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Abstract

Additive manufacturing is the keystone of what has been termed the 4™ industrial
revolution. With this prestigious title comes the need for additive manufacturing
technologies to be applied to new material combinations to advance that which is
possible by conventional manufacturing processes. Laser Engineered Net shaping
(LENS®), a powder blown additive manufacturing process, was used to develop a
process to deposit WC-9.2 wt.% Monel 400. A design of experiments matrix was
successfully utilized to produce thin wall depositions which, with the application of
ANOVA regression, were used to determine the best starting parameters for
further refinements. Alterations to the laser beam power, laser beam spot size, z-
increment, hatch overlap percentage, powder feed rate, traverse speed and stage
temperature were all used to obtain an optimal parameter set. The lowest porosity
of 2.5% was obtained using a laser beam power of 220 W, traverse speed of 4.5
mm/s, powder feed rate of 11.9 g/min, hatch overlap of 50% and a z-increment of
0.4 mm, with the 2.5% porosity contribution being attributed due to lack of fusion
and oxygen entrapment during deposition. Multiple microstructures were observed
with eutectic, fishbone and Fe/W-rich dendrites present in the fusion zone, needle-
like, triangular and blocky carbides in the central region and acicular in the top
region. These variations in the microstructure resulted in a gradient hardness
profile from the substrate to the top layer as the grain size refined. The LENS®
process was also successful in the fabrication of drill bits, which were tested
against a commercially available drill bit in terms of hole circularity, hole depth, and
hole diameter. The fabricated drill bits did not compare well to the commercial drill
bit and had tip failure in all the tested cases due to regions of lack-of-fusion porosity
which caused weakness in the component, but with further refinement with an
emphasis on product development a LENS® fabricated drill bit can be competitive
with a commercially manufactured drill bit. This study showed that with a well
structured design of experiments and a mathematical parameter refinement
process, the LENS® process can be applied to any novel cemented carbide

combination with the focus on the feasibility of producing commercial components.
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Chapter 1 Introduction

1.1 Background and motivation for research

“Additive manufacturing” (AM) is the standard term used for all rapid prototyping
applications in accordance with ASTM F2792 [1]. Commonly known as additive
techniques, layer manufacturing or freeform fabrication this method is the process
of joining materials, usually layer by layer, to create an object from a 3D computer
aided design model. The additive manufacturing economy was worth $1.7 billion
in 2011 and its projected worth for 2025 was $10+ billion [2], [3]. In the 2015
Wohler's Report, AM products contributed $4.1 billion in 2014 and a revised
projection of $21+ billion by 2020 was made [4]. Based on this rapid global growth
in the AM field, it is critical for South Africa to explore the employment of this
technology within the local manufacturing industry. By November 2015 there was
an estimated 3500 AM machines in South Africa, with 87% being termed entry
level [5]. Only nine of the 3500 setups can produce metal AM components, with a
mere six being used for metal component production and the remaining three for

refurbishment purposes.

In 2016 the Department of Science and Technology, in conjunction with the
Council for Scientific and Industrial Research (CSIR), released an additive
manufacturing strategy for South Africa to enable exploitation of AM processes
and to become competitive in the global manufacturing market [5]. The idea of
incorporating lasers to melt powders and produce a “bulk” near-net shape rapidly
solidified structure can be traced back to Breinan and Kear [6] who developed
Laserglaze™ technique. Solid free form capabilities have been revolutionized by
the advances in laser technology, computers, Computer Aided Design (CAD)
software, motion control systems and materials which are available to users and

additive manufacturing machine manufacturers [6]-[13].



Rapid prototyping, an earlier form of additive manufacturing was developed in the
1980’s to produce functional printed parts and not just models [14]. The first widely
used form of rapid prototyping was developed by 3D Systems, Inc and was known
as Stereolithography (SL). The process started with a computer aided design
(CAD) which would be converted into a .STL file which “cuts” the CAD model into
slices containing the relevant printing information for each successive layer of the
build. A platform is used to anchor the part that is being produced. Since the
process is liquid-based, a UV laser is applied to a photosensitive polymer to induce
curing and resultantly producing a single layer on the platform. When the layer is
complete, the platform is lowered, and the process continues until the complete
CAD model has been printed from the polymer. The excess photosensitive
polymer is drained and used for further projects[15]-[17]. From this layer-based
process followed many other three-dimensional printing processes developed to

produce components from liquids, solids and powder-based systems.

The different forms of additive manufacturing are shown in Fig. 1.1. With these
methods CAD designs can be used to produce functional parts spanning polymers,

metals and ceramics [18]-[20].

AM processes
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Fig. 1.1 :Different methods of additive manufacturing [15].
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While additive manufacturing of many materials has been actively researched and
even commercially employed, its application in the field of cemented tungsten
carbides to date has been confined to research and development wherein limited
studies have been undertaken. There are currently several conventional
techniques to synthesize tungsten carbide-cobalt (WC-Co) cermet bulk and
coating materials. These include conventional powder metallurgy (P/M)
processes such as liquid phase sintering and machining [21]-[25],
thermochemical techniques [24], [26]-[29], spark plasma sintering (SPS) [30]-
[38], vacuum plasma spraying [39]-[46] and high velocity oxy-fuel (HVOF) [47]—
[55]. Additive manufacturing methods have not been studied enough to compete
with these conventional and tested methods.

Laser engineered net shaping (LENS®) is a form of AM which has been used to
produce a variety of alloys, with the predominant focus being on titanium alloys,
Inconel and stainless steel [56]-[58]. Limited research and no commercialization
process has been done using the LENS® process to manufacture cemented
tungsten carbides, with only cobalt (Co) being utilized as a binder phase [7], [59],
[60]. Therefore, the focus of the current research study was to investigate the
feasibility of using the LENS® technology to manufacture cemented tungsten
carbides having a Ni-based binder. A Ni-alloy was selected as the binder material
since it has been shown that the alloys are stronger than pure nickel and are
resistant to many corrosive agents, e.g. rapidly flowing seawater [61]. By
combining these properties of Ni-alloys with the excellent hardness and wear
resistance of WC, it may be possible to produce a viable LENS® component for a

wide range of commercial applications.



1.2 Research aim and objectives

The aim of this research project was to broaden the knowledge and understanding
of laser sintered WC-Ni-alloy components and to aid in the advancement of WC-
Ni-alloy additive manufacturing endeavors, specifically in the field of LENS®

technology.

This aim was achieved through the following objectives:

e The effectiveness of Nickel-alloys as a binder phase for tungsten carbide was
determined from the ability to produce depositions and the porosity of the
depositions.

e The optimal processing parameters for WC-Ni-alloys was determined using a
full factorial design of experiments.

e The microstructural, physical and mechanical properties of the LENS®
materials were characterised.

e The LENS® process was used to produce a WC-Ni-based commercial product

which was benchmarked against a conventionally produced product.

1.3 Contribution to knowledge

The LENS® process, although established commercially for other materials, is
significantly lacking with regards to cemented tungsten carbides. There are limited
available research publications and currently there is no defined commercial
process employing the LENS® technique for the fabrication of mainstream
cemented tungsten carbide components. Due to these deficits the current research
study provides new scientific information on the feasibility of using the LENS®
technology in the production of cemented tungsten carbides. The investigation of
a Ni-based alloy, specifically Monel 400, in the additive manufacturing processes
of these materials is also novel. Additional outcomes of this research were to

address whether LENS® can manufacture dense WC-Ni-alloy materials without the
4



aid of post processing techniques, whether the microstructural and mechanical
properties are similar in nature to those of WC-Ni-alloys in literature, and ultimately
if a commercial product could be manufactured using the LENS® process.

1.4 Structure of the thesis

The thesis is structured in the following manner: Chapter 1 explains the importance
of the research. Chapter 2 provides an in-depth literature review on the LENS®
process as well as the application to various materials and WC-based cemented
carbides. Chapter 3 describes the experimental procedures used to investigate the
LENS® deposition process, the mechanical and microstructural properties of the
fabricated thin walls, cubes and drill bits. Chapter 4 presents the characterisation
results which are integrated with their interpretation and discussion. Chapters 5
and 6 provide conclusions and recommendations for future work followed by a list

of cited references.



Chapter 2 Literature Review

This chapter describes the laser engineered net shaping process and provides a
review of the materials which have been deposited using the LENS® process. The
published work on the additive manufacturing of cemented carbides is also

discussed in this chapter.

2.1 Cemented tungsten carbides

Cemented tungsten carbides are available in a variety of different grades with
extensive usage in the mining, cutting tool and high wear environments [62].
Cemented tungsten carbides comprise of a hard particle phase, the tungsten
carbide (WC), which have been “cemented” due to the binder phase becoming a
liquid during sintering and thereby surrounding the hard phase before solidifying.
The sintering process can produce multiple complex phases which can only be
reduced if the relevant temperatures of formation and elemental composition are
understood. The importance of carbon content in the WC system is observed in
Fig. 2.1 which is the W-C phase diagram. Research has shown that the carbon
content has a critical impact on the formation of WC-based composites during
sintering [33], [34], [41], [43], [44], [49]. For monotungsten carbides WC, the
stoichiometric value is 6.13 wt.%. If there is excess carbon then free graphite will
form and if there is a carbon deficiency W2C and WCi.x are the main phases that

would form [68].
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Fig. 2.1: Phase diagram for W and C [69].

The W-C phase diagram begins at a much higher temperature because tungsten,
carbon and their different elemental combinations have remarkably high melting
points [70]. Many different chemical variations are possible for W and C with most
comprising of different combinations of WC, W-C and graphite. Equations 2.1 and
2.2 show how tungsten carbide combines to form W>C while creating a localized
increase in the carbon content. The eta phase W-C, can decompose to yield twice
the amount of metallic tungsten when compared to carbon which creates a high
local concentration and promotes the growth of microstructures that have an
affinity for W.

2WC -W2C + C (Equation 2.1)

W2C —-2W + C (Equation 2.2)



Fig. 2.2 shows schematics of the WC crystal structure. Tungsten carbide has a
hexagonal crystal structure of the form Pé6m2 crystal symmetry [71], [72] and a c/a
ratio of 0.976 (a=0.2906nm) [73] .The W atoms are in the (0,0,0) positions while
the carbon take the asymmetrical positions (1/3,2/3,1/2) in the unit cell and due to
this asymmetry the prismatic planes are divided into two families of planes with
different arrangements. These two families have different affinities to carbon
because W atoms on each plane have a different number of W-C bonds. The
planes which have the high affinity to carbon will grow preferentially in the
saturated carbon environment which results in the triangular prismatic shape
shown in Fig. 2.2 (a) [74] [67], [68], [75]-[77] [67].

° Watom

© catom

Fig. 2.2: Schema of WC grain shape in Co binder (left) and the atomic
structure of WC crystal (right) [78].

Each W atom is coordinated by six C atoms and each carbon by six W atoms [79].
The atoms are arranged in alternate close-packed layers of W and C in (0001)
planes. Tungsten carbide has three types of dense planes, the base plane {0001}
and two different prismatic planes {1010} and {0110}. Hardness of (0001) planes
are up to twice as much as other planes [80] and cleavage strength is the lowest
in the (0001) planes [81]. The grain coarsening is limited by interfacial reactions or
long-range diffusion. A coarsening process is predicted to obey a rate equation

according to [82]:



M —ro" = 2Kt (Equation 2.3)

Where r is the average grain radius, ro is the initial average grain radius, K is the
coarsening rate constant dependent on the controlling mechanism, and t is time.
If the growth is controlled by an interface reaction then the exponent n will be 2,
whereas for diffusion-controlled growth, n = 3. The grain growth is known to be
limited by the interface reaction rather than the diffusion reaction [83].

Grain growth kinetics of tungsten carbide cermets in the sintering process and the
activation energy has been studied by several researchers [84], [85]. Growth
kinetics based on classical kinetic theory has been applied to the investigations of
growth in films and coatings [76], [85]-[91]. Growth kinetics differ from densification
kinetics since it is controlled by a diffusion mechanism while densification is
controlled by power law creep and linear diffusional creep at different stages [84].
Due to this the activation energy of WC growth has been found to be approximately

one-third of densification activation energy [39], [41].

