing. Thus, with no
literature available on that, the processing of this new material becomes inundate and complex to

understand and undertake.
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2.5.4 Powder Customization and Acceptable Powders

One of the main challenges in AM is with the powders which are used in printing the objects.
These powders are fed though the feedstock of the machine. The quality of the powders that goes
through this feedstock also play an important role and the quality of print that will be made. The
quality has been known to be determined by the size, shape and surface morphology of the powder,
composition and amount of internal porosities. Therefore, using the required powders creates the
physical quality especially the flowability and apparent density of the printed part. There are very
different issues even regarding the way the powders are made (atomisation). By understanding,
these powder conditions, a quality and acceptable object can be printed. A variety of techniques
the techniques include gas atomisation (GA), rotary atomisation (RA), plasma atomisation (PA),
plasma rotation electrode atomisation (PREP) [1]. Figure 2-11 shows the powder morphologies
and of the different powder creation techniques and the internal sections of the powders showing
the other porosities of the powders. Porosity in the powders are very common issues even with
powders used in convention powder metallurgy methods. An example like gas atomisation end up
entrapping gasses during the production of powders. These entrapped gases are transferred to the
part during processing of the material in 3D printing. Porosity as a challenge would be discussed
lately however, it is very important to note that, the conditions of the powders also create another
challenge in the processing which is porosity. The need for cheaper powders ends up giving us
low quality powders to use for the processing. In EBM, lower cost or quality powders that are
produced using a hydride dihydride (HdH) process has demonstrated that it can lead to immense
porosity on the part produced. However, these are all related to materials which have powders that
have accepted for use in M-AM. Most of the materials have not been transitioned to M-AM even
for studies because, there aren’t powders readily available for the system to use. Additionally,
every printing machine has a set of acceptable powders that can be printed on them. Thus, there is
a limitation o the powders than be used to create a part as well as no option for creation of new
powders to be done. Legal measures have also been set up so that powders have specific machines
that they can only be used on. Additionally, the chemical composition of the powders must remain
within the alloy specific specifications. It is therefore very important that we measure the elemental

composition of the powders which includes recycled powders so that we can address evaporative
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losses, contamination and reaction with the building chamber. The powders have become one
major challenge for additive manufacturing. Many researchers are just working specifically on
finding the right powders to use on the 3D printer before we can even start printing. A recent study
on powder recycling in EBM of Ti—-6Al-4V showed that oxygen content increased from 0-08 to
0-19% by weight, aluminium content decreased from 6-47 to 6-37% and vanadium content
decreased [59].

y

Figure 2-11 : : SEM micrographs of the powder morphologies and of the different powder
creation techniques and the internal sections of the powders showing the porosities of the
powders. (a) SEM 250x of GA, (b) SEM 500x of GA, (c) LOM of GA, (d) SEM 200x of RA, (e)
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2.5.5 Void Formation/Porosity

The void development between consequent layers of M-AM parts is one of the significant
downsides. Voids/Porosity is a common defect in metal AM parts and can negatively affect
mechanical properties. This sort of issue happens because of diminished bonding between layers,
subsequently causing sub-par mechanical performance [60, 61]. Porosity can be cause by the
condition of powder used, the processing parameters, the chamber conditions and the melting and
cooling characteristics which are material specific. Figure 2-12 shows a light microscopy of a
samples that show porosity on sample due to the process parameters used and attributes it to lack
of fusion and gas entrapment.

As previously discussed, gas pores may form inside the powder feedstock during powder
atomisation. These spherical, gas pores can translate directly to the as fabricated parts. For most
of the studies out there, porosity have been induced mainly by the processing parameters. You can
evidently reduce or decrease the volume fraction of porosity in a material by simply tweaking the
laser speed or laser power of the machine during printing. Pores formed by processing technique,
known as process-induced porosity Process induced porosity is formed when the applied energy
is not enough for complete melting or spatter ejection occurs. These pores are typically non-
spherical and come in a variety of sizes (sub-micron to macroscopic). Other issues during
processing have also been identified to contributed massively to porosity; like when enough
powder is not supplied during processing or enough power is not supplied to a spot when
processing, lack of fusion is said to occur. Lack of fusion regions may be identifiable by un-melted
powder particles visible in or near the pore. When the applied power is too high, spatter ejection
may occur in a process known as keyhole formation. In SLM, operating within this keyhole mode
can create trails of voids and pores in the samples [62]. To limit spatter ejection, an operator will
typically watch the process and tune parameters, while developing a new material processing
strategy.

Process-induced porosity has other contributors, including the effect of powder consolidation from
a loosely packed powder bed to a fully dense part [62]. Powder is distributed onto the processing
surface and includes particles larger in diameter than the layer thickness, which upon melting are

intended to consolidate into a layer of the correct height.
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Shrinkage porosity (sometimes termed ‘hot tearing’) is the incomplete flow of metal into the
desired melt region. Spatter ejection may also lead to regions of porosity. With optimised melting
parameters, process-induced porosity can be reduced to very low levels in DED, SLM and EBM
(less than 1% porous) [63, 64]. The relationships among lack of fusion, shrinkage regions and
cracks have not been fully studied in AM material. However, work has been done to explore the
effect of process parameters (beam speed and beam power) on the formation of process-induced

and powder-induced porosity [65].
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Figure 2-12 : Light microscopy of a 3D printed sample that shows porosity on sample due to the
process parameters used and causes of porosities have been attributed to lack of fusion and also
gas entrapment [35]
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2.5.6 Cracking/Delamination and Swelling

Defects are formed from the processing temperature. Especially, cracking of the microstructure of
printed materials may occur during solidification or subsequent heating. Macro cracks can also be
attributed to porosity that have joined up together to form a crack. Delamination which causes
cracking in the 2D layer is also a common defect. Delamination is the separation of adjacent layers
within parts due to incomplete melting between layers. This may occur due to incomplete melting
of powder or insufficient re-melting of the underlying solid. A high processing temperature may
lead to the swelling or melt balling of the melt pool which happens because of the melt pool size
and surface tension of the melt pool/These are avoidable defects which can be controlled using the

processing parameters. However, some cracks can also be dependent on the material being used
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for processing and these can be unavoidable cracks. There are different material-dependent
mechanisms for which cracks form in AM material [66]. There is a crack type called solidification
crack which arises if too much energy is applied, and stresses are induced between solidified melt
pool areas against areas yet to solidify. This type of cracking is dependent upon the solidification
nature of the material (dendritic, cellular, planar) and is typically caused by high strain on the melt
pool or insufficient flow of liquid to inadequate supply or flow obstruction by solidified grains
[67].

Thus, it is known that higher energies which lead to higher thermal gradients in the material during
processing lead to high thermal stresses which end up inducing cracks within the material. This is
what is needed for solidification cracking to occur. Grain boundary cracking is cracking that
nucleates or occurs along grain boundaries of the material. The origins of this type of cracking are
material dependent and depend on the formation or dissolution of precipitate phases and the grain
boundary morphology. Using process parameter to minimise have become very challenging.
Solidification cracking and grain boundary cracking are both phenomena that occur within the
microstructure. Thus, cracking is sometimes generally used to describe macroscopic cracks in the
material which was discussed earlier to emanate from delamination and swelling. Lack of fusion
has been clearly taken off by applying post processing treatments. However, the effects of
delamination are macroscopic and cannot be repaired by postprocessing.

Swelling is the rise of solid material above the plane of powder distribution and melting. This is
like the humping phenomenon in welding and occurs due to surface tension effects related to the
melt pool geometry [68].

Melt ball formation is the solidification of melted material into spheres instead of solid layers,
wetted onto the underlying part. Surface tension is the physical phenomenon that drives melt
balling, which is directly related to melt pool dimensions. Figure 2-13 depicts an image of both

the metal ball formation and delamination of EBM processed steel alloys.
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Figure 2-13 : Optical images of (a) metal ball formation and (b) delamination in stainless steel
alloys fabricated by EBM.:[35]

2.5.7 Substrate Adherence and Warping

In M-AM processing, a substrate is needed for it acts as base on which the part is built upon. The
use of the substrate is a standard procedure in M-AM. However, it adds additional work during
post-processing. Metal parts are printed on this substrate because of mechanical adherence of the
first layers of the part being built. The substrate can be left at room temperature or heated to a
peculiar temperature to ensure effective fusion of the layers [68]. Most metal deposits form ductile
interfaces and must be cut off the substrate during post-processing. Ti—6Al-4V deposited on
stainless steel 304 substrate forms a more brittle interface that can be removed by application of
force, without cutting [31]. This kind of interface is desirable for decreasing the number of
postprocessing steps. Due to that, substrates tend to warp during and after the processing of the
materials. This can be due to the operating temperature of the AM process, the heat treatment of
the substrate prior to use or due to differential coefficients of thermal expansion. Some processes
use a substrate of the same material as the build, like stainless steel, to reduce this effect. The
ultimate result of substrate warping is distortion of part geometry within the affected layers and
possible lack-of- fusion or delamination at the transition region back to unaffected material.
Substrate warping is a form of stress relief that results in permanent plastic deformation. Recent
work to model substrate distortion has rationalised the progression of stresses with thermal history
in EBM. The same mechanisms that cause substrate warping can also lead to major issues with

residual stress [68]. Researchers also wanted a way to quantify the warping effect. In that test
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objects were printed and analysed (Figure 14) and used to obtain warp index values for different

processing conditions [77].

Figure 2-14 : A curtain test object printed to analyse warp index.[69]

2.5.8 Limited Number of Standards

Producers are being bottlenecked by costumers, government and competitors nowadays. The
reason being that, they have the desire to produce products using this new M-AM method
available. However, it seems that they do not have the readiness to delve into the technology very
soon. This has become a very practical problem to the manufacturing, automotive and aerospace
industries. Most of the functional parts need to meet a technical standard for it to be used. In detail,
they require producers to certify the quality, adaptability and consistency of the parts they produce.
But these manufacturers do not have the necessary standard available for their revision and
reference for additively manufactured parts. Even the necessary parameters that you need for a
specific material and the specific printer that is feasible for it are not available. Currently, Since
the melting and cooling is so rampant, designers and producers discover it troublesome to
quantitatively decided the right process chain to follow for different metal alloys. Without
predictive simulation, it is hard to control the material’s quality. High-temperature materials used
for jet engines are usually critical components, requiring ultra-high mechanical performance.
Therefore, it is important to perform reliable simulation to optimize processing parameters for the

best quality of the 3D-printed components. However, these are not readily available to the
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manufacturers. Enough research has not been one to actively use for making a for example a
standardised bolt from steel. Recently, new standards were set up for additively manufactured
parts which is being currently filled up with data [7]. Testing procedures which look aa little
different from the conventional manufactured parts’ testing procedures are also been document for
references. The start of this standards has proven a steppingstone for researches to quickly delve
into additive manufacturing and sufficiently provide the necessary data for documentation and

values for modelling applications.

2.5.9 Inhomogeneous Mechanical Properties and Microstructure

Another challenge that can be observed with AM is the existence of anisotropy in microstructure
and mechanical properties. Because of the layer by layer processing, there is a thermal gradient
formed during processing and this is where all the challenges related to the mechanical properties
come in as discussed earlier. The AM parts often results in different microstructural and
mechanical properties along build direction and the other directions. In detail, during the
processing, these different powders go through irregular heat and cooling cycles with different
cooling rates.

Every material has independent phase diagrams which portrays the temperature and time
dependent effect of developed phases in a material on the material and mechanical properties of
the material. These phases are stable at different temperatures. The size, volume fraction and
spatial distribution of these phases builds up the microstructure of the material which in turn
dictates the mechanical properties of the material. These phases obtain equilibrium
thermodynamically which makes it stable and easy to identify on the microstructure and through
X-Ray diffraction and Electron Microscopy techniques. However, when the material processes
undergo irregular heating and cooling transitions and rates, this can cause nonequilibrium phases
to appear. These phases are known to be unstable at room temperature. This means that, it can
change its phase just by the product sitting on a table somewhere. Imagine this as a structural
material which has phases that change with regards to small change in temperature. This affects
the bulk mechanical properties of the material. Thus, the part can fail anytime, and this cannot be
predicted. Most of the M-AM samples experience non-equilibrium phases developing after

processing. Figure 2-15 shows some materials that were processed using metal additive
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manufacturing methods which exhibited non-equilibrium phases such as high temperatures phases
and unstable room temperature at service conditions phases. The unpredictability of the material
also called for a better understanding on the necessary measures that can be made to reduce the
instability or fully remove these phases from the material completely. Most researchers proposed
post-processing heat treatments which will either reduce residual stresses as well as change the

microstructure or help dissipate the non-equilibrium phase.
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Figure 2-15 : SEM depicting non-equilibrium phases and confirmed by their corresponding XRD
analysis from each of these research studies. (a) aluminium alloy processed using SLM [70], (b)
BSE image of Ti-6Al-4V alloy fabricated using EBM [71], (c)Microstructure of alloy VT6 after
SLM and 2-h annealing at 950°C (d) and 1050°C (d) [72]
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2.6 Cemented Carbides

2.6.1 Introduction

The onset of cemented carbides (WC-Co) emerging to the public started with the idea of
supplanting drawing dies made from diamond wires with tungsten filament wires. The name was
derived from the constituents present in the material. It is basically composed of a ceramic and
metal. Together, they combine to form a ‘cermet’. The ceramic part is a combination of a metal
and non-metal which is in this case tungsten and carbon. The ceramic is known to provide the
hardness of the material which the metal is added to impart some level of ductility to the material.
This material (WC-Co) became one peculiar one which had extraordinary properties (high levels
of hardness and wear resistance). The first alloy was made in Germany by [73]. From then, the
material has been widely accepted as an appropriate material for cutting tools, molds, drill bits,
inserts as well as consumer products such as belt hooks and rings. In detail, cemented carbides
possess high hardness and elastic modulus, low coefficient of thermal expansion, high wear and
corrosion resistance, chemical and thermal stability during high temperature operations [74].
Lately, the material is being adopted in nuclear generation setups because of its ability to retain its
mechanical properties even at elevated temperatures. The blending of the hard-ceramic WC
particles with a soft metallic binder delivers a composite with ideal mechanical properties for such
purposes. The most common binder element(metal) used is usually cobalt (Co). Based on the
weight percent of the binder, the material can be applied for different applications. Figure 2-16
shows a graph of how the different combinations of WC grain size and cobalt content in cemented
carbides, are used for different ranges of applications. The lines are all indicating hardness values
(HV). However, other metals like nickel (Ni), chromium (Cr), iron (Fe) among others have been
tried as alternatives. For example, Ni was introduced to help reduce wear rate in dry sliding wear
applications because of the softening effect it gives to the microstructure [75]. Also, the addition
could also improve the material’s resistance to corrosion just like adding molybdenum (Mo), and
chromium (Cr) [75]. Even though the blending of the ceramic and metal provide very attractive
mechanical properties, it has strongly depended on the microstructure that the manufacturing

process gives to the product. Some of the important factors that influence the properties from the
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microstructure include the WC grain size, the binder phase content, the mean -free path of the

binding phase, and contiguity of WC grains [76].
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Figure 2-16 : Combinations of WC grain size and cobalt content in cemented carbides, showing
a wide range of applications. The lines indicate values of iso-hardness (Vickers HV). Data from
AB Sandvik [77].

2.6.2 WC-Co Structure

The structure of the WC-Co material comprises of a WC phase and compounds of W-C-Co, CoW
and Co-C. These W-C-Co compounds come together to form the binder phases. The carbon
content corresponds to the theoretical value of the stoichiometric composition, 50 at. %C (~6.13
wt%C). The WC phase also known as 8-WC which tends to be a conspicuous phase in all the
common cemented carbides. It is identified as a non-oxide ceramic which has hexagonal closely
packed layers of W particles isolated by closely stuffed layers of C filling one-half of the
interstices, giving rise to a six-fold trigonal prismatic coordination for the atomic structures. The
lattice shape is hexagonal, with grid parameters a = 0.2906 nm and ¢ = 0.2837 nm (Figure 2-17)
[78, 79]. However, two other types of WC phases also exist including WCos(normally named f-
W:C) and y-WC1.x which are stable at specific elevated temperature ranges. Their associated
structures of WC were confirmed by electron diffraction studies [80, 81]. B-W>C is also a

hexagonal compact (hcp) metal sublattice with the C atoms partly filling the octahedral interstices;
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the second form(y-WCi1.), stable in a rather small temperature range at high temperatures, is a
cubic NaCl type phase composition where x~0.4, in which the face centered cubic (fcc) interstitial
sublattice is partly occupied by C. B-W>C crystallizes in three structure types: PbO2, Fe2N and
CdI2 types, denoted by B, B’ and B”, respectively. These polymorphs are stable at different

temperatures and compositional ranges [80, 81].
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Figure 2-17 : Schematic diagram of the crystal structure of the 5-WC phase [76]

Recently, a phase diagram in the W—C system was proposed in order to assess more accurately
this system (Figure 18). It can therefore be seen that W>C forms between 1250°C and 2516C
whiles WCx.1 forms at temperatures above 2516C. The W>C phase forms from an eutectoidal
reaction between elemental W and 6-WC at 1250 °C, melts congruently at approximately 2758 °C
and forms eutectic melts with the W solid solution at 2215 °C and with y-WC;— at near 2715+5
°C [80]. Phases of WC stoichiometry are obtained as intermediate products during WC production.
The y phase results from a eutectoidal reaction between B-W2C and 3-WC at 2516 °C and melts
at approximately 2785 °C. 8-WC is the only binary phase stable at room temperature and has
almost no compositional range up to 2384 °C but may become slightly carbon deficient between

this temperature and its incongruent melting point.
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Figure 2-18 : The phase diagram of the W-C system [80]

These days over 90% of all WC-hard metals prefer to use Co as binder metal with weight percent
somewhere in the range of 3 and 30 wt.%. The obvious prevalence of cobalt, generally to different
binder metals, is identified with its best comminution qualities in processing, prevalent wettability
for WC, higher dissolvability of WC in cobalt at sintering temperatures and attractive properties
[80]. At room temperature, it possesses an hcp structure even as a ferromagnetic metal. However,
at 450°C, it changes from hcp to fcc structure. For cemented carbide, W-C-Co compounds are
formed with different crystal structures which also possess peculiar properties. Thus, several
investigations have been made over the last century to shift from only using classical
metallography and X-Ray Diffraction toward combining experimental information with
thermochemical descriptions in defining the ternary and equilibrium phase diagrams. In 1931, the
first W-C-Co phase diagram was presented [80] as shown in Figure 19. 21 years later, two new
carbide phases namely 0 and k, having compositions Co3WsC> and Co3W10Ca, respectively were
added on the diagram [82, 83]. A new carbide was also identified in the subsequent years but could

not be explained. Almost thirty years later Pollok and Stadelmaier calculated an isothermal section
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through the W-C—-Co system at 1400 °C, which represents a usual sintering temperature. They
identified an eta-carbide of composition Co.W4C and a carbide CoWsC, which was reported early
on. The figure also shows that liquid cobalt is also stable with WC in a very narrow region. The
solubility of tungsten carbide in cobalt at the sintering temperature is high but decreases during
cooling with reprecipitation on existing carbide grains. This preliminary work was followed by an
exhaustive review of the thermodynamic properties of alloys and phase equilibria in the W—C-Co
system by Guillermet [84], who calculated several isothermal sections of the system through
thermodynamic methods. However, tradition and experience are strong tools too and most
cemented carbide producers can make high quality cemented carbides without a detailed
knowledge of the phase diagrams. This is particularly true for the W—C—Co system which is a very
straightforward ideal system for cemented carbides, with a eutectic at 1280 °C which is well below

cobalt's melting point of 1490 °C.

Atomic Percent Tungsten

Figure 2-19 : Ternary Phase diagram of the W-C-Co system[80]

2.6.3 Microstructure of WC-Co

The microstructure of materials is noted to have great significance on studying and understanding
the properties and engineering performance of the material. Below is a schematic image that
describes the different microstructures that have currently been identified with the cemented
carbides (Figure 2-20). The different binders that have been used and how the affect the

microstructure have also been illustrated. Based on this, a basis for microstructural analysis is done
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contingent on the type on microstructure that is present in the sample. Some important factors
observed on the microstructure of a cemented carbide are discussed below. These factors hold a

direct link to the mechanical properties of the material. They are:

1. Carbide grain size distributions and mean carbide size: In determining the carbide grain

size, several parameters are used as measures of carbide grain size in planar sections through the
material, e.g. grain area or the corresponding equivalent circle diameter (Figure 2-21). The
parameters are specific to structures observed on the sample therefore in evaluating the grains,
every single observed grain must be measured. A poor sample preparation would make this very
difficult to undertake, from electron microscopy and image analysis point of view, especially for
materials with both WC and W-C-Co phases. There is always the problem of fully identifying the
complete grain boundary network of the grains making it difficult to use some of these advanced
and automated image analysis systems confidently. Researchers end up sticking to the basic line
intercept method and a semi-automatic image analysis software to determine carbide grain sizes.
Even though, intercept length is object specific parameter, manual marking of intercept length will

not depend of complete visible network map. Small gaps in the network could be accepted.

2. Carbide contiguity: Carbide contiguity is defined as the ratio of carbide/carbide interface

area to the total phase boundary area carbide/carbide and carbide/binder in the specimen volume
[85], i.e.

_ Scarb/carb (1)
- Scarb/carb+Scarb/bind

The term gives us an idea of the degree of contact between the carbide grains. On a 2D scale, we
can measure this contiguity using:

_ 2Ncarb/carb (2)
- 2Ncarb/carb+Ncarb/bind

where Ncarb/carb and Nearbwing are the number of carbide/carbide and carbide/binder boundaries per
unit length of reference line, respectively. In semi-automatic analysis the different types of

boundaries are marked during tracking of a reference line grid projected on the structure image.
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Figure 2-20 : Categorisation of cemented carbide microstructures selected in this work [77]

3. Binder width distributions and binder mean free path: For low binder fractions it is

conceivable to identify binder pools as individual objects on cleaned cross sections and hence to

assess object specific parameters, e.g. binder pool zones. In any case, at high binder fractions the

binder shows up as a continuous phase with few individual binder pools.
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4. Volume fractions of various structures identified: Optical microscopy could be used to

ascertain the microstructure in scientific studies for such hard metals with different grain sizes
[85]. However, modern grades of cemented carbides have carbide grain sizes that are less than
1um pushing the studies to be done using advanced microscopy. Additionally, industrial grades
are known to contain pores, impurities, binder phase regions, and carbide grains that cannot be
adequately studied using optical microscopy due to insufficient resolution. This has led to the
introduction of the secondary and transmission electron microscopy techniques being used
extensively for studying all the above regions as well as an added advantage studying the
deformation, fracture behaviour and the nature of precipitates in the binder phase of WC-Co alloys
[86, 87].

Reference
line

Microstructur
of WC-Y¥-Co

n

T lCO
Equivalent circle diameters: dWC' dT

Linear intercept chord lengths: lwc. 1

a= (2
A = apparent area of an individual grain.

Carbide contiquity c
carbide/binder boundaries WC/Co, T/Co
carbide/carbide boundaries WC/WC, WC/T, T/7
Area (volume) fractions Ve VT' Veo

Figure 2-21 : Structural parameters for cemented carbides[80]
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2.6.4 Binder Phase

In most cemented carbides, the Co-W-C binder is present as a mixture of fcc and hcp structures.
This is because the binder phase is a dilute cobalt alloy containing tungsten and carbon as solutes
and can exist in either of two allotropic forms—hcp or fcc. The ratio of the two is determined in
bulk alloys by prior processing treatment and composition. The relative ease of interchangeability
of the two forms is related to the low stacking fault energy of dilute cobalt alloys. For example, a
small parallel array of stacking faults in the fee structure represents a finite amount of hep phase
in the form of thin lamella [88]. Zhengi [89], after quenching just after sintering the WC-Co
cemented carbide, found the retention of fcc cobalt in contrast to the as sintered structure, which
had both fcc and hep forms. Mixing during milling has significant influence on the distribution of
cobalt. Insufficient milling results in a large cobalt pool in the microstructure and may cause
porosity. Cobalt distribution is also strongly dependent on carbon content, which seems to control

its redistribution during heating to the sintering temperature.

2.6.5 Eta(n) Phase

A third phase which is classified as the name above is also identified in most microstructures. The
cause has been attributed to the carbon deficiency in WC-Co alloys during processing. 'Eta’ phase
is a ternary compound of tungsten, cobalt and carbon. It can exist in two forms, either MsC carbide
ranging from Cosz2W2sC to CoW4C, [90] or M12C carbide of fixed composition CogWsC [91].
Both MsC and M12C are indistinguishable physically and MsC may represent a metastable form
which can undergo in-situ decomposition (MsC —> (3 + M2C + WC) by a sluggish reaction [91].
However, in commercial tungsten carbide alloys with a relatively fast cooling rate, presence of
MeC is more probable than that of M12C With minor carbon deficiency levels, 1 phase is not
produced at the sintering temperature but forms on subsequent cooling (i.e., WC + lig. —» WC +
T| + lig.), and in doing so occurs as isolated concentrated areas in which considerable volumes of
WC and cobalt binder phase are locally consumed during its growth. Rounded partially dissolved
WC grains are often associated with such 1 phase areas. Further cooling into the solidus range can
produce peritectic decomposition of this 1 phase and the final quantity of n phase retained at room

temperature is determined by cooling rate and carbon content. The morphologies of the n phase
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range from finely dispersed particles at low carbon deficiency to large areas of massive 1 in highly
carbon deficient alloy. If, on the contrary, a cemented carbide with high carbon is produced, free
carbon may precipitate as graphite and lower the mechanical properties of the material (Figure 2-
22).