Grain size of the sintered part has been found to be very dependent on the size of
the initial powders [92]. During sintering the average WC grain growth is through
Ostwald ripening [93], in which large grains grow and small grains dissolve [94]. It
has been found that the morphology [64], [65], [95]-[102] , grain size [63], [64],
[66], [67], [98], [103]-[108] and abnormal grain growth [100], [101], [105], [109] of
WC grains are sensitive to carbon content [63]-[67], inhibitor type (Cr or V)[67],
[102] binder contents [110], [111] ,sintering parameters [112] and the thermal
stability of the phase [113]-[115]. The average size of WC grains has been found
to increase with an increase in Ni content since the solubility of WC is higher in
nickel than cobalt [116],[117]. The coarsening of WC is a reaction controlled growth

process which is determined by dissolution at interfaces dissolving small
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grains[98], [118], [119].The coarser microstructures and the dilution of elements
from the substrate material have a significant effect on the observed hardness [95],
[120], [121]. This hardness variation due to the change in grain size is well defined

by the Hall-Petch relationship shown in Equation 2.4 [122].

0o =0i+ k/VD (equation 2.4)

This relationship indicates that the strength of a metal is equal to the frictional
stress plus a factor (k) multiplied by the inverse of the square root of the grain size
(D). Hence, by reducing the grain size the material will become stronger and
increase the toughness [122].

Hardness is mainly dictated by three different factors, namely solid solution
alloying [95], [121], [123], [124], carbide fraction [70] and dendrite arm spacing
[125], [126]. A low carbon content in the substrate will lead to a low fraction of
formed carbides. Slower solidification rates will result from lower thermal
conductivity of the substrate and consequently larger dendrite arm spacing.
Mechanical properties, such as hardness [127] , fracture toughness [127] and
ultimate tensile strength [127], are also affected by the thermal history of each point
in the deposition, the heating and cooling cycles, which ultimately affect the
microstructures that are observed in different regions of a laser deposited sample.
The shape of the WC microstructure has also been found to have a strong effect
on the mechanical properties [96], [128], [129] with thin WC platelets with high
aspect ratios [20] improving toughness and hardness of WC-Co cemented

carbides.
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It is well-known that the tungsten carbide (WC) phase is responsible for hardness

and wear resistance and the Co binder for toughness and bending strength [130],

[131]. However, Co is toxic by inhalation and is under consideration for addition to

the suspected human carcinogenic list [132], [133]. Due to the apparent

carcinogenic nature of Co, alternate binders, comprising of nickel (Ni) [134]-[141]
and iron (Fe) [132], [134], [135], [142]—-[145] alloys have been investigated. Fig.
2.3 shows that with the replacement of Co with Ni as the binder substantially lowers

the corrosion rates across all pH values that were tested especially the highly

acidic environments, although the mechanical properties appear to be lower than
when Co is used [30]-[33], [146]-[157]. At least two patents exist for replacing Co
binder with Ni [133], [158], [159] .
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Fig. 2.3: Corrosion rate of Ni based and Co based cemented carbides for

various pH values [160].
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Some other binder combinations have also been tested by various researchers.
Hanyaloglu et al. [142] studied the possibility of using WC/Fe-Mn as a cheaper,
non-toxic alternative to WC/Co. It could also be a cheaper alternative for Fe-Ni
binders which include the more costly nickel. Two stoichiometric alloys were
produced, WC15%FeMn, 0.75wt%C and WC25%FeMn, 0.85wt%C respectively.
For the reduction of n-phase the sintering was performed in a high carburizing
atmosphere. Cermets having 15%binder were found to possess similar hardness
properties to WC-Co alloys with a slightly lower toughness. Various binders were
studied by Schubert et al. [134], including variations of FeNi, Fe/Ni/Co and Fe/Mn.
A FeNi binder ratio of 8.5:1.5 was found to have the optimal hardness and
toughness properties. This corresponded to a nickel content of 15% with respect
to the binder alloy. The FeNi binder at optimal conditions resulted in a hardness of
approximately 1680 HVso. Even though suitable properties were present for the
FeNi binder there was a very small carbon window in which to maintain the
austenitic microstructure and inhibit the martensitic transformation. In the binder
region of 10 mass% to 20 mass% the carbon window is AC= 0.05 + 0.01. An FeMn
binder showed a high hardness between 1800 HVs0 and 1900 HVspalthough it also
exhibited the lowest toughness. The manganese is also prone to vaporizing during
sintering which reduces the Mn content in the final sintered product. The formation
of MeC was evident which dominated the important WC-FeMn phases. Another

impeding factor was the formation of oxides when using manganese.

Bolelli et al. [132] studied the WC-15wt%FeCrAl system as an alternative binder
to CoCr using HVOF. Under the spraying method FeCrAl showed a larger degree
of oxidation than CoCr. It was also found that in dry particle abrasion (such as
mills, crushers and conveyers) excessive oxidation-induced brittleness was
recorded for the FeCrAl binder. Liu [161] studied the possibilities of using
alternative binders to form cemented carbides. It was found that WC-
20vol%(15Fe85Ni) and WC-20vol%(72Fe-28Ni) alloys have relatively higher

12



toughness than WC-20(15Fe 85Ni). WC-20(82Fe 18Ni) was found to have a better
combination of hardness and fracture toughness, with a hardness between WC-
20Co and WC-20(70Fe-12Co0-18Ni) and a fracture toughness higher than both

composites.

Brookes et al. [145] observed that in a pure Fe binder the addition of carbon had
simple effects; when no carbon was added the eta phase was present and when
2% carbon was added there were graphite inclusions. When 1% carbon was added
a homogenous distribution of Fe and WC was observed. A 28% Cr addition to the
binder, resulted in defects regardless of the addition of carbon. Comparable results
were observed for the Fel8%Cr binder. The FeCr binder resulted in a higher
hardness and lower toughness than the pure Fe binder. The addition of 1% carbon
to the binder materials resulted in a 25-30% increase in toughness. The FeCr
binders were very brittle compared to WC-Co cemented carbides which have an

indentation fracture toughness(K1C) in the range of 9-24MPa.m'2,

The W-C-Ni phase diagram, Fig. 2.4, shows that the carbon percentage is
particularly important to the phases which form. If the carbon is maintained below
approximately 5.2% then the carbon deficient eta phase will be present along with
WC and FCC nickel. To have an eta phase free deposition the carbon would have
to be between approximately 5.2 and 5.4 mass percentage. Anything larger than
this range would result in FCC nickel, WC and the graphite phase, formed by the

superfluous carbon.
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Fig. 2.4: Phase diagram of W-C-10%Ni (left) and Ni-Cu [162] [163].

All three scenarios are possible since from equations 2.1 and 2.2 there may be
localized high or low carbon or tungsten regions [138], [164]-[166]. Equations 2.5-
2.8 show the different eta phases that can potentially form during the sintering

process.
WC + W + M —n-MsC (Ni2W4C, FesWsC) (Equation 2.5)
AM + 4WC + Oz <> 2M2W4C + 2CO (Equation 2.6)
3M + 3WC + Oz « M3W3C + 2CO (Equation 2.7)
12M + 12WC + 502 <> 2MeWsC + 10C (Equation 2.8)

Published research shows a vast array of structures for WC-Fe-Ni alloy system
including M4C and MeC (Ni2W4C, Ni3W3C, FeWsC, Fe,W2C, FesWsC, FeGWGC)

[68], [92], [167]-[173]solid solutions (Wo.1sNiogs, NiW, Fe W) [168], [174], [175],
14



irregular structures of chromium scattered in blocky, hexagonal and needle like
structures [176], [177], and MsC carbides [68], [174], [178]-[180]. Equations 2.5-
2.8 show how the MeC and M1.C carbides form during the sintering process [181].
Cemented carbides are made by liquid phase sintering [92], [95], [120], [121],
[127], [128]. The liquid phase is seen to initiate from approximately 1455°C, Fig.
2.4, although this is for a pure nickel binder, hence, by using Fig. 2.4, it can be
seen that all components would be in the liquid phase would at 1367°C with the
Monel 400 melting point listed as 1299-1349°C [182]. Since copper has a much
lower melting point than nickel, even 1% difference in the copper would have a
major effect on the melting temperature.

Based on the review of previous studies which showed that nickel is a viable
alternative binder for the WC-Co alloys system, a nickel-based alloy Monel 400
was chosen as the binder phase for the current research study. Monel 400
contains the same quantity of nickel and copper as found in a naturally occurring
nickel ore mine in Ontario [183]. It has a high strength but can only be hardened
by cold working [184]. Its composition is predominantly nickel with about one third
copper and lesser amounts of iron and manganese. It is resistant to sea water and
steam at elevated temperatures as well as to caustic and salt solutions. It exhibits
good corrosion resistance, good weldability and high strength. It has a wide usage
in marine environments and other non-oxidizing chloride solutions. In deaerated
solutions it has exceptional corrosion resistance to hydrochloric and hydrofluoric
acid, although is highly susceptible to nitric acid and ammonia environments. It
even retains its good mechanical properties in subzero temperatures up to 550 °"C.
In US Navy tear tests at temperatures as low as -196°C it showed excellent ductility
and tough fracture characteristic over the temperature range with the maximum

load increasing considerably with increased temperature [185].
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2.2 Additive Manufacturing of Cemented Tungsten Carbides

WC-alloys have been produced using additive manufacturing and cladding
processes, with some examples shown in Table 2.1. Various laser setups have
been used to process WC with an array of different binder materials. The effect of
laser processing parameters on the resultant microstructures was the main

research path in many of the articles.

Table 2.1: Additive manufacturing processes used for WC-alloys.

Process Material Reference
Tool grade WC, [186]
WC-12wt%Co, [187]
Selective Laser 25wt.% WC-75wt.% Co, 50wt.% Co- [188]
Melting 50wt.% WC [189]
WC-Co 88-17, WC-Co 88-12 [190]
WC-Co-83-17
30% Colmony 227-F and 70%
WC/Col/C [191]
WC-17wt% Co [192]
Laser Cladding WC-Ni-Cr alloy [193]
WC-15wt.%Ni-alloy [194]
WC-12wt%Co [195],[196]
Nano-phased WC-12wt%Co [197]
Selective Laser WC/SS composite Hgg}
Sintering WC-12wt%Co
WC-Co/Cu MMC
Direct Metal Laser 70:30 ratio of Nickel- base alloy Egg} [201]
Sintering (KGH95) with nickel coated WC (WC-
12%Ni)

Some of the articles, in Table 2.1, are explored in more detail here. A cusing M2
laser was used to produce 35 mm x 35 mm single layer samples of tool grade
tungsten carbide powder [186]. Two balling mechanisms were identified, namely
shrinkage-induced balling and self-balling where balling is defined as melted metal

droplets solidifying before spreading out completely and retaining a ball-like shape
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[203]. It was found that a lower scan speed coupled with a high laser power and
high hatch spacing resulted in the least amount of balling. Higher hatch spacing
resulted in reduced shrinkage which leads to reduced porosity in the layer [186].
In WC-12wt%Co powder [187] both fine and coarse grains were observed which
segregated in the melt pool during the deposition process. The formation of W2>C
due to the thermal decomposition of WC is evident. The microhardness of the part
produced by a nano-phased powder had a slightly increased hardness in both the
coarse (~1496 HVo3) and fine (~1542 HVo3) regions when compared to
conventional powder (1384 HVos-coarse),(1515 HVos-fine) [187]. Khmyrov et al.
[188] found that the selective laser melting of 25wt%WC-Co powder was found to
have satisfactory porosity without any cracks once deposited on the substrate
material, whereas 50%wtWC was found to have considerable cracking due to the
formation of the brittle W3Co03Cs phase. The 25wt% WC was an alpha-Co solid

solution.

A combination of 30% Colmony 227-F (Nickel alloy) and 70% WC/Co/Cr powders
were used in a cladding process [191]. The tungsten carbide powder mixture
consisted of about 86 wt.% WC, 10 wt.% Co and 4 wt.% Cr which was deposited
onto an AlSI 304 steel. The deposited layer had a maximum porosity of 0.24% and
was crack free. The cladded layer showed good adhesion between the substrate
and the layers. For a single layer the CO: laser was set to 2.4 KW, with a spot
diameter of 2 mm and powder feed rate of 9.3 g/min. With these fixed parameters
and the use of a mathematical model the ideal translation speed was found to be
500 mm/min. For multilayer cladding, four layers, a translational speed of 170

mm/min was used with layer height of 0.79 mm [191].

In a study by Pavalache et al. [192] WC-17wt%Co powder was used to test the
effects of cladding parameters on the resultant microstructure. The lowest heat

input (1.26k J/cm) resulted in smaller and finer dispersed carbide particles
17



throughout the metal matrix. When the heat input was raised by a small factor a
refinement in microstructure was observed. In both cases an undesirable joining
effect of the carbide particles was observed in the molten pool [192]. Composite
Ni-Cr + WC laser cladding was investigated by St-Georges [193] and the resultant
properties compared with those obtained by conventional arc sintering. A WC-
50%Ni clad on tool steel resulted in a hardness of 47.5 HRC (480 HV). A laser
power of 4 kW was used with a feed rate between 40 and 120 g/min and traverse
speed of 400-800 mm/min and spot diameter of 600 um. A traverse speed of 600
mm/min and a feed rate of 60 g/min resulted in a dense dispersion of WC and a

low level of dilution.

Wu et al. [194] determined that the cladding layer produced under optimal
parameters had a uniform structure and excellent bonding with the substrate.
When a larger power was used the WC particles tended to sink to the bottom of
the layer and underwent a greater level of dissolution [194]. Przybylowics and
Kusinski [195] tested Stelcar 6297 (25 wt.% WC), (50 wt.% WC) and WC/Co (88
wt.% WC) and found that the best quality clad coatings were obtained using 1200
W of power at a scanning speed of 2 mm/s for powders containing 25 wt.% WC
and 1500W at 3 mm/s when WC quantities were higher. The decrease in power or
increase in scanning speed resulted in higher porosity and layer cracking. An

increase in power resulted in dissolution of WC in the metal matrix.

Gu et al. [200] studied the effect of direct metal laser sintering parameters on the
homogenizing on a WC particulate dispersion in a mixed metal matrix. A uniform
dispersion was obtained with a laser power between 650W and 750W with a scan
speed of greater than 0.04 m/s. Any larger increase in power resulted in balling
and a scan speed below 0.04 m/s yielded particulate aggregation due to the

particulates being deposited slower than the advancing dendritic front. A study by
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Gu et al. [201] found that a powder layer thickness below 0.30 mm allowed for a

higher sintering density with superior densification and mechanical properties.

Chen et al. [202] used direct metal laser sintering to sinter a 70:30 ratio of Nickel-
base alloy (KGH95) with nickel coated WC. A power of 900 W resulted in the best
sintering performance and a scanning rate of 0.7 m/min allowed for well distributed
WC particles. A higher scanning rate resulted in defects in layering due to
insufficient process time. At 800 W agglomeration of the WC particles was
observed with a relative density of 76.5% being obtained due to the high porosity.
A power of 900 W resulted in well distributed dendrite crystals and a relative
density of 90.4%. The relative density reduced to 82.6% with 1000 W input due to
apparent pores and the visible growth in the WC particles [202].

2.3 LENS® Process

Laser engineered net shaping been applied to fundamental materials research
since 1996 [58], [204]—-[213], with applications as functional prototyping and the
addition of material features to existing components such as thin walls, service and
repair [214]-[220]. The LENS® process has also been used for medical device
manufacturing including development, prototyping, and production of specialty
surgical prosthetics [206], [219], [221]-[225]. The LENS® (Laser engineered net
shaping) process and equipment was developed by a multi-program including
Sandia National Laboratories and United Technologies of Pratt and Whitney
(UTPW) [204]. In 1997, the LENS® technology was licensed to Optomec Inc. [226].

Fig. 2.5 is a schematic of a typical LENS® process, which is a ‘powder blown’ form
of additive manufacturing. It is a ‘powder blown’ process because an inert gas

stream is used to blow the powdered material to the desired location [227]. Fig. 2.5
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shows that the entire process is performed in an argon hermetic chamber to
prevent oxidation of the material [15]. The typical process to manufacture a part
begins with a CAD (Computer Aided Design) solid model which is sliced into a
sequence of thin cross-sectional slices and translated into a series of tool path
patterns to build each layer. Each layer is fabricated by first generating the outline
of the feature, then filling in the cross section with a rastering technique [204].

Hermetic chamber
Laser beam

%smonmg stage

Fig. 2.5: Schematic of the LENS® process [204] and a layer-by-layer CAD
model example.

Z-positioning of

focusing lens and
powder delivery
nozzle

'owder delivery nozzle

Beam/powder
interaction region

The part is created by melting metal powder, supplied by the four powder delivery
nozzles (refer Fig. 2.5), which is injected in a specific location using argon as a
carrier gas. It becomes molten when encountering a high-powered laser beam
which has been focused through a lens to control the beam size. The molten metal
powder cools rapidly after deposition on the substrate, or on the previously
deposited layer [15]. Once the layer has been deposited, the powder delivery
system and focusing lens are shifted an increment in the positive z-direction to
build the three-dimensional component layer-by-layer [15]. The sintered article
then undergoes machining, as necessary, to reduce the surface roughness within

specification of the intended application.
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The LENS® process has been applied in both additive manufacturing and repair
applications by several laboratories. Sandia laboratories have fabricated fixtures,
component housings and impellers, Fig. 2.6 (right) [228]. RPM Innovations Inc.
have done various repairs on components such as bearing housings, turbine
compression seals and an atomizer drive coupler gear. They have also done
extensive cladding of components to reduce wear [226]. In 2017 the Council for
Scientific and Industrial Research, in South Africa, fabricated the National Science
and Technology Forum (NSTF) trophies, comprised of titanium, using the LENS®
process, as shown in Fig. 2.6 (left) [229].

Fig. 2.6: NSTF trophy produced by CSIR (left) and impeller produced by
Sandia Laboratories (right).

Laser engineered net shaping® has a number of advantages including [230]:

e Reduction of material wastage when compared to subtractive manufacturing
e Large working envelope for large components

e Near-net and net-shape capabilities

e Capable of producing functionally graded parts

e Allows for fully customized parts to suit individual requirements

e Effective for both fabrication and repair purposes
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The disadvantages of LENS® include [228]:

e High capital cost
e Requires post-sintering machining due to high surface roughness

e Only spherical powders may be used.

Laser powder-fed additive manufacturing, has a large number of processing
parameters which include laser power, laser scanning speed, laser absorptivity,
laser beam profile, powder feed rate, powder stream profile and carrier and
shielding gas flow rate [231]. These parameters are all sensitive to the
environmental disturbances and influence each other [232]-[235]. Due to the large
possible parameter sets, finite element analysis simulations are performed
extensively to reduce the manufacturing costs [236]-[240], although the software
and resources required to conduct these simulations add to the cost and duration
of the component development. The size of the solidification structure and
associaited solidification mode can be affected by the in-situ cooling rate, which is
affected by the laser scanning speed, laser power and powder feed rate [241]. A
lower linear heat input (laser power/scanning speed) corresponds to a smaller melt
pool, larger thermal gradient and higher cooling rate, therefore, resulting in a higher
yield strength, larger ultimate tensile strength and higher ductility of 304 L S/S
compared to those with a higher linear heat input [234]. For metallic material
additive manufacturing the control of microstructure and mechanical properties
could be achieved through the manipulation of the local solidification parameters
[242], [243].

Marangoni flow is an important phenomenon that can affect the final microstructure
which is observed. It is evident when a hardfacing material is present with a binder
material which melts at a significantly lower tempertaure. Shen et al. [244]
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explained the process using tungsten with a copper binder but any viable
combination may result in core-rim structures. In the laser sintering process the
duration of the laser beam at any given point depends on the spot size of the beam
and the scan speed and is generally below 4 ms [235]. In this short heating cycle
the sintering of the powders occurs rapidly, hence a liquid phase sintering
mechanism is preferred to a solid state sintering [92], [95], [120], [121], [127], [128].

The liquid nature of the melt pool can be realized through viscous flow or a melting-
solidification process. The viscous flow mechanism cannot lead to powder
densification of metals since it has no softening phenomena, even at melting
temperatures, hence a melting-solidification is the more feasible mechanism [245].
Heating rates in the order of 10° ‘C/s are present which causes rapid melting of
the Cu and results in a melt pool containing liquid binder phase (Cu) and solid (W)
phases. The rapid presence of the liquid phase restricts W-W bonds due to the
absence of solid state sintering [246], [247]. A Gaussian beam results in a large
temperature gradient between the centre and edges of the sintering pool. It is due
to this temperature gradient and the chemical/compositional gradient of the
elements that forms surface tension and results in a Marangoni flow [245], [248]—
[254]. Itis well known than the fluid always moves from low to high surface tension
[255].

Studies have shown that the thermal component of the Marangoni flow will lead to
a clockwise flow pattern (source flow) whereas the solutal will be anti-clockwise
(converging flow). The thermal component is weaker than the solutal component,
therefore the overall flow pattern will be counterclockwise [250]. When the W is not
completely spherical there will be a torque component due to the misalignment of

the particle centre [256] and the action of the thermal Marangoni flow. When a
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significant amount of liquid forms a repulsive force is present which keeps the W
particles at a certain distance from the centre of the Marangoni flow even if the
converging flow pushes them toward the centre [257],which has been found to lead

to a core-rim structure [244].

Laser beam

........

Fig. 2.7: Schematic describing the formation mechanism of W-rim/Cu-core
structure [244].

The transformation from liquid to solid and the specific solidification behavior
controls the distribution, size and morphology of the final grains [258]. Critical
parameters determining the solidification microstructure are the temperature
gradient, G, solidification rate, R, undercooling , AT and the alloy constitution. If
the binder is considered, the microscopic shape varies from planar to cellular
dendritic, to columnar and finally equiaxed dendritic. In alloys the solidification is
complicated because the redistribution of alloy elements leads to concentration
gradients adjacent to solid-liquid interfaces. When the temperature of the liquid
ahead of the solidification interface is lower than the equilibrium liquidous

temperature corresponding to the compositional variation, the constitutional
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supercooling occurs and the planar interface is unstable [255]. The criteria for the

stability of the planar solid-liquid interface can be expressed as :

—=—= (Equation 2.9)

Where G is the temperature gradient in the liquid region, R is the solidification
rate, AT is the solidus and liquidus temperature difference and D. is the diffusion
coefficient in the liquid zone. The size and morphology of the solidified
microstructure can be determined using the combined form of the temperature

gradient G and the solidification growth rate R, which is shown in Fig. 2.8 [259].
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Fig. 2.8:The effect of G and R on the solidification morphology and size
[126].

The ratio of G/R indicates the solidification morphology whereas the product of G
and R represents the same of the solidification microstructure. Planar growth is

when G is extremely high and/ or R is extremely low. As R increases the
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solidification morphology can shift to cellular, columnar then equiaxed dendritic.
Most metal alloys solidify in cellular or columnar dendritic [125], [126], [213], [260]-
[263]. Cellular and columnar structure growth occurs when no secondary dendrite
arms form. If the additional arms forms, then the structure shifts to dendritic form.
The equiaxed form is only possible when G is exceptionally low. As the cooling
rate of the liquid in front of the solidification boundary increases (product of G and

R) a finer dendritic microstructure is formed.

From a numerical simulation study, R near the centerline was approximately equal
to the beam traverse speed at the top of the weld pool surface. R decreased
sharply near the bottom of the weld pool due to the large angle between the
boundary normal to the travel vector. At the outermost later edges, the weld pool
boundary normal vector was nearly normal to the travel vector at all depths so no
notable change in solidification as observed. The simulation predicted an inverse
relationship between G and R as seen in Fig. 2.8 and Equation 2.9. The simulation
also showed the solidification boundary cooling rate that decreased from top to
bottom and from the rear centre to the outermost lateral edge of the weld pool,
inverse to the variation of the predicted arm spacing [126]. The melt pool thus has
many complex factors that can alter the final microstructure which is observed.
That is why research is abundant with numerical simulations in the attempt to
model all of these complexities without the need to perform extensive and
expensive experimentation [237], [238], [264]-[269].

It is evident from Fig. 2.7 and Fig. 2.8 that many different microstructures may form
during the laser sintering process depending on the solidification rates, alloy
composition and temperature gradients which are present during the deposition
process. It is due to this that the LENS® process has been applied to a variety of
materials, all with varying chemical compositions and properties. It can be seen

from Table 2.2 that titanium and its alloys are the most studied materials using the
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LENS® process. After redesigning the powder feeder capabilities, Griffith et al.

[270] proved that LENS® can be used to manufacture both multi-material layered

structures as well as graded materials. Using SS316 and Inconel 690 they were

able to produce an alternating layered sample as well as a separate graded

sample. Dense structures were obtained with the graded material possessing the

probability of tailoring final microstructures and hardness.

Table 2.2: Materials which have been fabricated using the LENS® process.

Material

Summary

Inconel 625

By using Inconel-625 and maintaining an energy density
of 242.42J/mm? and powder density of 0.05g/mm? the
authors were able to reduce production time by 83 percent.
The higher process parameters used resulted in a higher
hardness, density and part dimensions although yielding a
larger surface roughness compared to lower process
parameters [141].

Surface Mod of AISI 410
stainless steel

A 55% increase in surface hardness was reported, when
compared to conventionally heat treated samples [56].

Ti-6Al-4V-TiB
composites

Homogenous refined dispersion of TiB formed in situ.
LENS® composites thermodynamically stable and show
limited TiB coarsening [271].