2.6.6 Precipitates

Precipitates generally observed in the binder phase of cemented carbides are non-metallic
impurities, graphite, carbides, and intermetallic compounds precipitated during cooling or heat
treatment in the solid state. According to Gruter [92], in technical WC-Co hard metals, a three-
phase region (n + WC + liquid) exists, even if the carbon content corresponds to stoichiometric
WC. In quenched alloys, this phase retains and lowers the magnetic saturation. But if the alloy is
cooled slowly, the i phase reacts with the carbon supersaturated in the binder to form WC and
CosW. Grewe et al. [93] suggest that the eta-carbide WsCoeC precipitates from the supersaturated

solution after cooling from the sintering temperature initially as Co,W4C, which changes

composition to the more cobalt rich variations, CosWsC and CosW>C, and finally decays into
CosW.
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Figure 2-22 : Light optical microscopy pictures showing n-phase (left) and graphite (right)

formation on a WC-10%Co cemented carbide. The phase diagram in the centre shows the

possible phases. The defect free two-phase region (WC: tungsten carbide, B: Co binder) is
highlighted in yellow. Adapted from Ref. [77]
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From the phase diagram of W-C-Co system, this intermetallic should not be present at any
temperature. Local concentration gradient, however, can arise due to slow diffusion of tungsten in
cobalt. It is more likely that the transformation of the cubic into the hexagonal phase is the reason
for the formation of the intermetallic due to the sudden decrease of tungsten solubility in the binder
phase [93]. Literature [93] is available on the effect of heat treatment on the structure and
properties of cemented carbides. The presence of CosW simultaneously with hexagonal cobalt
modification in heat treated WC-Co alloys has been reported [93]. After heat treatment, hardness
increases, but T.R.S. decreases due to the precipitation hardening and the decrease in ductility of
the CosW containing binder phase [94]. A study of Nishigaki et al. [95] on WC based cemented
carbides with Co/Ni/Cr/Al binder suggests that both hardness and toughness of hard metals can be
increased by strengthening the binder phase through y precipitation.

2.6.7 Mechanical Properties of WC-Co

Mechanical properties of WC-Co grades have been based on the volume fraction and sizes of
individual phases that are present in the material. The major phase which is the WC phase are
relatively hard and brittle particles whereas the Co compounds that form with the WC provide a
ductile or relatively soft grade. Whereas it is by and large acknowledged that the binder phase is
continuous, there's a discussion around the degree of continuity of the carbide phase. One
speculation considers that the structure of the sintered WC-Co alloys comprises of scattered
carbide particles implanted in a continuous binder phase, with thin binder film isolating the
individual carbide particles. Using this speculation, it can be said that, the nature of the binder
phase would consequently change the mechanical properties (plastic deformation) of WC-Co
alloys. Different authors [95] have attributed the determination of the strength of the alloys to the
binder mean free path. However, another speculation rises from looking at the carbide’s matrix.
In their case, the plastic deformation of the alloy would require considerable plasticity in the

carbide, since the carbide skeleton would have to deform in compatibility with the binder phase.
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2.6.7.1 Hardness Behaviour of WC-Co

WC-Co alloys are mainly known for their wear applications because of the high wear resistance
they portray. Generally, the characteristic hardness behaviour of a material can be related to it
wear performance based on the microstructure. The hardness of the WC-Co is mostly dependent
on its average grain size and cobalt contents with minimum variation on the chosen processing
route. The smaller the WC grain sizes and cobalt content, the higher the hardness of WC-Co.
Figure 2-23 displays the effect of WC grain size and cobalt contents on the hardness of WC-Co
material. The microstructural effect on hardness property of WC-Co has widely been studied [96,
97]. The hardness of WC-Co exhibits linear relation with mean carbide grains [98]. Lee and
Gurland in their study attributed that carbides particles form partially connected structures with
range continuity through direct carbide-carbide contacts within the microstructure of WC-Co
which plays significant role on its hardness [98]. Mean while Altmmeyer and Jung in their study
reported that hardness of WC-Co, however, exhibit non- linear variation with temperature within
a range of (620-700). This effect is attributed to recovery and recrystallisation of Co phases
resulting from allotropic transformations. Miyoshi et al. [98] reported a rapid decrease in hardness
over the temperature range 300-800 K, whereas, hardness of WC-Co is virtually independent of
temperature up to 800 K, and then falls with temperature [98]. It is reported that the high
temperature hardness of polycrystalline tungsten carbide is significantly higher than the hardness
of single crystal WC in its hardest orientation [99, 100]. Cemented tungsten carbides of fine grain
size behave similarly to polycrystalline WC but increasing the amount of binder phase
proportionally decreases the hardness [100]. The high hardness of fine-grained WC in the
temperature range from 300-1100 K has been attributed to the Hall-Petch effect [109]. On the
other hand, some cemented carbides with large WC grains lose hardness very rapidly with
increasing temperature, behaving very similarly to the hardness of single crystal WC [108].
Additionally, TaC and TiC and tungsten is added to the binder phase of WC-Co to form a
composite to increase resistance of WC-Co to plastic deformation and the rate of strength loss with
increasing temperature. This increases ultrafine grain cemented carbides and gives the composite
its ability to resist cutting edge deformation [102]. Therefore, the wear resistance and hardness of

tool materials are improved.
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Figure 2-23 : a) A graph of WC grain size against the cobalt content showing the increase in
hardness with increasing grain sizes b) Fracture toughness (KIC) as the function of
microstructural parameters and volume fraction of cobalt binder for WC-Co cemented carbide
prepared from different size WC powders [101].

2.6.7.2 Fracture Toughness

Fracture toughness behaviour of WC-Co materials is an important tool that guides the development
of new carbide grades and offers the understanding of the mechanisms of the effect of cubic
carbide phase additions on the properties of cemented carbides. Fracture toughness gives a
measure of materials resistance crack propagation with respect to it maximum energy absorption
before failure. In WC-Co materials, fracture toughness increases with increase in the above-
mentioned parameters except for the carbide contiguity parameters which reduces toughness as it
increases. The toughness also relies strongly on carbon stoichiometry. The WC-Co becomes
detrimental with reduced fracture toughness when the carbon content is deficient or in excess. The
influence by the latter is somewhat lesser than the former due to improvements in carbide grain
size and binder phase distribution which is brought about by increased binder phase fluidity due
to excess carbon [101]. For hard metals such as WC-Co, fracture toughness measurement becomes
difficult to compute due to difficulty in creating a pre-crack. Due to this, the fracture toughness of
WC-Co hard metals is carried out at elevated temperatures [102, 103]. However, it is reported that
the material exhibits not much significant change in toughness up to 600 °C [102, 103]. For mixed

carbide grades of TiC and (Ta, Nb) C, the fracture toughness maybe improved at about 700 °C.
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This is attributed to increase local plastic zone size at the crack tip resulting from the hexagonal to
cubic phase transformation in the cobalt phase. Also, rapid decrease in hot hardness of WC [108],

crack healing and blunting increases the plasticity of WC materials [112].

2.6.7.3 Wear Behaviour of Cemented Carbides

For cemented carbides several different mechanisms account for the wear behaviour. These
underlining mechanisms may vary with service conditions and with the composition and
microstructure of the alloy. The main mechanisms are not limited to brittle fracture, fatigue, and
plastic deformation as a result of corrosion and diffusion from the materials microstructure and
phases compositions [104]. Generally, the wear mechanism includes abrasive, attrition and

diffusional wear.

Abrasive wear, prevalent wear mode generally occurs when hard particles rub across contacting
surfaces mostly during metal cutting. This kind mechanism occurs when the hardness of the tool
material and the workpiece is comparatively similar with regards to compositions and structural
features that controls hardness. For cemented carbides, it is generally known that the precise
mechanism of abrasive wear depends on the hardness of the abrasive particles relative to the bulk
hardness [104-106]. Material loss by either plastic deformation or brittle spall formation has the
tendency to cause carbides grains fragmentation on extruded WC surfaces when the abrasive
particles are harder than the WC. On the other hand, carbide grains are slightly displaced with
gradual cobalt binder extrusions when soft counter abrasive particles slide over with substantial
frictional forces. This results into carbide fragmentation as a result of carbide and binder
contraction during cooling process. Nonetheless, regardless of the nature of the counter abrasive
particles, the binder phases between WC grains maybe extruded under the actions of high local
stresses. Peters et al. [107] reported that abrasive wear of WC-increases as the fracture toughness
of the hard metal increases. Abrasion resistance decreases with increasing cobalt content.
However, although hardness decreases with increasing cobalt content of WC materials, the finer
the carbide at a given cobalt content, the harder the WC-Co grade. Reznik [108] proposed that
wear rate of cemented carbide is proportional to the ratio between crack extension force and critical

density of potential energy of elastic deformation. In order to increase the abrasive wear resistance,
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carbide inclusions such as tantalum, titanium and niobium carbides can be added to the alloys
composition to inhibit grain growths, increase high temperature resistance to deformation and
decrease the coefficient of friction respectively between the WC-Co and tool. This practice

improves the abrasion resistance within substantial limits as shown in Figure 2-24 [109].
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Figure 2-24 : a) Abrasion resistance of WC-Co hard metals as a function of cobalt content .b)
Effect of titanium carbide and tantalum carbide additions on abrasion resistance of WC-Co hard
metals.

Attrition wear is an adhesive wear mechanism that result from cold welding effect in metal cutting,
especially at low surface speeds. The wear rate is associated with grain size rather than hardness.
In WC-Co, complete WC grains are plucked away with this kind of wear. Figure 2-25 shows the
grain size dependence on the wear behaviour. Usually, grain growth inhibitors such as TaC, TiC,
NbC, VC etc. are used to control the wear effect but the amount of additions leaves much to be
desired of as they could have adverse effect on the strength of the material.

Diffusion wear is a wear mechanism occurring due to diffusion of carbon from the cemented
carbide to the steel chip sliding over the rake face of the insert [109]. This process is referred to as
cratering. This depends upon the solubility of tool material in the work material and the interface
temperature obtained during cutting. Similarly, TiC addition to WC-Co cemented carbides is made

to minimize this wear effect. TiC’s produce TiC-WC solid solution which are of high hardness
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and chemical and temperatures stability imparts an excellent resistance to crater wear. It also

increases crater resistance by reducing carbon diffusion from carbide tool to the steel chip.
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Figure 2-25 : Effect of grain size and hardness on flank wear rate for WC-6% Co when
machining cast iron at 0.5 m/s.

2.7 Scope and Objectives for Study

Using the PBF process such as Direct metal laser sintering (DMLS), Electron beam melting
(EBM), Selective heat sintering (SHS), Selective laser melting (SLM) and Selective laser sintering
(SLS) require specially prepared powders, printing parameters (process control) and
postprocessing treatments that will optimize the microstructural integrity and mechanical
properties of printed parts [110]. Cemented carbides such as tungsten carbide (WC), Titanium
Carbide (TiC) or Tantalum Carbide (TaC), which are generally processed using the conventional
powder metallurgy route, have not benefited much from the PBF process due to the lack of
commercially available powders as well as myriad of defects in printed parts [111]. Considering

this, efforts have been made in printing cemented carbides using ink jet printing or binder jet-based
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printing techniques [112, 113]. However, these processes require extensive post-processing (oven
treatment) to remove the binder and subsequently to infiltrate porous parts for increasing
densification. These processes compromise the strength, size and design of manufactured parts.
Currently, there are studies aimed at understanding the relationship between microstructural
integrity/properties and powder compositions and printing parameters (process control) of
cemented carbides such as WC-Co [114-121]. For example, Kumar processed tungsten-carbide
cobalt (WC-9 wt.% Co) by combining the material properties of a composite with the flexibility
of the SLS process and infiltrated the laser sintered parts with bronze to improve their mechanical
properties [121]. Additionally, Gu et al fabricated WC-Co parts using various composition of
powders comprising 18 wt. % to 45 wt. % WC using Cu as a binder in order to understand the
effect of the different powder compositions on the production process and integrity of printed parts
[117-120]. Gu and Meiners used SLM to process W—Ni—graphite elemental powder mixture to
prepare bulk-form in situ WC-based hard metals and characterized the microstructure and
mechanical properties of the produced parts including the mechanisms that resulted in the evolved
structures [116].

In all these studies, it has been demonstrated that PBF processes such as SLS and SLM have
complex mechanisms that occur during manufacturing of parts including multiple modes of heat,
mass, and momentum transfers induced by localized laser scanning. This results in processing
defects such as gas entrapment, aggregation of constituent phases, microcracks and
nonequilibrium phases that affect the integrity of the microstructure and properties of processed
parts [115]. For example, Khymrov et al demonstrated that crack-free WC-Co cemented carbides
can be processed by using small volumes of WC during 3D printing of WC-Co cemented carbides
[114]. They processed crack-free WC-Co parts by using a lower percentage of the WC powder
(25%) which in turn affected the mechanical properties of the processed cemented carbides. When
they increased the amount of WC to 50%, the processed structure had significant quantities of both
micro and macro cracks [114]. Uhlmann et al processed 83%WC-17%Co parts comprising of
cooling channels but observed that the produced parts were riddled with fine micro-cracks [122].
Kumar and Czekanski processed complex WC-Co parts consisting of various micro-features such
as thin walls tilted at various angles, cylindrical pins and holes of various diameters [3, 123].
However, these parts were not free from cracks and pores which was attributed to the percentage
of WC used.
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For most applications, Tungsten mono-carbide (WC) is the desired phase; however, due to the
irregular thermal cycles involved in both conventional powder metallurgy route and metal additive
manufacturing processes, WC phases are usually converted to other secondary phases (W.C, WC-
Co phases). It has been shown that W4Co02C, W3Co3C and WsCosC are the most important
inevitable phases when processing WC-Co cemented carbides [124]. It has been reported in several
studies that post-processing heat treatment could beneficially modify the properties of PBF
processed materials as well as relieve residual stresses created by processing conditions. Zhou et
al characterized the microstructure and mechanical properties of an SLM printed Maraging steel
and asserted from their findings that heat treatment does not induce strengthening alone but also
significantly relieve residual stresses and eliminate mechanical anisotropy [124]. Maraging steel
has been a close competitor for the WC-Co alloys on the commercial market even though there
are application-specific demands for the two different materials. There has not been much work
done to understand how post-processing affects the microstructure and properties of PBF
processed WC-Co alloys. It is reported that at the eutectic temperature, about 12% of tungsten
carbide is dissolved in cobalt of cemented carbides. As temperature decreases, the solubility drops
substantially and at 800-600 °C, amounts up to 1% [125]. This fact that solubility of the tungsten
carbide decreases with decreasing temperature provides another basis for changing the properties
of WC-Co alloys by annealing heat treatment in order to form more of the desired Tungsten
monocarbide (WC). Tumanov et al studied the effect of rate of cooling of Tungsten Carbide-Cobalt
alloys on the composition of the cementing phases [126]. The composition of the cementing phase
is practically independent of the rate of cooling [126]. WC-Co alloys are used as coating more
often because of their wear properties and some studies using heat treatment have been done to
optimize these properties. Asl et al studied a WC-Co coating deposited onto ST37mild steel
substrate using HVOF spray technique and then heat treated at different temperatures in a vacuum
chamber [127]. They revealed that some brittle eta (1) phases were produced at high-temperature
heat treatments. Generation of these brittle eta (1) phases increased the coating’s hardness and
decreased fracture toughness of the coating [127]. Stewart et al also used WC-17 wt.% Co
powders to form coatings on steel substrates and heat treated at a range of temperatures between
250 °C and 1100 °C [128]. They demonstrated that there was an improvement in the abrasive wear
properties of the coating. Also, heat treatment above 600 °C resulted in significant phase changes

within the coating. However, heat treatment at all the temperatures examined resulted in changes
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in the microstructural integrity and residual stress state of the coating [128]. Other studies
performed these heat treatments at temperatures below 1000 °C and reported drastic changes in
the mechanical and microstructural properties of the cemented carbides [129, 130]. Thus,
postprocessing heat treatment of WC-Co can increase the effective carbide content (with higher
hardness and wear resistance) and improve the structure and properties of the alloy.

Hexagonal Boron Nitride(hBN) is known to possess a crystal structure like that of graphite and
therefore has a low thermal expansion coefficient, a high thermal conductivity and a high
resistance to thermal shock and corrosion. It is sometimes known as a high temperature material.
It is even more attractive as an additive for machining tools because of its lubricative properties.
The hBN exists as one of several crystalline varieties having the two sp2-bonded layered
configurations in AB stacking among the BN allotropes including cubic BN (c-BN) analogous to
diamond, wurtzite BN (w-BN) similar to the lonsdaleite, and rhombohedral BN (r-BN) in ABC
stacking corresponding to r-graphite whiles hBN corresponds to h-graphite [131].

There exist studies on alloy design of WC-Co with ¢BN inclusions using conventional
manufacturing techniques. This was to help improve bonding or mechanical properties of the
material. Yaman and Hasan [132] compared the wear performance of a WC-6Co, WC-6Co-
(25%vol)cBN. They processed both materials using novel spark plasma sintering. They concluded
that the addition of cBN enhanced the wear properties of the material as compared a WC-6Co.
Additionally, the revealed that there is a possibility to study the potential of adding BN material
to WC-Co for enhanced wear and other mechanical properties. Rong et al fabricated using spark
plasma sintering a cBN/WC-Co composite [133]. His new composite exhibited higher hardness
and fracture toughness. Martinez and Echeberria [134] also achieved an increase in higher
hardness and fracture toughness by processing a WC-Co with 50%vol of cBN. They used hot
isostatic pressing to fabricate it. The also added that there was no phase transformation from cBN
to hBN.] However, they had inhomogeneous and rapid grain growth which was degrading for the
microstructure of the sample. In additive manufacturing, irregular heat and cooling creates an
unstable microstructure after printing. Thus, the need to adopt a post processing treatment to
relieve the built-up residual stresses and unstable phases. There is no attempt to process WC-Co-
cBN using additive manufacturing because of the brittle nature and high melting point of its
constituents. However, the properties of hBN can be implored to help fabricate a cemented carbide

whereby a reduction in thermal shock can occur thereby fabricating a material with very few
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microcracks. A further one step heat treatment process can be employed to help reduce residual
stresses in the material and improve its mechanical properties. Yet still, there is also the need to
reduce the rate of microcracks by introducing the hBN which will reduce the effect of thermal
shock on the sample during printing. Thus, the need to study effect of post-processing heat
treatment on the microstructure and properties of SLS printed WC-Co-hBN alloy is very
understandable in order to determine the conditions for optimizing the structural integrity and
properties of the 3D printed alloy.

The goal of this study is to understand the effect of post-processing heat treatment on the
microstructure and properties of SLS printed WC-Co alloy in order to determine the conditions
for optimizing the structural integrity and properties of the 3D printed alloy. Further to this main
objective, the following are detailed objectives completed towards fulfilling this main objective:

. Assess the microstructural and mechanical properties of an as-printed WC-Co alloy.

Perform post processing heat treatments on the as-printed WC-Co alloy and study the
microstructural evolution and characterize the mechanical properties (hardness, fracture toughness
and wear).

Successfully fabricate a new cemented carbide with self lubricating properties

. Assess the microstructural and mechanical properties of the new cemented carbide with self
lubricating properties.

Perform post processing heat treatments on the as-printed cemented carbide with self lubricating
properties and study the microstructural evolution and characterize the mechanical properties
(hardness, fracture toughness and wear).
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CHAPTER 3: MATERIAL AND EXPERIMENTAL PROCEDURE

3.1 Introduction

In this research, it is proposed that due to the challenges present in the as-printed material, a
systematic study of the microstructure of the as-printed sample and the as-printed samples after
post processing can be used to track the microstructural changes that occur during the post
processing process. Additionally, the analysis of the mechanical properties can also be tracked
likewise, and data can be used to design a self lubricative alloy with better mechanical properties
for wear applications be adopted. Thus, the objectives of this research are to study the
microstructure and assess mechanical properties of the as printed and post-processed WC-Co
samples as well as the as-printed and post processed WC-Co-hBN samples to determine the effect
of post processing heat treatment on 3D printed materials and improve the wear properties of the
cemented carbide by addition of a self lubricating material. The process to achieve the objectives
of this study is grouped into three major parts:

e First, an initial assessment of the as-printed WC-Co material followed by a comprehensive
microstructural characterization and mechanical property measurements of heat-treated
samples as compared to the as-printed sample.

e Secondly, a comprehensive redesign of an alloy comprising of WC-Co and hBN and a

successful 3D print of a consolidated sample for analysis will be done.

e Thirdly, the printed WC-Co-hBN sample is assessed and post processed using heat treatment
to track the microstructural evolution and mechanical properties of the heat-treated samples in
comparison to the as printed sample. Additionally, it shall be compared with the WC-Co

material to assert its advantages with the hBN inclusions.
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3.2 Material Processing and Sample Preparation

WC-Co powder which is already pre-alloyed was acquired from Buffalo Tungsten Inc., USA. The
powder was composed of 83wt.% WC and 17 wt.% Co. For the WC-Co-hBN sample, a mixture
of hBN powder and WC-17%Co was prepared. In processing, an EOS M280 which has been
approved for processing customized powders was adopted for processing the materials. A
precautionary measure was taken by performing the printing in a nitrogen environment in the build
chamber of the machine. This was done to avoid unwanted burning and oxidation during the
printing. A substrate made of 1045 cold rolled steel was used. This was adopted because it would
help to effectively fuse the printed part unto a suitable substrate. Using optimized printed
parameters stated in a previous study, WC-Co samples were processed and used for the research
study. Table 2 lists the parameters used and adopted for the processing of the cemented powders
[3]. For the WC-Co-hBN samples, a parametric study using the same EOS M280 machine was
done to ascertain the volume of hBN and appropriate printing parameters that would print a
consolidated WC-Co-hBN sample. A successful print was made at 3% volume of hBN powder
mixed with the WC-Co. In both processes, the AM system was equipped with a heater which
heated the processing environment and the substrate up to 200 °C before processing the powders
began. These conditions were used to print samples of 5 mm thickness and a size of 20 mm X

50mm. The fabricated blocks were sectioned using wire EDM prior to heat treatment.

Table 2 : Printing parameters adopted for processing WC-17Co and WC-Co-hBN on the EOS
M280 machine.

Parameter Value Value
Laser Power 270W
Scan Speed 500mml/s
Beam diameter 0.1mm
Hatching Distance 0.4mm
Layer thickness 0.04mm
Preheating 200 °C
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Table 3: Chemical Composition of Materials for study (WC-17Co & WC-Co-hBN)

Product Name WCT-17Co (Conventional WC)

Description Agglomerated and Sintered
Chemical Composition (WC-17Co) Co=15-18%
C=48-5.6%

W = Balance

Chemical Composition (WC-Co-hBN) Co=15-18%

C=48-
5.6% hBN =
3% vol W =
Balance

Particle Size -53 +20 micron
-45 +15 micron

-30 +5 micron

Apparent Density 4.3g/cc minimum

3.3 Heat Treatment and Microstructural Characterization of Both WC-17Co & WC-Co-
hBN Alloys

Four sectioned samples of each printed alloy were heated-treated in a furnace at 400 °C, 600 °C,
800 °C and 1000 °C for 3 hours respectively. The furnace was set at a constant heating for all the
samples. After the 3 hours hold time, the samples were then cooled to room temperature in the
furnace. This was done by setting the furnace to 250°C after the 3 hours hold time. One of the
sectioned samples of each alloy did not undergo this heat treatment process in order to serve as the
baseline for comparison to their corresponding heat-treated samples. The samples were then
named as A400 °C, A600 °C, A800 °C and A1000 °C for the WC-Co alloy and B400 °C, B600
°C, B800 °C and B1000 °C for the WC-Co-hBN alloy respectively. The samples without heat
treatment is referred to as the as-printed WC-Co and the as-printed WC-Co-hBN samples. A
schematic diagram of the heat treatment process for all the samples have been shown in Figure 3-

1. After heat treatment, all the samples were then cold mounted using epoxy resin. This was done
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without compromising the structure and composition of the samples. The mounted samples were
prepared using piano flexible diamond disks with 5 different grades (80, 120, 240, 600 and 1200).
During grinding, a maximum of 10 minutes was spent on each flexible diamond disk to obtain a
smooth surface. This was followed by polishing of the samples using monocrystalline diamond
suspension (1 um, 0.5 um and 0.25 um) to obtain a mirror surface finish. An optical photograph
of both the WC-Co samples and the WC-Co-hBN samples have been shown in Figure as A: and
B: The samples used in this study were not etched.

The microstructure of these polished samples was characterized using a scanning electron
microscope (TESCAN VEGA 3) equipped with an energy dispersive spectroscopy (EDS) detector

which was used to assess the chemical elements present in the samples.

T/°C
1000 °C, 3hrs

800 °C, 3hrs

Furnace cooled
600 °C, 3hrs

400 °C, 3hrs

Time/hr

Figure 3-1 : Schematic diagram of heat treatment procedure used for the WC-17Co and WC-Co-
hBN materials after processing using SLS.

3.4 X-Ray Diffraction (XRD)

In order to determine phase evolution and crystallographic characteristics after processing and heat
treatment, X-Ray Diffraction was carried out using the Philips XRD system. The XRD was
operated at 35 kV and 20 mA with a scanning rate of 3° 26/min. The analysis was done using MDI

Jade software which involved the identification of the phases. Two scans for the same sample were
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analysed together and the noise was removed on each pattern as a common practice for X-Ray

diffraction analyses.