Ti-10%Cr/Ti-10%Nb

A negative enthalpy of mixing, corresponding to the Ti—
10% Cr alloy, results in more homogeneous intermixing in
the melt pool as well as a rapid rate of solidification. In
contrast, a positive enthalpy of mixing, corresponding to
the Ti-10%Nb alloy, results in poor intermixing, an
inhomogeneous alloy, and a slower rate of solidification
[272].

Ti-TiO2

Porous Ti was fabricated with a 50% TiO- surface through
functional grading. This resulted in a higher wettability of
the surface and four times greater hardness [273].

Titanium aluminide
matrix
composites(carbide
reinforced)

Both monolithic and composite feedstocks were
susceptible to solid state cracking due to high thermal
stresses. Crack-free deposits were obtainable by
preheating the substrate material. Fabricated composites
exhibited hardnesses twice that of Ti-6Al-4V[274].

TiC/Ti FGM

Functionally graded material was produced from pure Ti to
95 vol% TiC [275].

Ti-6Al-4V

Mass flow rate and scan velocity have the largest effect on
deposition rate. Deposition is 2.5 times less sensitive to
hatch spacing changes and 4.5 times less sensitive to
power changes [276].
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Ti alloys and SiAl

Ti burn-resistant alloy and high Si alloy have large
processing windows and 100% dense microstructures can
be obtained. Ti-6Al-4V has a narrow processing window
and can easily become porous [277].

Inconel 625,H13 steel
and SS316

Researched alloys have material properties comparable to
conventionally processed wrought material and
occasionally exceed those of annealed materials [205].

84Ni-14.4Cu-1.6Sn (wt.

%)

Thick walls were fabricated with a width of 20-25mm.
Dendrites with different characteristics were grown in the
three dimensions [278].

Co-Cr-Mo coating on
porous Ti-6Al-4V FGM

Crack free coatings were obtained up to a mixture of 86%
Co-Cr-Mo depositions on Ti6Al4V as a functionally graded
system [279].

High entropy alloy
AlICoCrFeNi

The microstructure of the LENS® product was dendritic.
The increase in laser scanning rate resulted in the
decrease in the average grain size. The average hardness
obtained was 543 HVgs and the increase in cooling rate
resulted in the increase in the micro hardness of the alloy

[280].

A LENS® 750 was used to fabricate functionally graded samples (FGM) with a
diameter of 10 mm on a 3 mm thick Ti substrate [273]. The first hopper was filled
with pure Ti and the second with pure TiOz. The first 10 layers were manufactured
with 200 W of laser power to create a 30 % volumetric porosity. The following 5-
10 layers were made with the top surface ending with a 50%, 90% and 100% TiO
percentage. This was done by using a scan speed of 22.5 mm/s and 300 W of
laser power but varying the feed rates in the gradient zone. The Ti powder was
initially 100% at a feed rate of 17.5 g/min and gradually decreased to 0% on the
surface layer while the TiO2 was initially 0% and varied to 100% with a feed rate
of 23.7g/min. It was found that the sample with 50% TiO, on the surface layer
resulted in a hardness four times greater than the hardness of laser processed Ti
[273].

A 3.175 mm thick Ti64 substrate plate was used as a platform to construct
functionally graded Ti/TiC samples using a LENS® 750 system [275]. The FGM

samples were 12.7 mm x 12.7 mmx 20 layers. A power of 420 W was used with
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a traverse speed of 8.5 mm/s. The layer thickness, hatch spacing, and stand-off
distance were set a 0.38, 0.38 and 154.2 mm respectively. The hoppers were set
such that the first layer was 100% Ti and gradually became 95% TiC. The hardness
of the deposits was found to increase from 200 HV to 2300 HV. When compared
to homogenous composite deposits, the FGM created by the LENS® prevented the

formation of cracks [275].

Laser engineering net shaping was found to make metallurgically sound FGM of
100% Ti6Al4V on one side gradually fading into 86% Co-Cr-Mo [281]. The FGM
process using LENS® results avoids the cracking and delamination which is
observed when a Co-Cr-Mo layer was cladded onto the base Ti64. It was found
that crack-free coatings were obtained up to 86% Co-Cr-Mo although 50% Co-Cr-

Mo resulted in a better coating for biological environments [281].

2.4 LENS® of Cemented Tungsten Carbides

Tungsten carbide-alloys have not been studied to the extent of other alloys using
the LENS® process. Literature which has shown the closest correlation to the

proposed field of research is summarized in Table 2.3.
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Table 2.3: Summary of LENS® literature findings for various cemented WC

compositions.

= T
=2 8 )
Y n @ Q 8.
_ -8 325 2%2¢ 3 2
Material S g @ o 30 = @
< 27 3% @ A
~ L2 3 T
o 5 &
Submicron WC-13wt.% Co
and nanocrystalline WC- 96-97 180-200 2-4 7-10
10wt.% Co[59]
Nanocrystalline WC-Co
(80wt.% W, 5.1wt.% C, 97 200 3 10  13.00 +1.09
10wt% Co)[9]
Nanocrystalline WC-Co
powder (84wt.% WC , 12wt%  99.5 200 3.2 7.5 12.9-13.7
Co)[47]
350w
350 11.58+0.52
- 0 -
WC -12%Co [282] 97-98 450 10 24 A50W
11.49+0.56

Nanosized, single phase (Ti,
W)C with Ni binder [92] 249> 260-300 2-4 35

Xiong et al. [59] used the LENS® process to deposit thick walls using a submicron
and nanocrystalline powder. Thick wall samples (1.5 mm thick comprising of
multiple parallel lines/layers) were prepared using two powder feedstocks, a
LENS® 750 OPTOMEC system and varied parameters. Powder A-submicron WC-
13 wt.% Co powder (40 um-110 um) and Powder B-nanocrystalline WC-10 wt.%
Co powder (45 pm — 90 um), with the submicron powder produced via wet-

chemical plus spray-drying process, provided by Infant Corp. Farmington CT.
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The effect of process parameters, Table 2.4, on the height of the manufactured

thick wall samples was investigated.

Table 2.4: Parameter range used for optimization of LENS® process.

Experimental Parameter Range
Laser power 140-200W
Powder feed rate 7-21 g/min
Traverse speed 2-11 mm/s
Working plane Focal plane +4mm

*Oxygen concentrations were maintained below Sppm.

With powder A, power values were chosen between 160W and 200 W. The other
processing parameters were kept constant at a traverse speed of 2.1 mm/s, feed
rate of 7.0 g/min and layer thickness of 0.127 mm. The working distance was set
in correlation with the optical focal plane of the laser beam. When 200 W was used
the final thick wall had a relative density of 11.7 g/cm® which is 81% of the

theoretical. An increase in build height was observed with an increase in power as

seen in Fig. 2.9.
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Fig. 2.9: Influence of laser power on sample height [284].
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When using constant parameters of 160W, 6.4 mm/s traverse speed, layer
thickness of 0.127 mm and working plane set at the focal point of the lens, powder
feed rate values of 11, 12.4, 14.9, and 20.4 g/min were used. An increase in build
height with an increase in the feed rate was observed as seen in Fig. 2.10 and Fig.
2.11.
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Fig. 2.10: Influence of powder feed rate on sample height [284].

Fig. 2.11: (a)-(d) Change in sample height and profile with an increase in
powder feed rate for WC-13wt%Co [60].
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With a constant 160W of power, feed rate of 14.9 g/min, layer thickness of
0.127mm and the working plane set at focal plane of the lens high traverse speeds
resulted in a rapid decline in sample height due to an inadequate amount of powder

being deposited per unit length, as seen in Fig. 2.12 and 2.13.
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Fig. 2.12: Influence of traverse speed on sample height [284].

Fig. 2.13: Influence of traverse speed on sample height and profile: (a) 4.2
mm/s, (b) 6.4 mm/s, (c) 10.6 mm/s [284].

Powder B was used with a power of 200 W, feed rate of 10 g/min, traverse speed
of 3mm/s and layer thickness of 0.203 mm. When the working plane was set 2 mm
higher than the focal plane of the lens it resulted in sample density of 12.9 g/cm?,
97% of the theoretical density. When the working plane was set 4mm higher than
focal plane of lens and layer thickness of 0.127mm it resulted in density of 12.8

g/cm3, 96% of the theoretical density.
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Optimization:

By performing the systematic study an optimal operating range was determined,
as shown in Table 2.5. The Z height increment should be set equal to actual layer

thickness, deposited by the laser, to keep working distance constant.

Table 2.5: Optimized LENS® parameters for WC-Co.

Experimental parameter Range
Laser Power 180-200W
Powder feed rate 7-10g/min
Traverse speed 2-4mm
Working plane Focal plane + 2~4mm

It was also found that the decomposition of WC is sensitive to grainsize. No
decomposition was observed with the submicron-sized powder however there was
occurrence with nano-sized powder. By applying a shorter working distance, a

greater specimen density and microstructure was obtained.

Xiong et al. [9] used a nanocrystal line WC-Co (80wt. % W, 5.1wt.% C, 10 wt.%
Co) powder, without any grain growth inhibitors, made by MBM Nanomaterialia,

was used, as shown in Fig. 2.14.
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Fig. 2.14: SEM SE images of nanocrystalline WC-10%Co powder.

The powder was produced by high energy ball milling to a granule size range of
45-90 um. Average grain size of WC was found to be less than 30 nm by
manufacturer. The irregular shape of the particles, as seen in the SEM image, is
due to the effect of the ball milling. A LENS® 750W (OPTOMEC, Albuquerque,
USA) was used to perform the powder deposition of the constructed CAD model.
A solid, thin wall design with a nominal length of 20 mm and height of 13 mm was
deposited on a stainless-steel substrate. Each layer consisted of four parallel lines
as was set to a height of 0.2 mm per layer. The laser parameters were set to a
power of 200W, traverse speed of 3 mm/s and a powder feed rate of 10 g/min.
Oxygen levels were maintained below 5 ppm. Density was calculated to be 12.9
g/cm? which is 97% of theoretical amount. The average wall hardness measured
was 1326 + 111 HV.

An alternating layered microstructure was obtained with one layer having a fine
microstructure and the second a course WC microstructure due to the remelting of
the surface of the lower layer. The same observations were observed by [285]
when studying the influence of working distance on laser deposited WC-Co. Some

grains remained below 100 nm and others grew to between 1 and 2 um.
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Picas et al. [47] used three coating consolidation techniques to study the effect of
microstructure and wear resistance of WC-Co. One of the coating techniques was
performed using a LENS® 750 system (OPTOMEC, USA). A nanocrystalline WC-
Co powder (84 wt.% WC, 12 wt.% Co) was used with an agglomerate size
distribution (Gaussian) between 20 um and 90 um, a laser power of 200 W and a
traverse speed of 3.2mm/s with a feed rate of 7.5 g/min. The layer thickness was
chosen to be 0.2 mm and three layers were deposited. The properties obtained for
the LENS® sintered depositions are shown in Table 2.6.

Table 2.6: Micro and ultra-micro hardness test results (mean values)

amended from [47]

Property Value
Porosity (%) 0.51
Micro hardness HVo.3 1315-1397
Universal hardness (GPa) 10.40-10.68
Plastic Hardness (GPa) 16.06-16.34
Young’s Modulus (GPa) 416-468
Elastic Recovery (%) 30.2-33.1

The two values are recorded due to the measurements being obtained moving from

the coarse carbide zone to the fine carbide zone.

The amount of CoxWyCz phase depended on the grain size of WC and the
heating/cooling rate. The nanostructured WC grains have high surface area per unit
volume, which results in a greater likelihood of being dissolved into the liquid phase
at high temperature. However, the W,C and Co;W;C phases are limited due to the
high cooling rate during the LENS® process. Balla et al. [282] used a cast, crushed
WC -12%Co powder (supplied by Powder alloy Corp. Loveland OH with a particle size

between 45 and 75um) as a coating material on a 3 mm 316 stainless steel substrate.
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The powder was deposited to a thickness of 1.5 mm-2.0 mm and a diameter of 13-14
mm using a LENS® 750 OPTOMEC system. The laser had a beam diameter of
1.65mm and oxygen levels were maintained below 10 ppm during laser sintering. A
laser power of 350W (365 J/mm?) and 450 W (465 J/mm?3) were used respectively with
a traverse speed of 10 mm/s and a feed rate of 24 g/min. A layer thickness of 1.8 mm+
0.06 mm and 1.35 £ 0.06 mm was obtained for 450 W and 350 W respectively with
the 350 W build resulting in approximately 2-3% porosity. The 450 W power resulted
in a layer with a hardness of 1172 £ 57 HV while the 350 W resulted in 1181 + 53 HV.