3.5 Wear Experiments

Wear tests were done using a Bruker UMT Tribolab. The mass of the sample before and after wear
test was measures to determine wear loss using a high precision mechanical weighing balance.
Using an alumina ball as counter body, the samples was oscillated on a linear axis terming it as a
reciprocating wear test (Figure 3-3). In order to maintain elastic constant conditions at the

interface, Hertzian pressure (P) was calculated for the applied load (20 N) as per equation (2) given

below:
3 (v1)? (v2)?
__F — (3FR)3 1_1-(n 1-(vy _ 3
P_naz a_(4E) E  E + Ep PO_ZP (3)

Where F is the applied load in Newtons, R is the diameter of the alumina ball in meters. E1, E2,
vl, v2 are Young’s modulus and Poisson’s ratio of ball and sample (WC-Co) respectively. PO is
the maximum Hertzian pressure at the centre of the interface. The values used for E1, E2, v1, v2,
minimum values found in the literature for WC-Co processed by conventional means were taken.
This was done to ensure that the Hertzian pressure calculated would be far below the estimated
yield strength of the samples [135, 136]. Equations gave Po as 1268 MPa which is far below the
yield strength 2000 MPa. This validated the tests conditions not to change to plastic contact
conditions. A commercial 3D printed Maraging steel (MS1) supplied by EOS was adopted as a

comparison for the wear properties [137].
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Figure 3-2 : Schematic diagram of the wear experiment

3.6 Microhardness

Microhardness measurements were performed on the polished samples with a digital
microhardness machine by applying a 300 gram-force (2.942N) for 15 seconds. A total of 25

hardness values (VHN) were recorded and their average values calculated as the hardness value
of the sample (Figure 3-4).

Figure 3-3 : Optical image of a WC-Co material indented using a Micro Vickers Indenter.
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3.7 Fracture Toughness

Fracture toughness tests were also performed on the samples using the indentation approach. Using
increasing loads method, 30 Kgf was selected to perform tests at selected areas where there were
no pre-existing cracks on the surface of samples. Tests that produced either no cracks or more than
four cracks were discarded. Fracture toughness was determined using the following equation
proposed by Shetty et al for WC-Co materials [138, 139].

Kic =0.00889 x |x H x g2 x
LTot

LTOt - L1 + LZ + L3 + L4 (4)

Where Kic is the fracture toughness in MPaVm, H is the hardness (HV30/HV50), Lot is the sum
of crack lengths in mm, M is the applied load in newtons g is the acceleration due to the gravity
(9.81 m/s?).
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4: RESULTS

4.1 Microstructural Evolution After 3d Printing and Heat Treatment Of WC-Co Alloys
4.1.1 Microstructural Evolution of The As-Printed WC-Co Sample

Figure 4-1 shows scanning electron micrographs describing the microstructural features and
structure of the as-printed sample. Generally, four distinct microstructural features were observed
within the as-printed sample. This includes irregular and regular polyangular chips, dendritic
structures,

“foggy” (shapeless) regions and dark background regions. Figure 4-1(a) shows the regular and
irregular polyangular chips observed on the as-printed sample. Typically, the sizes of the regular
polyangular chips were relatively small when compared to the irregular polyangular chips. In
addition, the surfaces of the regular polyangular chips appeared to be relatively smooth with no
strips or stringers while the irregular polyangular chips had thin dark stringers on them as shown
in Fig 4-1(b). In Figure 4-1(c), regions occupied by well-developed dendritic structures were
observed on top of the dark background regions. Also, well-defined and distinct chips were
observed in some regions in addition to regions with non-distinct chips as shown in Figure 4-1(d).
Furthermore, some regions of the sample had agglomerations of tiny chips as shown in Figure 4-
1(e). These agglomerations of tiny chips were usually observed around the “foggy” regions. The
observed “foggy” regions were located at different areas of the sample occupying about 40% of
the volume fraction after image processing and calculations (Figure 4-1(a, b, g)). Clusters of dark
spots (micro pores) were usually observed on the “foggy” regions as shown in Figure 29(h).
Besides the pores, micro-cracks were also observed in the as-printed sample (Figure 4-1(g, h)).
These micro-cracks had branches of cracks with clusters of pores around them as shown in Figure
4-1(h).

Figure 4-2 shows results from EDS analysis and X-Ray diffraction for the as-printed sample. This
was done to ascertain the chemical elements of the various structures and regions observed in the
sample as well as the phases present. The chemical mapping analysis done on the regular and
irregular chips revealed W and C as the dominant elements as shown in Figure 4-2(a-e). Thus, the
observed regular and irregular polyangular chips are WC chips. The observed tiny stringers on the

irregular polyangular chips were identified as Co stringers (Figure 4-2(d)). Additionally, the
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“foggy” regions had W, C and Co, thus, a WC-Co structure while the dark background regions
were rich in cobalt as shown in Figure 4-2(d). The X-ray Diffraction (XRD) analysis, as shown in
Figure 4-2 (f), showed that the as-printed specimen was made up of W3Co3zC, W>Co4C, W-C and
the hexagonal WC phases.

4.1.2 Microstructural Evolution of the Heat-Treated Sample (A400 °C)

Figure 4-3 depicts scanning electron micrographs that describe the evolution of the microstructure
of the printed WC-Co sample after heat-treatment at 400 °C for 3 hrs. Generally, the same
microstructural features observed in the as-printed sample, namely irregular and regular
polyangular WC chips, dendritic structures, “foggy” (shapeless) regions and dark background
regions, were observed in this sample with slight variations in the morphology and distribution of
these structures. The regular and irregular polyangular WC chips appeared to be well-developed
and distinct when compared with those observed in the as printed. However, they were smaller
with evidently more regular polyangular chips as shown in Figure 4-3(a). The agglomerated WC
chips around the W-C-Co phase also became well-developed and distinct as shown in Figure 4-
3(b). The relative size and distribution of most of the W-C-Co phase were reduced when compared
to those found in the as-printed sample as shown in Figure 4-3(c). Also, fewer stringers were
observed on the irregular polyangular WC chips as shown in Figure 4-3(d). The observed dendritic
structures appeared thicker and more distinct (Figure 4-3(e)) on the cobalt-rich backgrounds.
Precipitates were observed in some cobalt-rich regions as shown in Figure 4-3(f) which was not
observed in the as-printed sample.

Pores were observed on the relatively large W-C-Co phase (Figure 4-3 ((b), (d) and (g)). Thicker
and more straight micro-cracks stem and fewer micro-crack branches were observed as shown in
Figure 4-3(h).

The EDS maps from the sample showed that the distinct polyangular chips were rich in W and C
while the dendritic structures were rich in both W, C and Co (Figure 4-4(a)-(e)). The dark
background was predominantly Co. From Figure 4-4(f), which depicts the X-ray diffraction
patterns of the heat-treated sample at 400 °C, there is no new phase seen in the sample with respect
to the as-printed sample. However, no W2Co4C was identified in this sample even though it was

present in the as printed sample. In addition, there were significant reductions in the peak heights
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of the WC and W>C as compared to the as-printed sample. Nevertheless, the observed peak heights

of the W3CosC phase increased when compared to the as-printed sample.
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Figure 4-1 : Scanning Electron micrographs for as-printed sample describing the
microstructural features and discontinuities identified as a result of processing technique.
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Figure 4-2 : EDS mapping (a to €) and X-ray diffraction pattern (f) of WC-Co as-sintered sample
showing the WC, W,C and W-C-Co phases.
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Figure 4-3 : Scanning Electron micrographs for 400°C sample describing the microstructural
features and discontinuities identified as a result of heat treatment and processing technique.
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Figure 4-4 :EDS mapping (a to €) and X-ray diffraction pattern (f) of WC-Co sample heat
treated at 400°C showing the WC, W-C and W-C-Co phases.

69



4.1.3 Microstructural Evolution of the Heat-Treated Sample (A600 °C)

Figure 4-5 shows the microstructure of the as-printed WC-Co sample after heat treatment at 600
°C for 3 hrs. Again, the same microstructural features were observed in this specimen with some
variations in the morphology, size and spatial distribution of these structures. The general sizes of
the regular and irregular chips have become small. Some of the regular polyangular WC chips
were embedded in the irregular polyangular chips (Figure 4-5(a & b)). Well-developed thicker
and round dendritic structures were observed in this specimen with a significant reduction in the
volume fraction of the dark background and W-C-Co phase as shown in Figure 4-5(c). Tiny
agglomerations of the WC chips were also observed (Figure 4-5(d & €)) while some of the
polyangular chips appeared to be elongated and twirled up together making it look like a bigger
WC chip as can be seen in Figure 4-5(f). There were fewer stringers observed on the WC chips as
well as fewer pores in the sample. Thus, fewer W-C-Co phase with fewer pores were observed in
the sample when compared to the other samples. A few regions had micro-cracks which were not
close to the crack stems as was observed in the other samples (Figure 4-5(g) and (h)).

The reduced dark background regions (Co-rich regions), globular WC-Co dendritic structures and
twirled-up WC polyangular chips were evident on the EDS maps as shown in Figure 4-6 (a) — (e).
In Figure 4-6(f), the diffraction pattern reveals a new W-C-Co (WsCo6C) phase and a drastic
decrease in the peak height of the WC phase.

4.1.4 Microstructural Evolution of the Heat-Treated Sample (A800 °C)

Figure 4-7 shows the microstructures of the as-printed WC-Co sample after heat treatment at 800
°C for 3 hrs. Besides the regular and irregular polyangular chips, there were agglomerations of
globular precipitates within the darker cobalt-rich regions in addition to platelet WC chips as
shown in Figure 4-7(a) and (b). In addition, coarser dendritic structures were observed in this
sample (Figure 4-7(c)). The volume fraction of the darker cobalt-rich regions was significantly
reduced as a result of the precipitation of the coarser dendritic structures and spheroids in addition
to the evolved platelet WC chips as shown in Figure 4-7(a) — (d). In this sample, the volume
fraction of the irregular polyangular WC chips was significantly higher than was observed in the

other samples. It was observed that the W-C-Co phase were identical to the WC chips in terms of

70



topography with embedded WC chips as shown in Figure 4-7(f). Nevertheless, these W-C-Co
phase still had higher numbers of pores. Also, tiny agglomerations of WC chips were observed
(Figure 4-7(g)). Few but wider micro-cracks with no branches were observed in Figure 4-7(h).

As shown in Figure 4-8, the EDS maps confirmed that the globular structures and W-C-Co phase
were rich in W, C and Co with the dark background being the Co-rich region. The XRD showed
higher peak heights for the W-C-Co phases as shown in Figure 4-8(f) including a new WCo phase
that had lower peak heights. It was identified that the evolution of this WCo s phase was as a result

of the decomposition of W»C phase.

4.1.5 Microstructural Evolution of the Heat-Treated Sample (A1000 °C)

The microstructure of the as-printed sample heat-treated at 1000 °C for 3 hours is shown in Figure
4-9. The relative sizes of the regular WC chips were smaller in this sample even though they
appeared to be well-developed and distinct. The sample also had higher volume of pores within
the W-C-Co phase with smaller volume fraction of dark Co-rich background regions as shown in
Figure 4-9. In addition, coarser dendritic structures were observed in this sample as shown in
Figure 4-9(a) and (f). The agglomerated tiny WC chips were identical to the regular polyangular
WC chips.

Smaller numbers of thinner micro-cracks were observed in this sample as shown in Figure 4-9(h).

The well-developed and distinct WC chips are apparent in the EDS maps shown in Figure 4-10.
The

W-C-Co phase were rich in W, C and Co while the dark background was rich in Co. The XRD
analysis showed an increase in the peak heights of some of the WC planes when compared to the
WC planes in the 800 °C sample except for 102 planes as shown in Figure 4-10(f). A new W-C-
Co (W10Co03C4s) was identified and a high reduction in the peak intensity of the WCos was

observed.
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Figure 4-5 : Scanning Electron micrographs for 600°C sample describing the microstructural
features and discontinuities identified as a result of heat treatment and processing technique.
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Figure 4-7 : Scanning Electron micrographs for 800°C sample describing the microstructural
features and discontinuities identified as a result of heat treatment and processing technique
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Figure 4-8 : EDS mapping (a to e) and X-ray diffraction pattern (bf) of WC-Co sample heat
treated at 800 °C showing the WC, WCo 5 and W-C-Co phases.
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4.1.6 Effect of Heat Treatment on X-ray Diffraction Patterns of WC-Co alloy

Since the predominant phase with high intensities in all the samples was the WC phase, the peak
heights and the Full Width at Half Maximum (FWHM) of the WC phases in all the samples were
compared to understand the effect of heat treatment on this phase as shown in Figure 4-11 (a) and
(b). Two patterns were observed in the peak heights as temperature increased as shown in Figure
4-11(a). In the first pattern (3 different planes), there were significant reductions in the peak
heights as temperature increased from 0 °C (as-printed sample) to 800 °C with the peak height
increasing again from 800 °C to 1000 °C. In the second pattern (3 different planes), the peak height
decreased from 0 °C (as-printed sample) to 400 °C, increased from 400 °C to 600 °C, decreased
from 600 °C to 800 °C and increased from 800 °C to 1000 °C. What was consistent in the peak
heights was that the as-printed sample always had the highest peak height while the 800 °C sample
had the lowest peak heights irrespective of the WC planes as shown in Figure 4-11(a). On the other
hand, it was generally identified that irrespective of the crystallographic plane, the FWHM of most
WC planes in the samples increased from 0 °C (as-printed sample) to 400 °C, decreased from 400
°C to 600 °C and increased from 600 °C to 1000 °C as shown in Figure 4-11(b).