Xiong et al. [283] used TiO2 (99% purity, 45 um average size), WOs (99% purity, 20
pm average size) and NiO (99% purity, 45 um average size) which was mixed with
free carbon for the composition equivalent to TiC-15WC-20Ni (wt.%). Powders were
subjected to high energy ball milling using a planetary mill. Tungsten carbide balls
were mixed with oxide powders at a ball to powder weight ratio of 40:1 and milling was
conducted at a speed of 250 rev/min for 20 hours. The oxide powder mixtures were
reduced to (Tio.93Wo.07) C-20wt%Ni powder at 1300 °C for 1hour in vacuum. The (Ti,
W) C-Ni powder was compacted into disc under 150 Pa pressure and sintered at 1510
°C for 1 hour under vacuum. Conventional micrometer sized TiC-15WC-20Ni (wt.%)
were sintered for comparison. The conventional samples were prepared from TiC (1-

2 um) and WC and Ni powders (1-4um).

It was found that core-rim structures were not observed for the (Ti, W) C-Ni cermets
made by LENS® and sintering process. LENS® processed (Ti, W) C-Ni resulted in
inhomogeneous microstructure with particle coursing whereas the sintered cermets

have uniform microstructure. LENS® processed specimens have high hardness and
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relative low toughness due to vaporization of the nickel binder during deposition and
high porosity.

Xiong et al. [286], conducted a study to investigate the thermal behaviour during
LENS® deposition of WC-Co material. A high-speed digital camera system was
applied in this work to record the thermal images of a WC-Co thick-walled sample.
The CAD model dimensions used for this work were: 20.3 length, 0.8 mm width and
a height of 12.7 mm. It was established from the investigation that the highest
temperatures are experienced in the centre of the molten pool. As the heat source
moves, the previously deposited layers experience a rapid drop in temperature. Fig.
2.15 shows the thermal cycle of a LENS® deposited WC-Co cermet, where the green

circle indicates the solid-liquid interface.
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Fig. 2.15: A thermal image of a WC-Co thick-walled sample looking from
the deposition of layer 5 [286].

As the deposition layers of WC-Co increases it was established that the highest
temperature was not experienced in the centre of the molten pool anymore. A

swirling effect was observed as high temperatures where experienced in random
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areas within the molten pool, this effect was explained to be caused by the
dispersion of WC in the molten pool. In addition, it was seen that as the deposited
layers increase the molten pool size and temperature increased, which is attributed
to heat build-up from layer to layer. Fig. 2.16 shows the temperature profile in some

deposition layers.
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Fig. 2.16: Temperature profile in selected deposition layers [286].

The thermal behavior of WC-Co cermet deposited by the LENS® technology has a
correlation to the microstructure with alternating layers and inconsistent hardness

with change in specimen height.

A life-cycle assessment of the LENS® process versus conventional powder
metallurgy was compiled by Xiong et al. [287]. The life-cycle assessment of WC-
Co manufactured by the conventional powder metallurgy (P/M) and LENS®

process is shown in Fig. 2.17.
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Fig. 2.17: Life-cycle of a WC-Co cermet product manufactured by either the
P/M or the LENS® process [287].

It has been observed that the LENS® process consumes more energy and cooling
water than the P/M process [287]. However, the LENS® process requires less
argon gas, WC and Co consumable materials, provided that the WC-Co powder
can be recycled. There is a high scrap rate in P/M processes due to material loss
during rough grinding. The LENS® process is beneficial in comparison to P/M
processes provided that it is used to produce small volume components, hence
low energy consumption [287]. Complex shapes produced with P/M processes
leads to increased grinding requirements and hence an increase in the material
scrap rate. According to the life-cycle analysis the LENS® process is beneficial if
powder recycling is possible, part size is small and part shape is complex [287].
Alternatively, the P/M process is only beneficial for the production of large parts

with simple shapes.
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The density of the component which is fabricated is not as high as for conventional
sintering methods, hence the importance of the laser processing parameters. Fig.
2.13 is an example of the effect of varied process parameters during fabrication
using LENS® [60]. By merely changing the powder feed rate, the thin walls
exhibited different heights and surface roughness. Once the ideal parameters have
been obtained, LENS® can be used to create complex WC-alloy parts for
specialized applications in a fraction of the time that would be required for
conventional sintering.
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Chapter 3 Experimental Procedures

3.1. Feedstock Powders

Spherical tungsten carbide powder from Boda Hard-facing Materials Co, LTD (particle
size distribution of -90 /+ 45 pm) and spherical Monel (Ni-alloy) powder from Praxair
Surface Technologies (particle size distribution of -90 /+ 45 um) were used as the
feedstock powders. The physical and chemical properties of the powders were verified
by means of X-ray diffraction (Bruker D2 Phaser), particle size distribution (Malvern
Mastersizer) and scanning electron microscopy (FEI Nova 600 SEM) coupled with energy

dispersive spectroscopy (EDS INCA analysis software).

Table 3.1: Elemental composition of Monel 400.

Element Ni Cu Fe Mn Si S C
Average 68.7 27.99 2.32 0.66
Wt.% +2.12 +2.02 +0.25 +0.09
W% 63.0 28.0- 2.50 2.00 0.50 0.30
(literature) ; ‘ ' ' ' 0.024 '
[288] min 34.0 max max max max

Particle size was determined by using a Malvern Mastersizer, Fig. 3.1. Particle size
analysis was performed to verify that the supplied powder did comply with its data

sheet.
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Fig. 3.1: Size distribution of a) WC Powder b), Monel 400, c) WC-9.2wt%
Monel 400

A mean particle size of 86.08 um was obtained for the cast WC powder. There is a
21.76 um difference between d (0.1) and d (0.5) and 29.38 um between d (0.9) and d
(0.5) which is well within the reported standards of the ordered powder which were -
90 pm /+ 45 pm. The Monel 400 powder was found to have a mean patrticle size of
69.46 um. There is a 19.70 um difference between d (0.1) and d (0.5) and 27.08 pum
between d (0.9) and d (0.5) which indicates that the mean powder size is
approximately 20 um less than the reported value of -90 pum /+ 45 um. The larger
deviation between d (0.9) and d (0.5) is due to the irregular shape of some of the
powder particles as well as the satellite effect which is very prominent in Fig. 3.2(d).
When the powders were mixed together a mean of 81.20 um was obtained. There is
a 21.73 um difference between d (0.1) and d (0.5) and 28.25 um between d (0.9) and
d (0.5) which is within good correlation of the Laser Engineered Net Shaping
specifications of -90 um /+ 45 um. The larger deviation between d (0.9) and d (0.5) is
due to the constituent powders having a slightly larger deviation between d (0.5) and
d (0.9).
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As shown in Fig. 3.2, the WC powder had smoother, more regular particles than the
Monel powder. The latter powder showed a bimodal nature consisting of smaller and
larger particles. The smaller particle tends to agglomerate around the larger one
during solidification, creating irregular shapes of the powder agglomerates. The grain
structure of the Monel 400 and WC powder can be seen as recessed grooves on the
surface of the particles [289]. The two powders were mixed in a stainless-steel rotary
mill for 2 hours to produce a WC-9.2wt%Monel 400 powder blend. The XRD patterns
in Fig. 3 show that the mixed powder has all the peaks that were present in the
substituent powders with no mixed phases between the two powders detected. The
XRD pattern in Fig. 3.3(c) of the blended powder shows prominent WC, W>C and W
peaks originating from the WC powder with NiCu peaks coming from the Monel

powder. No mixed phases between the two powders were detected.
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Fig 3.2: SEM micrographs of the a) tungsten carbide, b) surface of WC
particle, c) cross-section of cast WC particle and d) Monel powder.
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Fig. 3.3: XRD pattern of the mixed WC-9.2wt%Ni feedstock powder.

3.2 LENS® production of alloys

Design of experiments (DoE) and statistical based approaches have been used by
numerous researchers [290]-[294] to provide valuable information for the
generation of numerical models, machine learning parameter optimizers and finite
element analysis models. The framework used in this study is based on these with
adaptations made to the optimization process to produce a functional component.
It is also provided in a simple layout such that it can be applied in any iterative

parameter testing situation.

The framework in Fig. 3.4 was used to optimize the parameters for the deposition
of a functional component, i.e. a drill bit, by starting with thin walls and optimizing
through small-scale samples. The framework is divided into several phases which
are discussed in more detail providing a general overview and the approach used
in this study. All depositions were performed using an Optomec LENS® 850-R

equipped with a 1kW IPG fibre laser, wavelength of 1.072 um, a delivery fiber
47



diameter of 200 um, a collimator focal length of 60 mm and beam spot size of 1.35
mm. All experiments were conducted in the build chamber under atmospheric
conditions and using a mild steel substrate. All samples were sectioned using a
diamond cutter (Struers Secotom-10) and the cross-sections were mounted in
Struers Polyfast resin using an ATM Opal 410 mounting machine. The samples
were polished in accordance with the ASTM B665-08 procedure [295].

Experimental Design of Thin wall
Phase Experiments analysis

Optimization Small-scale nDeposition
Phase samples §_/ analysis

Validation Component Component
Phase fabrication analysis

AM vs
commercial
component

Feasibility

Phase

Fig. 3.4: Framework for component fabrication from novel binder.

3.2.1 Experimentation phase

Design of experiments

Design of experiments have been used by multiple researchers to perform
optimization experiments [296]-[299], [300]. Many experimental design templates
are available within statistical software and are calibrated using the desired
outcomes of the study. Two examples of widely used design of experiments are
Factorial designs and Taguchi designs. Factorial based designs consider all
possible interactions that occur for each of the input factors and results in large
experimental sets. Factorial designs allow for interactions between parameters to
be determined although one pitfall is that some interactions may be confounded
and if not considered can lead to highly erroneous conclusions [301]. Taguchi
designs are based on fractional factorial designs as well as factorial designs with
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multiple factors being tested. With Taguchi designs, the most significant
interactions need to be hypothesized before the experimental processes is
commenced. A design of experiments allows for analysis of variance (ANOVA) to
be applied to the obtained experimental data and provide results which pertain to
the experimental range employed. Any variable sets which are beyond the scope
of the study can be extrapolated although this assumes that the mathematical
nature of the results is consistent over any variable set, which is not necessarily
true. When a novel binder or material is the subject of the research and no defined
literature is available, then other materials which have been used for the intended
application or the major alloying substituents can provide a guideline as to the
manner the material may react and provide beneficial properties in determining

feasible initial parameter sets.

For this study a 3x3 full factorial DOE was used including star points. The range
which was chosen was hypothesized to contain a local “optimized” set which
cannot be defined as a globally “optimized” set due to the restrictive nature of the
design of experiments. Three important parameters were considered in the design
of experiments as not all parameters can be tested in the design of experiments
since the addition of another parameter has an exponential effect on the number
of depositions required. The laser beam power (P), traverse speed (v) and powder
flow rate (k) were chosen since literature [233], [302], [303] has identified these as
the main deposition parameters. Three parameters at a low, medium and high level
for each parameter yields a 3x3 matrix. Three levels provide more information
about the interactions of the parameters and the inclusion of star points provides
more information about the parameter sets around the “central” values of the
design matrix. The design parameters were based on published research for a Co
binder (in the absence of data for Ni binders) and the knowledge that Ni has a
lower melting point than Co [302], [304], [305]. Table 3.2 lists the range of values

used in constructing the DoE matrix.
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Table 3.2: Values used in constructing the design of experiments matrix.

Experimental

number Factor level
P v «
1 150 2 5
2 150 2 75
3 150 2 10
4 150 3 5
> 150 3 75
6 150 3 10
7 150 4 5
8 150 4 715
9 150 4 10
10 250 2 5
11 250 2 75
12 250 2 10
13 250 3 5
14 250 3 75
15 250 3 10
16 250 4 5
17 250 4 7.5
18 250 4 10
19 350 2 5
20 350 2 7.5
21 350 2 10
22 350 3 5
23 350 3 7.5
24 350 3 10
25 350 4 5
26 350 4 7.5
27 350 4 10
28* 336.6 3 75
29* 163.4 3 75
30* 250 4.7 7.5
31* 250 1.3 7.5
32* 250 3 11.8
33* 250 3 3.0
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Thin walls provide an ideal deposition design for rapid variable set determination
due to low deposition times. The thin walls were 20 mm in length, 25 layers high

with a z-increment of 0.2 mm and on a single deposition track.

Thin wall analysis

Once the thin walls have been deposited analysis needs to be performed such that
feasible parameters can be obtained for the optimization phase. If there are any
visible cracks, agglomerated particles causing surface roughness, poor adherence
to the base plate or insufficient build height in the depositions then the parameter
sets should be excluded. The properties of interest should be recorded, such as
height, width or porosity for each parameter set so that an analysis of variance can
be performed and the effect of each parameter as well as parameter interactions
can be determined for the desired property. The desired parameter set is then used

in the optimization phase with small-scale depositions.

The height, width and Vickers hardness were analyzed and recorded for the 33
DoE trials. The height and width was measured using Vernier Calipers while the
Vickers Hardness was determined using 30 kgf with a 10 s dwell time (Future-Tech
FV-800) in accordance with ISO 3878 [306]. Vickers hardness was chosen since
it can be used on any material and only one type of indenter is used for all Vickers
methods. It is limited in the need for specimens to be prepared with a good surface
guality due to optically based analysis of the indentations and the relatively long

test cycle times [307].

The theoretical height and width of the thin walls were calculated using the z-
increment and beam spot size respectively. An ANOVA regression and the
resultant quadratic function was used to determine the most feasible parameter
set, for the optimization phase. The parameter contributions and interactions in

yielding a specific height, width and hardness were also analyzed.
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3.2.2 Optimization phase

Small-scale samples

Small-scale samples can now be used to test the best parameter sets obtained
from the experimentation phase. Small cubes, as in Fig. 3.5(a), can be deposited
and have been used in multiple publications as an optimization standard and many
researchers use these as a base to subtractively machine tensile components
[308]. The samples are now larger than thin walls and filled with a rastering pattern
which introduces different thermal gradients and cooling rates during deposition
which allows for the parameter sets to be refined further. The set which performed
best on the thin walls may not be the best solution for filled geometries but provided
a feasible starting point. There are many parameters which can be altered such as
hatch rastering pattern, z-increment, laser beam working distance, spot size and
hatch overlap which will change the properties of the final deposition. The thin walls
were deposited at a certain laser beam spot size and working distance, for the
parameter sets to thus translate more efficiently these should be kept consistent.
Depending on the results obtained for the deposition analysis different parameters
are changed for each iteration until the required physical or chemical property is

obtained.

Fig. 3.5: a) general schematic for cubic structure and b) as-deposited cube
and
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In this study three iteration phases were performed. The first consisted of the laser
beam power, traverse speed and powder feed rate being altered although
maintaining a fixed energy density [309], as determined from the design of
experiment phase with a hatch overlap of 50% and 75% respectively, beam spot
size of 1.35 mm and z-increment of 0.2 mm. An as-deposited cube can be seenin
Fig. 3.5 (b).

The second iteration used the parameter set from the first iteration which yielded
the lowest porosity. Different powder feed rates and z-increments were condensed
into a single iteration to reduce redundant testing. The third iteration consisted of
minor alterations to the hatch overlap and z-increment with the intention of
reducing the final porosity. The experimental matrix of the three iterative

refinements are shown in Table 3.3.

Table 3.3: The refinement of paraments through deposition of cubic

samples.
Traverse Powder Hatch
Sample Power Speed feed Rate overlap . i
(Watts) (mmis) (g/min) (%) increment
1 150 3.5 9.5 50 0.2
2 170 4.0 10.9 50 0.2
3 200 4.7 12.8 50 0.2
4 220 5.2 11.5 50 0.2
5 250 6.0 16.35 50 0.2
6 270 6.3 17.2 50 0.2
7 300 7.0 19.1 50 0.2
8 340 8.0 21.8 50 0.2
9 150 3.5 9.5 75 0.2
10 170 4.0 10.9 75 0.2
11 200 4.7 12.8 75 0.2
12 220 5.2 11.5 75 0.2
13 250 6.0 16.35 75 0.2
14 270 6.3 17.2 75 0.2
15 300 7.0 19.1 75 0.2
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16 340 8.0 21.8 75 0.2
17 220 5.2 115 50 0.31
18 220 4.3 125 50 0.55
19 220 4.3 10.9 50 0.5
20 220 5.2 12.6 50 0.31
21 180 3.5 7.7 50 0.5
22 220 4.8 12.7 50 0.5
23 220 5.0 13.3 50 0.5
24 (OP) 220 45 11.9 50 0.4
25 220 45 11.9 50 0.254
26 220 45 11.9 50 0.3
27 220 45 11.9 60 0.254
28 220 45 11.9 70 0.254
29 310 45 11.9 50 0.254
30 310 45 11.9 70 0.254
HS 220 45 11.9 50 0.4
RM 220 45 11.9 50 0.4

For sample HS (heated substrate) the parameters were maintained but the

deposition was performed on a stage that was heated to 450°C before the

commencement of the deposition and sustained for the duration of the deposition.

Remelting of the final layer was performed on sample RM (remelt) with the laser

power and traverse maintained but the powder flow rate set to zero.

Deposition analysis

The final intended use of the component or aim of the research study will determine

the analysis performed and desired optimization which will be obtained through the

iterative process. Tensile strength, fracture toughness, microstructure, hardness

or density are some of the properties that are of general interest [310]-[312].
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The porosity was chosen as the deciding factor in the number of iterations
required. The porosity was measured for each of the samples of the iteration and
based on the values, the viability and necessity of the next iteration was
determined. Porosity was determined from images obtained from Olympus stereo
and optical microscopes. The porosity measurements were performed across the
entire sample to provide an accurate bulk porosity. Fig. 3.6 shows a rectangular
region which would be used to determine the porosity.

Fig. 3.6: Representation of the region used to quantify porosity.

The parameter changes which would reduce the porosity were hypothesized
based on whether porosity or lack-of-fusion was observed [311], [313]. The
hardness, chemical composition and microstructures were also studied [314] to
understand and explain the deposition process with greater confidence. The
Vickers hardness was determined using 30 kgf with a 10s dwell time (Future-Tech
FV-800) in accordance with ISO 3878 [306]. Phase identification was done using
XRD on a Bruker D2 Phaser (monochromatized Cu Ka, 0.154 nm). X-Ray
diffraction was chosen for phase analysis since it is a rapid, non-destructive
technique that provides well defined peaks for metallic samples with minimal
sample preparation. It is limited by requiring access to standardized reference files

and having a detection limit of 2% for mixed samples [315].
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Elemental mapping was performed using electron probe microanalysis (EPMA) on
a Cameca SX5-FE EPMA. Electron probe microanalysis was selected due to its
high sensitivity in chemical analysis and the ability to operate at small spacial
scales. It is limited in its ability to distinguish difference valence states and in
detecting the three lightest elements which were not incorporated in the samples
of this study [316].The microstructures were studied using field emission scanning
electron microscopy (Carl Zeiss Sigma) and Energy Dispersive spectroscopy
(EDS). Scanning electron microscopy has the advantage of having fast cycle times
and the ability to be applied to any material while the main disadvantage apart from
the equipment cost is the possibility of artifacts resulting from sample preparation
[317]. Raman spectra measurements (0-2000 cmt) were carried out on a Horiba
Jobin-Yvon T64000 Raman Spectrometer. Raman spectroscopy is nondestructive,
non-contact and quick acquisition method. It has the disadvantage of not being
effective in analyzing metals and alloys and the Raman effect is very weak [318].

3.2.3 Validation phase

Component fabrication

The optimized parameter set obtained from the optimization phase can now be
applied to the validation phase. The final component is generally larger than the
small-scale samples utilized in the optimization stage, which will affect the resultant
cooling rates and thermal gradients during the deposition process [241], [319],
[320]. It is important to monitor the first component print process to determine
whether in-situ parameter adjustments are required to prevent the damage of the
equipment, such as the deposition colliding with the deposition nozzle. These
altered parameters can then be applied to the successive deposition process. By
lowering the laser power, the powder being fed may not melt adequately and result
in lack of fusion porosity, whereas the higher traverse speed will yield less time at

each successive point and may also develop porosity. A higher traverse speed is
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favorable over a lower laser power since this aids in faster printing, limiting layer

thickness and reduces the alterations required to other parameters [233], [303].

Based on the quality control minor changes can be made to the deposition
parameters to improve the final product, or the inclusion of post-processing
techniques can be employed such as Hot Isotactic Pressing (HIP) to reduce the
porosity, surface finish techniques to improve surface roughness or machining
processes to enhance features of the final design. If none of these processes show
a beneficial change or cause the product cost to elevate excessively then a new
alloy should be examined for the process or a different manufacturing process or
application should be investigated. The traverse speed was the only parameter
which was altered to accommodate for the varied thermal properties and two drill
bits were tested on a heated stage to determine the effect on the deposition
process. The drill bit CAD design was constructed in Solidworks and once sliced
resulted in 151 printable layers. A solid representation of the CAD design is shown
in Fig. 3.7. All drill bit depositions were performed with a hatch overlap of 50%,
beam spot size of 1.3 mm, z-increment of 0.4 mm and with atmospheric chamber
conditions. Table 3.4 shows an overview of the main parameters that were used
to fabricate the respective drill bits. All drill bits except DB4 underwent mild

sharpening after fabrication.

Table 3.4: Printing parameters for drill bits.

Traverse Powder
Drill Bit Power Speed feed Substrate ngrlcat!on
(Watts) rate time (min)
(mm/s) .
(g/min)
DB1 220,300 8.2 11.9 heated 100
DB2 220 10.25 11.9 heated 60
DB3 220 20.50 11.9 not heated 27
DB4 220 10.25 11.9  not heated 40

57



Quality control

The surface characteristics of the drill bits were examined and further von Mises
simulations were performed to illuminate regions of high stress and indicate
possible fracture zones during the quality tests. All von Mises and displacement
simulations were performed with a global mesh of 0.77 mm with a tolerance of
0.038 mm. The drill bits were tested on a turn-mill at a rotational speed of 2000
rpm, a penetration depth of 6 mm with a feed rate of 100 mm/min. The holes were
drilled into 2011 aluminium alloy which has a hardness of 90-100 HVo.1. The holes
were named according to the drill bit used and how many holes were drilled. E.g.
DB1-1 would be the first hole drilled by drill bit DB1.

The images used to determine circularity were obtained using an Olympus light
microscope and the fractured surfaces were studied using a low-resolution
scanning electron microscope (TopCon SM-500). The circularity was determined
using image analysis software. The image of the drilled hole was uploaded into the
software where a circle is fitted to the hole ; the circularity is how close the fitted
circle is to being perfect, with a value of one implying a perfect circle. An example
is shown in Fig. 3.7 (b).
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Fig. 3.7: a) CAD model of drill bit and b) diagram indicating a perfect circle
fitted to a hole drilled by the purchased drill bit.

3.2.4 Feasibility phase

AM vs commercial component

This is concerned with the volume that needs to be printed, the time to print each
component and the cost of the final part. A full cost analysis needs to be applied
to the final product to determine whether additive manufacturing is in fact the most
cost efficient and suitable method for the part production. Additive manufacturing
has its strengths in low volume, highly customizable components, prototyping and
concept validation [321]. If high volume is required, then additive manufacturing
can be used to design a mold which will allow for rapid manufacturing thereafter
using injection molding or metal casting. When accurate features and surface finish
is required, a subtractive manufacturing process may be more suitable or even a

different type of additive manufacturing such as metal binder jetting.
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The manufacturing cost of the additively manufactured drill bit was compared to
the price of a commercially available drill bit. The overall performance of the drill
bits was also compared and the feasibility of using the additive manufacturing
method determined.
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Chapter 4 Results and Discussion

4.1. Design of Experiments: Thin Walls

The design of experiments approach is very useful when attempting to determine
optimal parameters for further experimentation without excessive waste of material
and time [41], [299], [302], [322]—[326]. Thin walls have been used for the design
of experiments due to their convenient geometry [302], [305], [327] and have been
deposited by means of the Laser Engineered Net Shaping process.

Thin walls were used because they can be deposited rapidly, allow for suitable
starting parameters to be determined at minimal cost and provide an initial insight
into printing restrictions and challenges. Multiple studies have been performed on
cladding [68], [172], [232], [313], [328]—-[330], which is effectively a two or three
layer thin wall or thin cube. Studies have also deposited two or three layer thin
walls and studied the microstructure and mechanical properties and proposed that
these are starting parameters and properties for further analyses [232], [325],
[331]-[333]. There are many parameters which need to be considered when
performing additive manufacturing processes and each affects the deposition in its

own unique way but can cause inter parameter effects [232]—-[235].