4.2 Mechanical Properties After 3D Printing and Heat Treatment

4.2.1 Microhardness, Fracture Toughness and Wear Properties

Figure 4-12 shows the average hardness and fracture toughness of the as printed and heat-treated
samples. Generally, the heat-treated samples have relatively higher hardness when compared to
the as-printed sample as shown in Figure 4-12(a). Thus, the heat treatment can be used to increase
the hardness of the as-printed WC-Co alloy. From the graph, there is an increase in hardness when
the temperature rises to 600 °C and then a steady decline up to 1000 °C. There was approximately
36% increase in hardness when the as-printed specimen was compared with the sample heat treated
at 600 °C. Also, there was approximately 8% increase in hardness when the as-printed sample was
heat-treated at 1000 °C. The increase in hardness at 600°C was coupled with the highest fracture
toughness (8.37 MPaVm), representing a 34% increase in fracture toughness, when the sample was

compared with the as-printed sample (6.23 MPaVm) as shown on Figure 4-12(b). Even though the
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approximate hardness of the sample heat-treated at 1000 °C was relatively higher than the as-
printed sample, the as-printed sample had better fracture toughness (approximately 9% higher)
than the sample heat-treated at 1000 °C.

In addition, Table 4 and Figure 4-13 show the mass loss and coefficient of friction of the as-printed
and heat-treated WC-Co samples compared with the standard EOS MSI 3D printed Maraging steel.
The mass loss of each of the samples was calculated after wear tests and used to characterize the
wear rate of the samples. After heat treatment of the as-printed sample at 400 °C, there was
approximately 54% decrease in mass loss when compared with the as-printed sample. There was
a continuous increase in mass loss of the samples heat treated between 600 °C and 1000 °C.
Nevertheless, the EOS MSI Maraging steel had the highest mass loss when compared to all the
WC-Co samples with an approximate 238% increase in mass loss when the EOS MS1 was

compared with the as-printed WC-Co alloy as shown in Figure 4-13.
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Figure 4-11 : (a) A graph of Peak height of the various WC planes identified compared against
each sample labelled as control(as-printed), 400 (400°C), 600 (600°C), 800 (800°C) and 1000
(1000°C). (b): A graph of FWHM of the various WC planes identified compared against each
sample labelled as control (as printed), 400 (400°C), 600 (600°C), 800 (800°C) and 1000
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Figure 4-12 : Effect of heat treatment on the (a) hardness (HV) (b) fracture toughness of 3D
printed WC-Co alloy
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Table 4 : Wear test results for the as printed and heat-treated WC-17Co samples at various

temperatures
Sample Mass of sample | Mass of Mass loss (10 Coefficient of
before wear sample after 4 Friction
(9) wear (g) (COF)
As printed 11.2144 11.2118 26 0.2
400°C 14.3001 14.2989 12 0.2
600°C 11.7721 11.7691 30 0.2
800°C 10.2155 10.2115 40 0.2
1000°C 15.0243 15.0194 49 0.3
Maraging Steel | 10.1200 10.1112 88 0.6
(MS1)
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Figure 4-13 : Effect of heat treatment on the wear properties of 3D printed WC-Co alloy
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4.3 Microstructural Evolution After 3D Printing and Heat Treatment Of WC-Co-hBN Alloys

4.3.1 Microstructural Evolution of the As-Printed WC-Co-hBN Sample

Figure 4-14 shows scanning electron micrographs describing the microstructural features and
structure of the as-printed WC-Co-hBN sample. Generally, a similar structure just like the as
printed WC-Co sample was observed. This included the polyangular chips (irregular and regular),
“foggy” (shapeless) regions and dark background regions. Dendritic structures that were observed
on WC-Co were however not present on this sample. Figure 4-14(a) shows the polyangular chips
observed on the as-printed sample. The sizes of the chips were relatively smaller as compared to
the WC-Co as printed sample. On an average count, the regular polyangular chips were more than
the irregular ones. Most of the chips also did not have strips or stringers on them. In Figure 4-
14(b), regions occupied by the foggy regions have been shown. The foggy regions were very
distinct and were very well defined. The foggy region occupied just about 30% in terms of area
fraction over analysed samples. Just between these foggy regions and polyangular chips was a thin
dark layer which we are calling the dark background regions (Figure 4-14(c)). Some of these layers
could be only as thick as 4um. Furthermore, some regions of the sample had agglomerations of
tiny chips as shown in Figure 4-14(d). These agglomerations of tiny chips were usually observed
to be mixed with the “foggy” regions. A lot of these agglomerated regions were not identified in
the sample. However, the ones identified were very distinct and occupied regions that were about
60um wide. A lot of pores were also observed inn the whole sample. Most of the pores were
observed on the polyangular chips whereas few occupied the foggy regions. However, in the WC-
Co as printed sample, we observed that the pores were prevalent in the foggy regions rather.

Figure 4-15 shows results from EDS analysis and X-Ray diffraction for the WC-Co-hBN as-
printed sample. Doing this aided in the understanding of the distribution of the chemical elements
qualitatively and identify the various structures and regions observed in the sample by the
elemental analysis. The elemental mapping showed that the polyangular chips were still composed
of primarily W and C as the dominant elements as shown in Figure 4-15(a) to (e). We therefore
still wish to name the polyangular chips in this material as WC chips. The other structures followed
the same chemical composition as observed in the WC-Co samples. However, the mapping also

revealed no specific information of the distribution of B and N (Figure 4-15(a)-(g)) The X-ray
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Diffraction (XRD) analysis, as shown in Figure 4-15 (g), showed that the as-printed specimen was
made up of W3Co3zC, W3CozN, WeCo03Cs, COWB, Cos.47N and the hexagonal WC phases.

4.3.2 Microstructural Evolution of the Heat-Treated Sample (B400 °C)

Figure 4-16 depicts scanning electron micrographs that describe the evolution of the
microstructure of the printed WC-Co-hBN sample after heat-treatment at 400 °C for 3 hrs.
Generally, the same microstructural features observed in the as-printed sample, namely irregular
and regular polyangular WC chips, “foggy” (shapeless) regions and Co rich background regions,
were observed in this sample. However, they size of these structures varied as compared to as-
printed sample. The regular and irregular polyangular WC chips appeared to be smaller than the
as-printed sample as shown in Figure 4-16(a). However, bigger chips were also observed which
were not in the as printed sample. They had fleshed themselves with other WC chips forming a
WC-WC chip interface which has no Co layer or foggy region between (Figure 4-16(b)).
Additionally, the regions which had the Co rich regions had a form of precipitate forming out of
it. 1t looked like a honeycomb structure and it was much evident in Co rich regions which were
identified in the sample. In other areas, two form of foggy areas were observed. One region looked
rough on the surface and had globules captured in them (Figure 4-16(c)) Other foggy regions had
a smooth surface with no globules in them (Figure 4-16(d)). There were more smooth foggy
regions on the sample than the rough ones. Also, fewer stringers were observed on the WC chips.
Pores were observed on the relatively large WC chips with some micro cracks. However, the foggy
regions had little or no pores or cracks in them.

The EDS maps from the sample showed that the distinct polyangular chips were rich in W and C
while the dendritic structures were rich in both W, C and Co (Figure 4-17(a)-(e)). The dark
background was predominantly Co. From Figure 4-17(f), which depicts the X-ray diffraction
patterns of the heat-treated sample at 400 °C, there is no new phase seen in the sample with respect
to the as-printed sample. However, two distinct peaks which were identified as W3CosN were not
present in this sample. In addition, there were significant reductions in the peak heights of the

WoCo03Cs, COWB, Cos.47N and WC phases as compared to the as-printed sample.
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Figure 26 : EDS mapping (a to e) and X-ray diffraction pattern (f) of as-printed WC-Co-hBN
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4.3.3 Microstructural Evolution of the Heat-Treated Sample (B600 °C)

Figure 4-18 shows the microstructure of the as-printed WC-Co-hBN sample after heat treatment
at 600 °C for 3 hrs. Again, a similar microstructure is observed on this sample with some variations
in the morphology, size and spatial distribution of these structures. The WC chips seem to be well
developed and a relatively a smaller size compared to the as-printed sample WC-Co-hBN sample.
Some of the regular polyangular WC chips seemed to be embedded in the foggy regions (Figure
4-18(a & b)). In Figure 4-18(b), precipitates in the Co rich regions have become much bigger and
looked globular taking the form of the rough foggy regions observed in the 400°C sample. Thicker
foggy regions with smooth surfaces were observed on this sample with a high-volume fraction
present. In some portions, the foggy regions and the small WC chips were not distinct. They looked
liked they have merged. Most agglomerated regions were now distinct, and fewer Co rich regions
could be seen in them (Figure 4-18 (c) and (d)). A few regions had the pores especially the WC
chips.

However, the foggy regions had little or no pores in them.

The reduced sized WC chips, depleted Co rich regions and the two distinct foggy regions were
captured on the on the EDS maps as shown in Figure 4-19 (a) — (e). Surprisingly, in Figure 4-19
(P, the diffraction pattern revealed just one W3CozN phase whiles a lot of W3Co3C phases which
were not there came were now present. The intensities of the WC phase had reduced drastically as

compared to the as printed WC-Co-hBN sample.

4.3.4 Microstructural Evolution of the Heat-Treated Sample (B800 °C)

Figure 4-20 shows the microstructures of the as-printed WC-Co-hBN sample after heat treatment
at 800 °C for 3 hrs. Generally, there was drastic depletion in the Co rich regions, and most WC
chips were very big and had come together with other WC chips. In Figure 4-20(a), big WC chips
have been identified. The chips are closely packed together leaving no gaps between them. There
were more stringers in the sample as a result of the compaction. However, there were still
precipitates growing from the Co rich regions elsewhere as shown in Figure 4-20(b). Additionally,
a few of these Co rich regions that were as big as 10um were identified. The volume fraction of

the foggy regions which had a rough surface had increased. They also had few pores in them which
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were identified as cobalt stringers. In Figure 4-20(d), it is observed that, the foggy regions which
had a smooth surface had become embedded in the microstructure. It was therefore very difficult
to distinguish between the WC and foggy regions with the smooth surface.

As shown in Figure 4-21, the EDS maps confirmed that the few co rich regions as well as the
stringers as mainly made up of cobalt. The XRD showed higher peak heights for the W-C-Co
phases as shown in Figure 4-21(f) including the new W3Co3zC phases that had been observed in
the previous sample. The intensities of the W-C-Co phases were primarily larger than that o the

ones in the as printed sample.

4.3.5 Microstructural Evolution of the Heat-Treated Sample (B1000 °C)

The microstructure of the as-printed sample heat-treated at 1000 °C for 3 hours is shown in Figure
4-22. The relative sizes of the WC chips were smaller in this sample. In Figure 4-22(a), smaller
regular WC chips were scattered across the sample. Fewer agglomerated regions were also present.
However, most of these agglomerated regions had distinct small WC chips in them. The embedded
foggy regions were also present at high volume fractions. The WC chips in these regions were
very small and it was difficult to identify them (Fig 4-22) Little or no Co rich regions were present
in the sample. Additionally, the present co rich regions had precipitates in them. In Figure 4-22(d),
acicular WC structures were also identified in the sample. The occupied areas where foggy areas
were present. There was a high-volume fraction of these acicular WC chips on the sample. They
had small sizes and a skewed aspect ration making them long and thin.