For the DoE laser power, powder feed rate and traverse speed were chosen as
the initial parameters to test. The three main parameters were chosen since the
addition of each new parameter using a three variable full factorial DoE results in
exponential test growth on the scale of 3*. This implies that from the 27
experiments that were performed in this DoE the next full factorial amount would
be 81.
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The height of the thin walls was determined as the average of five random points
along the wall for each of the DoOE experiments in Table 4.1. Before the
commencement of the deposition process the hopper had to be calibrated since it
operates in revolutions per minute (rpm) and not grams per minute (g/min) for the
powder feed rate. Fig. 4.1, shows the calibration curve obtained to convert
between rpm and g/min. Every powder would have a different calibration curve
since the shape of the powder and the density of the powder affects how readily it

will be delivered at a certain hopper rpm.

4.5

3.5 R? = 0.9985

2.5

1.5 (4

Revolutions per minute

0.5

4 6 8 10 12 14
grams per minute

Fig 4.1: Calibration curve for LENS® hopper rpm to g/min.

Fig 4.2: Design of experiments’ thin walls (left) and single thin wall (right).
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The design of experiments’ thin walls as deposited on the substrate is shown in
Fig. 4.2. The walls have varying roughness and surface properties just from visual
observation. One of the thin walls is also shown in Fig. 4.2. The high surface
roughness and varying width is evident from the image of the single thin wall. The
processing parameters of the thin walls and their resultant average height and
average width are shown in Table 4.1. Parameter sets 28-33 which have a small
(*) indicates that these points were added to the original full factorial design of
experiments and represents the star points. As was provided in the methodology
section, the beam spot size was kept constant at 1.35 mm, the z-increment at 0.2
mm for a total of 25 deposited layers.
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Table 4.1: Design of experiments parameters and resultant average height

and average width.

Powder

Traverse Average Average

Sample P?O/Vv)er Speed '?;[\év Heigt?t widtt?
(mm/s) (g/min) (mm) (mm)

1 150 2.12 5.3 5.04 1.69
2 150 2.12 7.5 6.87 1.97
3 150 2.12 10.0 7.74 1.71
4 150 3.17 53 2.39 1.50
5 150 3.17 7.5 4.59 1.59
6 150 3.17 10.0 6.20 1.63
7 150 4.23 53 2.42 151
8 150 4.23 7.5 3.34 1.48
9 150 4.23 10.0 4.62 1.46
10 250 2.12 5.3 6.89 2.24
11 250 2.12 7.5 7.24 2.36
12 250 2.12 10.0 8.36 2.56
13 250 3.17 5.3 4.26 1.80
14 250 3.17 7.5 5.94 2.13
15 250 3.17 10.0 7.04 2.12
16 250 4.23 5.3 3.54 1.66
17 250 4.23 7.5 5.46 1.83
18 250 4.23 10.0 5.67 1.82
19 350 2.12 5.3 6.67 2.77
20 350 2.12 7.5 7.69 2.82
21 350 2.12 10.0 8.30 2.75
22 350 3.17 5.3 5.44 2.23
23 350 3.17 7.5 6.36 2.48
24 350 3.17 10.0 7.40 2.49
25 350 4.23 5.3 4.43 1.98
26 350 4.23 7.5 5.89 2.28
27 350 4.23 10.0 5.84 2.14
28* 340 3.17 5.3 6.24 2.48
29* 160 3.17 7.5 4.35 1.70
30* 250 4.97 10.0 3.45 1.84
31* 250 1.38 5.3 7.74 2.98
32* 250 3.17 11.8 6.06 2.15
33* 250 3.17 3.1 1.88 2.09
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4.1.1 Height Analysis
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Fig. 4.3: Average height as a function of laser beam power and powder
feed rate at traverse speeds of 2 mm/s, 3 mm/s and 4 mm/s.

The average heights of the thin wall specimen deposited at different traverse
speeds are plotted in Fig. 4.3 as a function of laser power and powder feed rate.
In general, a decrease in the average deposition height was recorded for an
increase in traverse speed due to less powder being deposited per unit length. For
all three traverse speeds an increase in the laser power and powder feed rate
resulted in an increase in the average build height. An increase in laser beam
power causes an increase in temperature in the molten pool, hence the height of
the molten pool increases and resultantly more powder is included in the
deposition [60]. An increase in powder feed rate also resulted in more powder

being delivered to the molten pool and consequently being deposited [60].
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Multiple linear regression analysis, using ANOVA, was used to determine the
prominent factors and relationships between factors. A quadratic model was used
to determine the interactions and contribution of each parameter to the deposition
height. Traverse speed squared as well as power squared resulted in 0.29 and
0.15 P values respectively which indicates that there are no quadratic relationships
concerning these parameters. The main parameters, i.e. power (P=0.0004),
traverse speed (P=6.82x10'%) and powder feed rate (P=3.02x10°°) all had P values
that indicated a significant effect on the deposition height. The square of powder
feed rate (P=0.0003) and the interaction between laser power and powder feed
rate (P=0.03) also had statistically significant effects on the deposition height. With
these observations a height predictive model for thin walls was proposed, equation
4.1.

y = bo + b1P + bv +bsk + bak? + bsPk  (Equation 4.1)

Where bo...bs are regression estimates for the coefficients using the least squares
method, P is power (watts), v is the traverse speed (mm/s) and K is the powder
feed rate. When the model in Equation 4.1 was applied to the experimental data
the regression coefficients were calculated, Table 4.2. The model explains 91.7%

of the experimental data.

Table 4.2: Coefficients for Equation 4.1.

bo b1 b b3 ba bs

-3.15 0.02 -1.37 2.17 -0.09 -0.001

Table 4.2 shows that b is a positive number which implies a protagonist effect
between build height and power, the same relationship is observed for bz, powder
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feed rate, which implies that by increasing the laser beam power or the powder
feed rate the resultant build height would increase. The coefficient bs has a
negative value, which is an antagonistic effect between laser power and powder
feed rate, hence the laser beam power and powder feed rate cannot both increase
to increase the build height since this would cause a decrease in build height. This
is due to a powder flux shielding the laser beam and causing insufficient melting
of the powder [59], [334]. Traverse speed and the square of traverse speed, b, and
b4, have an antagonistic effect with deposition height, by increasing the traverse
speed the deposition height will decrease. These observations are consistent with
other additive manufacturing research [235], [302], [303], [305], [335].
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Fig 4.4: Residuals plot from ANOVA analysis.

A residual plot, as in Fig. 4.4, is plotted to determine whether the model fits the
data well or if a better model may be evident. A better model is present if a
discernible function is evident in the residual plot, such as a cubic or sinusoidal
function. Fig. 4.4 does not have any function which can easily be observed. The

residuals plot also identifies significant outliers which require retesting since the
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outlier is probably due to human error and not experimental error. These outliers
are identified when a point is larger than two or less than negative two. No points
fit these criteria, hence no significant outliers are present. From equation 4.1 only
the traverse speed has a quadratic nature. Thus, an optimum parameter can be
obtained by utilising arbitrary power and powder flow rates within the range of the
DoE values tested. There were 25 layers and a 0.2 z-increment imply a theoretical
build height of 5 mm, hence the deposited layers which were closest give the
parameters to be used as a modelling point.
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Fig. 4.5: Optimization of powder feed rate for parameter set.

When 170 W laser beam power and a traverse speed of 4 mm/s is used in the

model an optimal powder feed rate of 10.9 g/min is obtained.
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4.1.2 Width Analysis
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Fig. 4.6: Average width as a function of laser beam power and powder feed
rate at traverse speeds of 2 mm/s, 3 mm/s and 4 mm/s.

The average widths of the thin wall specimen deposited at different traverse
speeds are plotted in Fig. 4.6 as a function of laser power and powder feed rate.
An increase in laser power resulted in a wider wall whereas a decrease in width
was observed as the traverse speed increased. The influence of powder feed rate
on the wall width did not follow a well-defined trend. For example, at a traverse
speed of 3 mm/s a powder feed rate of 10 g/min produced the same wall widths
as a powder feed rate of 7.5 g/min. The wall width results were also influenced by

the laser power used for each traverse speed and powder feed rate combination.
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Multiple linear regression, using ANOVA, was used to determine the prominent
factors and relationships between factors. The relationship between laser beam
power and powder flow rate (P=0.7) between powder feed rate and traverse speed
(P=0.8) both indicate insignificant statistical interactions. Powder flow rate squared
(P=0.77) as well as laser beam power squared (P=0.16) indicates no quadratic
relationship between the width of the thin walls and powder flow rate or laser beam
power [233]. The main parameters were determined to be power (P= 3.04x10°9),
traverse speed (P=0.002), traverse speed squared (P=0.002) and the power and
traverse speed interaction (P=0.03). With these observations a width predictive

model for thin walls was proposed, equation 4.2.

y = bo + biP + bav + bsv? + bsPv  (Equation 4.2)

Where bo...bs are regression estimates for the coefficients using the least squares
method, P is power (watts) and v is the traverse speed (mm/s). When the model
in equation 4.2 was applied to the experimental data the regression coefficients

were calculated, Table 4.3. The model explains 93.2% of the experimental data.

Table 4.3: Coefficients for Equation 4.2.

bo b1 b2 bs ba

2.1 0.007 -0.65 0.09 -0.001

Table 4.3 shows that b is a positive number which implies a protagonist effect
between build width and power. If the power is increased the width of the thin walls
will also increase. The square of the traverse speed also has a positive coefficient,

bs. The traverse speed, by, is negative, which implies that when that when the
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traverse speed is increased the width of the thin wall will decrease. The coefficient
bs has a negative value, which is an antagonistic effect between laser power and
traverse speed. Hence if the power is increased and the traverse speed increased
then the width of the thin wall will not increase since the traverse speed will result

in width reduction while the laser beam power in a width increase.
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Fig. 4.7: Residuals plot from ANOVA analysis.

A residual plot, as in Fig. 4.7, is plotted to determine whether the model fits the
data well or if a better model may be evident. A better model is present if a
discernible function is evident in the residual plot, such as a cubic or sinusoidal
function. Fig. 4.7 does not have any function which can easily be observed. The
residuals plot also identifies significant outliers which require retesting since the
outlier is probably due to human error and not experimental error. These outliers
are identified when a point is larger than two or less than negative two. No points
fit these criteria, hence no significant outliers are present. From equation 4.2 only
the traverse speed has a quadratic nature. Thus, an optimum parameter can be

obtained by utilising arbitrary power and powder flow rates within the range of the
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DoE values tested. The beam diameter is 1.3 mm and only a single track is
deposited, hence the deposited layers which were closest give the parameters to
be used as a modelling point. The thinnest wall is required to maintain geometrical

and structural integrity of the build.
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Fig. 4.8: Minimum wall width with optimized traverse speed.

Based on these analyses the optimized wall width parameters are 170 W laser
beam power, a traverse speed of 4.5 mm/s and a powder feed rate of 10.4 g/min.
When compared to the optimized parameters for the wall height, the required
parameters are similar, with only minor deviations noted in the required traverse
speed and powder feed rate. These observations are consistent with other additive

manufacturing research [233], [325].
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4.2 Parameter refinement: Cubes

These thin wall height and width optimized parameters were then used to deposit
cubes. Porosity was used as the main indicator to determine viable parameter sets
which were then subjected to further refinement and development of the deposition
parameters to determine which deposition parameter set would provide the lowest
porosity. Porosity is mainly caused by two factors namely trapped gas during
solidification and shrinkage of the material during cooling [313], [336]. Lack-of-
fusion porosity is due to the insufficient melting of the binder phase [313].
Occasionally powder particles drag gas into the melt as they penetrate the molten
surface. If the solidifying velocity of the molten pool is higher than the exit velocity
of the gas bubbles, the gas will become trapped and form pores [337]. Table 3.3
lists the parameter sets which were employed to produce the cubes during the

refinement process as well as the associated measured porosity.

Fig. 4.9: Porosity of cubes a)1,b) 2,c)5,d)6,e)7,f)8,g) 9, h) 11,i) 12,)) 14

A selection of cross-sectional micrographs from the deposited cubes are shown in Fig.
4.9. The porosity is evident even at low magnification which indicates a more lack-of-
fusion porosity nature as opposed to conventional porosity. Lack-of-fusion porosity is
present across the entire sample, not localized to a certain region. In samples 12 and
14, Fig. 4.9 (i and j), the porosity is more localised to the bottom half of the sample.
This is due to the thermal gradients and cooling rates as discussed in the

microstructure section. The higher laser power also contributes to the reduction of
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porosity in the higher regions. The visible nature of the porosity corresponds to the
high porosity measurements that were obtained for the samples.

Fig. 4.10: Porosity of cubes a) 15, b) 17, ¢) 18, d) 19, e) 21, f) 28, g) 27, h)
Monel 400

Samples 15 — 21 were part of the second round of parameter refinement. From
Fig. 4.10 (a-e) visible porosity is still visible but to a much lesser degree than the
porosity observed in Fig. 4.9, the first set of parameter refinement through cubes
after the initial thin wall design of experiments. The porosity is still distributed
relatively evenly throughout the cube, with the top regions exhibiting slightly less

porosity when compared to the base regions.