The developed structures as well as the embedded foggy regions could be having their elemental
composition shown on the EDS maps shown in Figure 4-23. The XRD analysis showed a decrease
in the peak heights of some of the WC planes when compared to the WC planes in the 800 °C
sample as shown in Figure 4-23(f). A new phase called the BN was seen on this sample. The phase

had an appreciable intensity even though this was the first time it is being seen in the sample.
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Figure 27 : SEM Micrographs of unetched as-printed WC-Co-hBN sample heat treated at
400°C.
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Figure 28 : EDS mapping (a to e) and X-ray diffraction pattern (f) of WC-Co-hBN sample heat
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Figure 29 : SEM Micrographs of unetched as-printed WC-Co-hBN sample heat treated at 600°C.
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Figure 30 : EDS mapping (a to e) and X-ray diffraction pattern (f) of WC-Co-hBN sample heat
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Figure 31 : SEM Micrographs of unetched as-printed WC-Co-hBN sample heat treated at
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Figure 32 : EDS mapping (a to e) and X-ray diffraction pattern (f) of WC-Co-hBN sample heat
treated at 600°C showing the W3CosCs, CoWB, Cos.47N and WC phases.
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Figure 4-22 : SEM Micrographs of unetched as-printed WC-Co-hBN sample heat treated at
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4.3.6 Effect of Heat Treatment on X-ray Diffraction Patterns of WC-Co-hBN alloy

Using the WC phases which were found in all the samples, the peak heights and the Full Width at
Half Maximum (FWHM) of these WC phases in all the samples were compared to understand the
effect of heat treatment on this phase as shown in Figure 4-24 (a) and (b). On the peak height
graph, (Figure 4-24(a)), the peak height increased from as-printed sample to 400 °C, dropped
steeply from 400 °C to 600 °C, and a high increase in peak height was observed from 600 °C to
800 °C and also increased just a little more from 800 °C to 1000 °C. This was consistent in all the

different WC planes analysed.
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Figure 4-24 : (a) A graph of Peak height of the various WC planes identified compared against
each sample labelled as control(as-printed), 400 (B400°C), 600 (B600°C), 800 (B800°C) and
1000 (B1000°C).
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4.4 Mechanical Properties After 3D Printing and Heat Treatment Of WC-Co-hBN Alloys

4.4.1 Microhardness, Fracture Toughness and Wear Properties

Figure 4-25 shows the average hardness and fracture toughness of the as printed and heat-treated
WC-Co-hBN samples. Generally, the heat-treated samples have relatively lower hardness when
compared to the as-printed sample as shown in Figure 4-25(a). This clearly shows that, the
hardness of the sample could not be increased using the heat treatment. However, the values
recorded for the samples were higher than the hardness values of the WC-Co samples. The as-
printed WC-Co-hBN samples was 350% higher than the as-printed sample of the WC-Co sample.
The sample with the least hardness was recorded on the sample heat treated at 800°C. However, it
was approximately three times higher than the hardness of the as-printed WC-Co sample heat
treated at 800°C. Coupling this to the fracture toughness, the as-printed had the highest fracture
toughness. The heat-treated samples had relatively lower fracture toughness values but the B800
saw a highest value among the heat-treated value. However, it was 11.5% lower than the as-printed
sample. The WC-Co-hBN samples had better fracture toughness values even though they were
still below the conventional manufactured cemented carbides.

In addition, Table 4 and Figure 4-26 show the mass loss and coefficient of friction of the as-printed
and heat-treated WC-Co-hBN samples. The mass loss of each of the samples was calculated after
wear tests and used to characterize the wear rate of the samples. After heat treatment of the as
printed sample at 400 °C, there was approximately 54% decrease in mass loss when compared
with the as-printed sample. There was a continuous increase in mass loss of the samples heat
treated at and between 600 °C and 1000 °C. Nevertheless, the WC-17Co samples had the highest
mass loss when compared to all the WC-Co-hBN samples. This is shown in a graph depicted in
Figure 4.27. The comparison was possible because both materials were tested for wear properties
using the same conditions. It can be seen that the sample with the lowest wear rate was the WC-
Co-hBN sample heat treated at 1000 °C. The commercial 3D printed Maraging steel (MS1) still
remained the sample with the worst wear properties as compared to both the WC-17Co and
WcCoOhBN materials. Additionally, the wear rate of the WC-17Co sample heat treated at 400°C

had the same wear properties as its WC-Co-hBN counterpart.
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Figure 4-25 : Effect of heat treatment on the (a) hardness (HV) (b) fracture toughness of 3D
printed WC-Co-hBN alloy
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Table 5 : Wear test results for the as printed and heat-treated WC-Co-hBN samples at various

temperatures

Sample Mass of sample | Mass of Mass loss (10 Coefficient of
before wear sample after 4 Friction
(9) wear (g) (COF)

As printed 21.5264 21.5246 18 0.2

400°C 19.2845 19.2833 12 0.2

600°C 21.8777 21.8764 13 0.2

800°C 25.4813 25.4723 9 0.2

1000°C 16.9958 16.9955 3 0.3

Effect of Heat Treatment on the Wear Properties of a 3D-
Printed WC-Co alloy
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Figure 4-26 : Effect of heat treatment on the wear properties of 3D printed WC-Co-hBN alloy
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Effect of Heat Treatment on the Wear Properties of a 3D-
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60
50
s
s
s
30 L =
Mass loss o o
) =
1 0 [ ||
‘ 20 .-
..l \...
..l \...
..l \...
1 O ..l \...
i =
s
_H
O T 1
S & & & & © & & S

-10¢ N < (4 (o4 (%3 &

¥ AN I
@U

B As-printed

W 400°C

m600°C

b8o00°C

@ 1000°C

@ WC-As-printed
HWC-400°C

O WC-600°C

& WC-800°C
@WC-1000°C

Figure 4-27 : Comparison of the WC-Co-hBN, Maraging Steel (MS1) and WC-77Co samples’

wear rates

101



5.0 DISCUSSION OF RESULTS

5.1 Effect of Processing and Post Processing Heat Treatment on The Microstructure of The

Material.

Materials processed using metal-based Additive Manufacturing (AM) processes have complex
non-equilibrium physical and chemical nature, which is material- and process-dependant. The
complex non-equilibrium microstructure of the processed materials occurs as a result of solid-state
phase transformations, evolution of non-equilibrium phases, refined microstructures and
precipitation of non-equilibrium second-phase particles during manufacturing. Thus, this complex
non-equilibrium microstructure, that occurs as a result of multiple modes of heat, mass, and
momentum transfers induced by repeated localized laser scanning, dictate the microstructural
integrity and properties of manufactured parts [115]. However, the properties of the manufactured
parts can be tailored or improved using heat treatment techniques. In this discussion, the results of
two materials are being considered (WC-Co &WC-Co-hBN). In both the WC-Co and WC-Co-
hBN samples, it was observed that their as-printed samples had a complex microstructure
including non-equilibrium phases. For example, the WC-Co material recorded the W>C phase on
the XRD pattern which is a high temperature phase [140][29]. In the WC-Co-hBN sample, BN is
a stable phase but that was not identified using the X-ray analysis. However, other compounds
such as CoWB were rather identified in the sample. On the microstructure, the predominant
polyangular chips in these as-printed samples began to breakdown during heat treatment between
0 °C and 600 °C. This breakdown is as a result of the conversion of the non-equilibrium phases to
more stable phases as was shown in the X-ray diffraction analysis. In the WC-Co samples, the
W.C polymorphs are stable at relatively high temperatures (>1250 °C) which accounts for the
high-volume fraction of W>C phases in the as-printed samples. It is inferred that the decomposition
of the polyangular chips during heat treatment between 0 °C and 600 °C is as a result of the
conversion of the high-temperature phase (W>C phase) to a more stable WC phase including the
evolution of other stable W-C-Co phases. Heat-treating the samples at and above 600 °C, results
in the coalescence of the disintegrated polyangular chips resulting in coarser chips and grains.
However, the evolved dendritic structures after 3D printing become coarser and more globular
when heat-treated between 0 °C and 1000 °C due to the associated high temperatures. With
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regards, to the WC-Co-hBN samples, the carbide grain sizes were much smaller than the grains in
the WC-Co samples. The heat treatment affected the size and distribution of the carbide grains.
The smaller grain sizes in the WC-Co-hBN samples have been attributed to the addition of the
hBN material. This is because, the printing parameters and alloy composition percentages of the
WC-Co-hBN material was the same as the WC-Co material. The only difference changing between
the samples was the addition of the hBN sample. After heat treatment, the grain sizes of the WC
chips disintegrated up to the 600°C temperature whereas during 800°C and 1000°C, coalescence
of the grains was observed. It is therefore asserted that, both materials experience the same
mechanism after heat treatment was applied to the microstructure. Conclusively, this
manufacturing technique created a complex microstructure which had non-stable phases present.
The heat treatment got rid of these phases as well as creation of stable phases. The carbide grains

sizes of the WC-Co-hBN samples were smaller than the WC-Co samples.

5.2 Effect of Processing and Post Processing Heat Treatment on the Hardness Properties of
the Material.

It has been shown that residual stresses build up during metal-based additive manufacturing of
parts which can, in turn, degrade the microstructural integrity and properties of the manufactured
part. In the WC-Co sample, the observed cracks are attributed to the build-up of high residual
stresses in the parts during processing. The repeated heating and cooling during processing creates
a temperature gradient within the samples resulting in the build-up of compressive and tensile
stresses in the parts, especially between the layers of the build. This generates residual stresses in
the part [128, 130]. However, the WC-Co-hBN sample had less microcracks in the sample and this
was attributed to the addition of the hBN which is known to have high thermal shock resistance.
During heat treatment of the as-printed WC-Co samples, there was a significant increase in
hardness irrespective of the temperature of heat treatment. Typically, heat-treating as printed
samples reduce the residual stresses which results in a decrease in the hardness of the samples.
However, coupled with the breakdown of the polyangular chips during heat treatment, there was
a significant reduction in the phase and grain sizes which ultimately resulted in the increase in
hardness. The high hardness of the as-printed samples that was heat-treated at 600 °C is attributed

to the breakdown of the polyangular chips and the increase in volume fraction and spatial
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distribution of the observed W-C-Co phase. There exist different polymorphs of this “foggy”
brittle regions which includes primarily W>Co4C, W3Co03C, and WsCosC. The W-.CosC and
W3CosC are considered to be the most brittle phases [140]. The same attribution was made by Asl
who reported better hardness for an ST37 mild steel substrate with a WC-Co coating after heat
treatment. He attributed the hardness properties to the formation of hard eta phases(W-C-Co)
[141]. The decrease in hardness for the samples heat-treated between 800 °C and 1000 °C is as a
result of the coalescence of the polyangular chips, grain growth and the presence of WsCoeC
phases which has relatively low hardness when compared with the other W-C/W-C-Co phases
[128]. With regards to the WC-Co-hBN sample, there was a reduction the hardness. This was
solely attributed to the relief of the residual stresses in the material. Additionally, comparing both
materials, the high hardness values of the WC-Co-hBN material as compared to the WC-Co

material was attributed to the smaller carbide grain sizes.

5.3 Effect of Processing and Post Processing Heat Treatment on the Fracture Toughness

Properties of the Material.

The hardness properties of the 3D printed cemented carbides makes the adoption of the additive
manufacturing method attractive and promising. Even though the relative hardness of the heat-
treated specimens were usually higher than the as-printed samples, the general fracture toughness
of the samples were significantly lower when compared to the fracture toughness of conventionally
sintered WC-Co alloys [142—-144]. However, the current values obtained for the fracture toughness
of the as-printed and heat-treated WC-Co samples are relatively comparable to values reported in
the literature for WC-Co coatings [145, 146]. Park reported similar values of fracture toughness
for WC-Co alloy heat-treated at 800 °C using the indentation method [145]. Higher values were
recorded for the WC-Co-hBN samples. Thus, the addition of the hBN also improves the fracture
toughness of the samples. However, the lower fracture toughness values of both materials are
attributed to the high volumes of porosity and micro-cracks in the as-printed samples.
Fundamentally, Co phases in cemented carbides are responsible for imparting ductility to the
material [147, 148]. However, the evolved phases, volume fraction, size and spatial distribution of
the phases in addition to the level of porosity and micro-cracks determine the fracture properties

of the 3D printed specimens. Improved fracture toughness in WC-Co alloy has also been attributed
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to some ductile W-C-Co phases such as WsCosC phase that evolve in the alloy during processing
and heat treatment [145, 146]. Yao attributed the relatively high fracture toughness properties of
a WC-Co alloy when heat-treated at 950 °C to the less brittle WeCo0sC phase that evolved in the
microstructure during heat treatment [146]. In the WC-Co material, the high fracture toughness
recorded in the 600 °C sample is also attributed to the WeCoeC phases. This is because, the XRD
pattern for the sample heat treated at 600 °C in Figure 8f showed two peaks of WsCo0sC phase.
These are probably the determining phases in the material contributing major percentage of
ductility as compared to the pure cobalt rich regions which have decreased in volume fraction as

the temperature of heat treatment increased.

5.4 Effect of Processing and Post Processing Heat Treatment on The Wear Properties of The

Material.

Generally, the high wear resistance of WC-Co alloy systems has been attributed to the size and
volume fraction of the WC monocarbide phases in the material [149-153]. This implies that having
a high-volume fraction of the WC mono-carbide phase is desirable for high wear resistance. In the
current study, the low wear rate of the sample heat-treated at 400 °C is attributed to the
decomposition of the non-equilibrium W-C phase to a more stable WC monocarbide phase [154],
[155] as well as the bigger grain sizes of the WC monocarbide phases. The reduction in wear
resistance of the samples heat treated between 400 °C and 1000 °C is attributed to the decrease in
the volume fraction of the WC mono-carbide phase, coarsening and evolution of the W-C-Co
phases within the samples. In the WC-Co-hBN samples, better wear properties were accounted
which is attributed to the addition of the self lubricative material. All the WC-Co-hBN samples
experienced a drastic increase in wear resistance. The WC-Co-hBN sample heat treated at 1000°C
had the highest wear resistance. This is attributed to formation of the hexagonal BN phase captured
in the XRD analysis of that sample. However, the other samples had W-C-Co, W-Co-N and CoWwB
phases rather forming. A summative assessment is carefully made that indeed the addition of the

hBN increases the wear resistance of the material.
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5.5 Applications: The Current Results in Adopting Metal-Additive Manufacturing for

Cemented Carbides

Metal-Additive manufacturing is rising as the new era of manufacturing for products. There is no
doubt that in the next two decades, all materials would be pushed t metal-additive manufacturing.
One of the important materials that need to be considered is the cemented carbides because of its
importance and application in high temperature applications and micro machining of other
materials. Thus, products made from cemented carbides have intricate shapes which is very
difficult and stressful to fabricate using the conventional manufacturing methods (Powder
metallurgy). With this study, the printing, characterisation and post processing of the WC-Co
cemented carbides was accomplished using WC-Co. Even though the cemented carbides presented
unwanted mechanical properties after printing, the adoption of a one-step post processing
treatment improved the mechanical properties of the material. This was attributed to the relief of
residual stresses and the removal of non equilibrium phases and the tailoring of microstructure to
have desired phases depending on the application of the material. The current study showed that
the manufacturing method also presented defects such as porosity and micro cracks. This is already
a problem with the manufacturing technique. Changing the processing parameters can only help
reduce the frequency and size of pores that can be generated. Observations made from this study
shows that the mechanical properties including wear and hardness which are very important for
industrial applications are not specifically affected by the pores. However, for applications which
require high fracture toughness qualities, it would not be advisable to opt for an additively
manufactured cemented carbide. These results for WC-Co cemented carbides can be projected to
other cemented carbide grades and ceramics which are yet to be adopted on the metal additive
manufacturing stream. Thus, the results from the current study provide the knowledge and
understanding to model and design materials that can be printed using metal additive
manufacturing techniques as well as improve their mechanical properties by adopting a one step
heat treatment process. Similarly, although the current results are specific to WC-17Co cemented
carbide grades, a common experimental procedure can be employed to tailor microstructures of
new materials and alloys that are lightweight.

Additionally, the current numerical models only tackle the modes of heat transfer and thermal

conductivities. However, the data being used for these materials do not predict phases
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transformations that can be used to predict the mechanical properties. The knowledge and
understanding from this study can be used to develop theoretical and numerical models which
consider these complex microstructures and better depict the microstructures of materials used for

structural applications.
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6 : CONCLUSION & FUTURE WORK

6.1 : Conclusions

Processing materials such as cemented carbides (WC-Co) processed using M-AM presents many
challenges due to the material and complex mechanisms that occur during processing. Powder
composition, processing parameters and post-processing treatments dictates the microstructural
integrity and mechanical properties of the processed parts. In this study, Cemented carbides were
processed using Selective Laser Sintering (SLS) and heat treated at 400 °C, 600 °C, 800 °C and
1000 °C for 3 hours to understand the effect of processing and post-processing heat treatment on
the structure and properties of the WC-Co cemented carbide. A further analysis was made and a
novel alloy composition bearing self lubricative properties was introduced. The same processing
and post-processing heat treatment was adopted for this sample. It was revealed that the as-printed
versions of both alloys had a microstructure with non-equilibrium phases which has been attributed
to the repeated thermal cycles, large temperature gradients and relatively high cooling rates during

solidification. A summary of the findings in the current study are as follows:

1. In the WC-17Co as-printed sample, four distinct microstructural features which
included regular and irregular WC polyangular chips, W-C-Co phase dendritic structures,
W-C-Co “foggy” (shapeless) regions and cobalt-rich background regions were observed.
This was attributed to the repeated thermal cycles, large temperature gradients and
relatively high cooling rates during solidification. The X-ray diffraction analysis showed
that the as-printed specimen was made up of W3CosC, W2C04C, W>C and the hexagonal
WC phases.

2. After heat treatment of the as-printed WC-17Co sample at 400 °C, the regular and
irregular polyangular W-C chips appeared to be well-developed and distinct when
compared with those observed in the as-printed sample. Furthermore, there was an
increase in the number of regular polyangular chips with reduced size as a result of
decomposition of the unstable W-C phase chips to the more stable WC chips. The X-ray
diffraction analysis identified no new phase in addition to the existing phases found in
the as-printed sample. However, the W2Co4C that was found in the as-printed sample

was not present in this heat-treated sample.
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3.

After heat treatment of the as-printed WC-17Co sample at 600 °C, the general sizes
of the regular and irregular chips had become smaller as a result of continues
decomposition of the unstable W>C phase chips to the more stable WC chips. Well-
developed coarser and round dendritic structures were observed in this sample with a
significant reduction in the volume fraction of the W-C-Co phase W-C-Co phase. The
XRD diffraction patterns revealed a new WC-Co (WsC06C) phase which was not

observed in the other specimens.

After heat treatment of the as-printed WC-17Co sample at 800 °C, the volume
fraction of the irregular polyangular WC chips was significantly higher than was
observed in the other samples. There were agglomerations of globular precipitates within
the darker cobalt-rich regions in addition to platelet WC chips. The XRD showed higher
peak heights for the W-C-Co phases and a new WCq s phase.

After heat treatment of the as-printed WC-17Co sample at 1000 °C, high
temperature W-C and W-C-Co phases evolved in the sample. The relative sizes of the
regular polyangular chips were smaller and well-developed with a higher volume fraction
of pores within the W-C-Co phase. The XRD analysis showed a high reduction in the
peak heights of some of the W-C phases when compared to the other samples. A new W-
C-Co (W10C03Cs) was identified in addition to a significant reduction in the peak

intensity of the WCo s phase.

The heat-treated WC-17Co samples had relatively higher hardness when compared
to the as printed sample with the sample heat treated at 600 °C having the highest
hardness as a result of the continued decomposition of the unstable W>C phase chips to
the more stable WC chips. In addition, this sample had the highest fracture toughness
(8.37 MPaVm), representing a 34% increase in fracture toughness, when the sample was
compared with the as-printed sample (6.23 MPaVm). The relatively high fracture
toughness was attributed to the evolution of the ductile WeCoesC phase in the sample after

heat treatment. It is concluded that post-processing heat treatment of SLS printed WC-
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Co alloy at 600 °C can be used to improve the structure and mechanical properties of the

alloy.

In the as-printed WC-Co-hBN sample, a similar structure just like the as-printed
WC-Co sample was observed. This included the polyangular chips (irregular and
regular), “foggy” (shapeless) regions and dark background regions. Additionally, the
grain sizes of the WC-Co-hBN samples were smaller than the WC-17Co samples.
However, dendritic structures that were observed on WC-17Co were however not present
on this sample. The structures were still identified as WC chips, W-C-Co “foggy”
(shapeless) regions and cobalt-rich background regions from the EDS analysis. The
observation of B and N was difficult due to the low volume fraction of material added
however, the EDS mapping shown an even distribution of the B and N across the sample.
This complex microstructure was also attributed to the repeated thermal cycles, large
temperature gradients and relatively high cooling rates during solidification. The X-ray
diffraction analysis showed that the as-printed specimen was made up of W3CosC,
W3CosN, WyCo3Cs, CoWB, Cos47N and the hexagonal WC phases. W>C was not
identified in the XRD pattern of this sample and this can be attributed to the added hBN
which possess a high resistance to thermal shock. Thus, during printing, it is presumed
that, this repeated and irregular thermal gradient creates thermal shock and the hBN
material available in the WC-Co absorbed the thermal shock and the rapid cooling and

solidification could not occur which and thus unstable W>C phase could not be formed.

After heat treatment of the as-printed WC-Co-hBN sample at 400 °C, no new
structures were observed in the sample however, the already existing structures had
undergone a few changes. The sizes of these structures varied as compared to as-printed
sample. The regular and irregular polyangular WC chips appeared to be smaller than the
as-printed sample. Even though bigger chips were also observed which were not in the
as printed sample, the volume fraction of the smaller WC chips was higher than the
volume fraction of the WC chips with bigger sizes. The X-ray diffraction analysis
identified no new phase in addition to the existing phases found in the as printed sample.

But, the peak intensities of the WC phases had reduced.
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9. After heat treatment of the as-printed WC-Co-hBN sample at 600 °C, the general
sizes of the regular and irregular chips had become smaller and the bigger WC chips were
broken down. A few of these bigger chips could be found on this sample. The foggy
regions in this material had become well developed. The XRD diffraction pattern
revealed just one W3CosN phase whiles a lot of W3CozC phases which were not there
were now present. The intensities of the WC phase had reduced drastically as compared
to the as printed WC-Co-hBN sample.

10. After heat treatment of the as-printed WC-Co-hBN sample at 800 °C, there was
drastic depletion in the Co rich regions, and most WC chips were very big and are
coalescing with other WC chips. the volume fraction of the irregular polyangular WC
chips was significantly higher than was observed in the other samples. The XRD showed
higher peak heights for the W-C-Co phases including the new W3CosC phases that had
been observed in the previous sample. The intensities of the W-C-Co phases were

primarily larger than that of the ones in the as-printed sample.

11. After heat treatment of the as-printed WC-Co-hBN sample at 1000 °C, high
temperature W-C and W-C-Co phases evolved in the sample. The relative sizes of the
regular polyangular chips were very big with few Co rich regions. The foggy regions
seem to have become well developed and had WC chips embedded in them. The XRD
analysis showed a high reduction in the peak heights of some of the W-C phases when
compared to the other samples. A new phase which is the hexagonal BN was identified

in addition to a significant reduction in the peak intensity of the WC phase.

12. The heat-treated WC-Co-hBN samples had relatively higher hardness when
compared to the as-printed WC-17Co samples. The hardness value of the as-printed WC-
Co-hBN was 3 times higher than the WC-17Co as-printed sample. However, the heat
treatment process applied to the WC-Co-hBN samples decreased the hardness of the
material. The reduction was attributed to the heat treatment relieving residual stresses

and eliminating non-equilibrium phases and therefore softens the microstructure of the
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material. In addition, this as-printed sample had the highest fracture toughness (7.82
MPavm), which was also higher than the fracture toughness of most of the WC-17Co
samples. The was not any peculiar trend in the effect of the heat treatment on the fracture
toughness of the material. However, the low values as compared to the conventional
manufactured samples where attributed to the unescapable porosity induced in the M-
AM samples. It is concluded that post-processing heat treatment of SLS printed WC-Co-
hBN alloys provide good mechanical properties and this heat treatment at 1000 °C can

be used to improve the structure and mechanical properties of the alloy.

13. The wear properties of the WC-Co-hBN samples were observed to be better as
compared to the WC-17Co samples. The best wear properties were identified in the WC-
Co-hBN sample heat treated at 1000°C. This was attributed to the formation of the
hexagonal BN phase captured on the XRD pattern. hBN is known to possess self
lubricative properties and this is what made the sample more resistant to wear than all

the samples.
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6.2. Future Work

There are still lots of work that should be done to increase the mechanical properties and
microstructural integrity of the 3D printed parts. There are already some limitations in this research
work which should be eliminated in the future research to produce more accurate mechanical
strength prediction and failure mechanism results for 3D printed parts. For example, the fracture
toughness was gotten using indentation method, however, 3-point bend test samples can be printed
to undertake fracture toughness test using single edge notched beam test. The results from that
experiment can be trusted much more for the fracture toughness than using indentation method.
This research mostly focused on creating the base work to continue the research in the field, so a
select range of processing parameters were used to print samples as well as tested and analyzed.
However, selecting a wide variety of different parameters which has effect on the strength and

failure conditions observed during the research will help to deduce more strong conclusions.

Advanced microscopic techniques which will include Transmission Electron Microscopy (TEM)
can de adopted to understand the crystallographic properties of the material and how they are
affected by the processing and post-processing treatments. Hence, the outcomes of the result can
be broadened. Also, there are few other areas where the research has left untouched. The effect of
the processing on other load bearing characteristics such as tensile, compressive and dynamic
properties of the material. Even though, standard procedures have not been outlines or established.
An acceptable and novel technique can be created and used to make such experiments possible for
analysis of 3D printed materials. It sounds challenging, but more research and attempt can produce
positive results. There is never an end to the research work in any field, and this is just the
beginning and small part of the research in strength and failure mechanism for 3D printed parts.
The author is hopeful that the outcome of this research will provide as the base work for the future

studies.
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