Sample 28, Fig. 4.10 (f), shows the extensive cracking of the cube when the beam
spot size was altered from 1.3 mm to 1.85 mm. The cube did not retain an
acceptable geometry with the side walls caving into the sample and the top of the
cube has a concave nature and not a straight nature as was observed in the other
cubes produced in Fig. 4.10. The heated substrate, Fig. 4.10(g), still shows a high
percentage of porosity, but in the fusion zone, directly above the substrate, a

denser layer is observed before the general porosity initiates. The Monel 400
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binder was deposited by itself, as in Fig. 4.10 (h), and shows a 0% porosity,
although the shape is not perfectly square and would require further machining.

Fig. 4.11: Representation of the optimized process parameters and the
region used to quantify porosity.

The porosity measurements were calculated by constructing a rectangular region
across the largest percentage of the cube, as in Fig. 4.11, and calculating the
porosity for the entire region. A macro level porosity was used since the porosity

of a micro region would have a smaller effect on the macro properties of the
depositions.
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Fig. 4.12: Diagram representing the surface roughness on the samples.
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The high surface roughness on the samples can be viewed as in Fig. 4.12. The
cast WC particles become embedded in the binder and the binder solidifies with
the particles extruding from the surface. The particle form in thinner layers, where
a valley forms, in comparison to other regions where multiple particles become
attached to each other. The particles have diameter of approximately 70 um which
implies that between the valleys which are approximately 70 um above the
predicted surface and the peaks which can be up to approximately 280 um an R;
value in the order of 210 um can be expected with higher values being very
plausible due to the unfavorable surface finish which was observed across all of
the samples.

The lack-of-fusion regions are of interest, as is the chemistry which is observed in
and around these zones. One such region was studied to determine distinct
phases that may be present. The lack-of-porosity region is shown in Fig. 4.13 and
the results of the chemical analysis in Table 4.4.

Fig. 4.13: EDS spectra of four regions around the lack-of-porosity region.
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Table 4.4: Atomic % analysis of four regions in Fig. 4.13.

Element Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4
C 57.60
0] 67.51 71.43 64.91 28.35
w 28.46 20.66 6.25 6.42
Ni 1.20 3.79 16.88 3.49
Cu 1.43 1.47 9.43 3.12
Fe 1.40 2.65 2.54 1.01

The microstructure chapter covers the studied microstructural properties of the
samples in greater detail. Spectrum 1 shows an exceedingly high oxygen
percentage as well as a high tungsten concentration. WO3 is the most probable
structure in the lack-of-fusion regions with some free tungsten due to dissolution
also being present. Spectrum 2 has a 3:1 ratio of oxygen to W, WO3, and the
remining oxygen can for trace amounts of iron oxide, nickel oxide and copper
oxide. Spectrum 3 has been coated in the binder phase, hence the high nickel and
copper concentrations, but there still a high oxygen concentration due to the
formation of multiple metallic oxides. Spectrum 4 has a remarkably high oxygen
and carbon content, which implies that the metals form oxides and the carbon from
the dissolution of the cast WC forms a graphite phase on the surface of the

particles in the lack-fusion zones.

77



Table 4.5: Process parameters for the respective samples and the porosity
which was obtained for these parameter sets.

Power Traverse  Powder Hatch T _
Sample (W) Speed feed Rate overlap(%) increment  Porosity
(mm/s) (g/min) (mm)
1 150 3.5 9.5 50 0.2 20.0
2 170 4 10.9 50 0.2 12.3
3 200 4.7 12.8 50 0.2 16.5
4 220 5.2 11.5 50 0.2 5.3
5 250 6 16.35 50 0.2 12.2
6 270 63 17.2 50 0.2 12.0
7 300 70 19.1 50 0.2 9.9
8 150 3.5 9.5 75 0.2 12.5
9 170 4 10.9 75 0.2 11.6
10 200 4.7 12.8 75 0.2 10.5
11 220 5.2 115 75 0.2 9.8
12 250 6 16.35 75 0.2 9.8
13 270 63 17.2 75 0.2 9.6
14 300 70 19.1 75 0.2 6.7
15 220 5.2 11.5 50 0.31 6.7
16 220 4.3 12.5 50 0.55 8.9
17 220 4.3 10.9 50 0.5 104
18 220 5.2 12.6 50 0.31 5.0
19 220 4.8 12.7 50 0.5 11.8
20 220 5 13.3 50 0.5 8.4
21(0OP) 220 4.5 11.9 50 0.4 3.9
22 220 4.5 11.9 50 0.254 4.9
23 220 4.5 11.9 50 0.3 51
24 220 4.5 11.9 60 0.254 4.8
25 220 4.5 11.9 70 0.254 4.9
26 310 4.5 11.9 50 0.254
27 310 4.5 11.9 70 0.254
HS 220 4.5 11.9 50 0.4 20.1
RM 220 4.5 11.9 50 0.4 20.3
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Samples 1-14, Table 4.5, were used to determine how the change in hatch %
overlap alters the effective layer thickness of the deposited cubes. The resultant
change is shown in Fig. 4.14.
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Fig. 4.14: Change in layer thickness when the hatch % is changed from
50% overlap to 75% overlap.

The arrows in Fig. 4.14 indicate the increase in layer thickness for the specific laser
power but with a 25% increase in the hatch overlap %. An average layer thickness
increase of 0.33 mm was calculated when the hatch overlap is increased by 25%.
Thus, by allowing the horizontal tracks to overlap by 25% more the layer thickness
of each deposited layer increases by 0.33 mm without any alterations to the z-
increment. This is due to more powder being deposited with each layer and the
remelting of a larger percentage of the adjacent deposition track. There are also
more deposition tracks due to a smaller horizontal increment, hence a thicker layer

is obtained.
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The parameter sets for samples 1 to 7 were repeated for samples 8 to 14 with only
the hatch spacing being varied from 50% to 75% for samples 1 to 7 and samples
8 to 14 respectively. For the 50% hatch spacing the highest porosity was measured
for the parameter set which had the lowest laser power, lowest powder feed rate
and lowest traverse speed combination. However, there was no direct relationship
between porosity and the deposition parameters. The lowest porosity of 5.3% was
measured at a laser power of 220 W, a traverse speed of 5.2 mm/s and a powder
feed rate of 11.5 g/min. For the 75% hatch spacing there was an indirect
relationship between laser power and porosity; as the laser power increased, the
porosity decreased. A parameter set of 300 W laser power, a traverse speed of 7
mm/s and a powder feed rate of 19.1 g/min gave the lowest porosity of 6.7%. For
both the 50% and 75% hatch overlap an increase in power resulted in a lower
porosity due to the higher temperature of the molten pool. The 75% hatch overlap
had a lower porosity than the 50% hatch overlap since the previously deposited
layers were undergoing more remelting which allowed for some of the defects to

be removed.

As the 50% hatch spacing produced a lower porosity compared to the 75% hatch
spacing, the parameter set for sample 4 was used as a basis for samples 15-21.
Here the laser power and hatch spacing were kept constant at 220 W and 50%
respectively, while the z-increment, traverse speed and powder feed rate were
adjusted. Lower porosity values were recorded for the lower z-increment value due
to increased remelting of previously deposited layers, thereby removing some of
the lack of fusion, and maintaining a more stable laser beam spot size [59]. From
Table 4.5 parameter set 21 produced the lowest porosity of 2.5%. Using this
parameter set attempts were made to investigate if the porosity could be further
decreased by maintaining a fixed laser power, traverse speed and powder feed

rate of 220 W, 4.5 mm/s and 11.9 g/min respectively while making minor
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adjustments to the hatch spacing and z-increment. These results are listed as
samples 22 to 25 in Table 4.5 and as shown resulted in an increase in the porosity.

A final attempt to reduce the porosity was done by increasing the laser beam spot
size from 1.3 mm to 1.85mm. These results are reflected as samples 26 and 27 in
Table 4.5; for both parameter sets severe cracking was observed along with poor
cube geometry. Here the melt pool has a poor quality with high instability which is
especially prominent at higher energy densities [338]. The increased role of
surface tension is also believed to have contributed to the negative effects of the
increased beam spot size [338], [339] . Surface remelting and a heated substrate
was also tested, but both methods did not decrease the observed porosity. The
surface remelting reduced porosity in the top layer which is not the key area where
the porosity is situated. The heated substrate did not reduce the observed porosity
since 450°C appears to not be high enough to effectively alter the thermal
gradients enough to change microstructural characteristics through dissolution and

solidification processes. Thus, there is still a substantial amount of porosity.

On the basis of all the parameter sets tested and the regression analyses of the
data the parameter set which consisted of 220 W of laser beam power, a traverse
speed of 4.5 m/s, a powder feed rate of 11.9 g/min, hatch overlap of 50% and a z-
increment of 0.4 mm produced the lowest porosity of 2.5% for the WC-9.2wt%Ni

alloy.
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4.3 Hardness

4.3.1 Design of Experiments: Thin walls

Hardness measurements were performed on the 33 design of experiment samples
(Table 3.2) with five indentations being performed across the entire sample to
obtain an average for the bulk sample. ANOVA analysis was performed on the
samples to determine the dominant factors that affect the hardness. The surface
hardness of the cube samples was recorded by also performing five indentations
across the top of the sample to determine an average surface hardness. At least
80 hardness measurements were performed across the entire cross-section to
model a surface plot of the hardness form the substrate to the surface. The
hardness properties of the fabricated samples are particularly important since it
provides an insight into the viability of industrial applications of the chosen
cemented carbide.

The average hardness of each thin wall from the design of experiments matrix in
Table 3.2 is plotted in Fig 4.15. It was found that 15% of the samples had an
average hardness greater than 1000 HV3o, while 66.5% of the samples were
between 800 HV3y and 1000 HV3g while the remaining 18.5% were below 800
HV3o. No trends were observed in terms of hardness and the individual deposition
parameters. However, the 150 W and 350 W laser power thin walls showed a
greater variation in their results compared to the relatively consistent values of the
250 W laser power cubes where all the measured hardness values were in the
range of 800 HV3o to 1000 HV30. Two of the highest average hardness values were
obtained at 150 W laser power which implies that a very high energy density would
result in less favorable results. The third highest average hardness value, obtained
at 350 W laser power, was deposited at the highest traverse speed which would

reduce the energy density used during deposition.

82



1400

1200 - § T - . —— | %

=
o
o
o
@
—
@
—e—1
—o—
\ 4
@
\ 4
@
\ 4
i
\ 4

T

: -- I
800 — T
| T

600 ® - ¢

400

Vickers Hardness (HV3,)

200

0 5 10 15 20 25 30
DoE Sample

Fig. 4.15: Vickers hardness averaged over five indentations on each of the
DoE thin walls.

Multiple linear regression, using ANOVA, was used to determine the prominent
factors and relationships between factors. A quadratic model was used to
determine the interactions and contribution of each parameter to the deposition
average hardness. Power and all the squared contributors were eliminated due to
P values greater than 0.05 indicating an insignificant effect on the obtained results.
The prominent factors were found to be the traverse speed (P=0.0015), powder
feed rate (P=0.026), the interaction between power and traverse speed (P=0.006)
and the interaction between power and powder feed rate (P=0.017). Even though
power was eliminated as an individual contributor it does affect the hardness in the

interactions.
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With these observations a hardness predictive model for thin walls was proposed,

equation 4.3.

y = bo + b1v +b2k + bsPv + bsPk  (Equation 4.3)

Where bo...bs are regression estimates for the coefficients using the least squares
method, P is power (watts), v is the traverse speed (mm/s) and Kk is the powder
feed rate. When the model in equation 4.3 was applied to the experimental data
the regression coefficients were calculated, Table 4.6. The model explains 32.5%

of the experimental data.

Table 4.6: Coefficients for Equation 4.3.

bo b1 b2 bs by
768.6 213.9 -57.3 -0.7 -0.2
2 o .
1.5 N
1 —
TE 0.5 :. °
g 0 o !.. o—.O—:—o
T 0.5700 800 90 o 1000 e 1100 1200
3 ° °
s 1 * ° ¢
15
-2 ®
-2.5
Predicted Y

Fig 4.16: Residuals plot from ANOVA analysis.
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A residual plot, as in Fig. 4.16, is plotted to determine whether the model fits the
data well or if a better model may be evident. A better model is present if a
discernible function is evident in the residual plot, such as a cubic or sinusoidal
function. Fig. 4.16 does not have any function which can easily be observed. The
residuals plot also identifies significant outliers which require retesting since the
outlier is probably due to human error and not experimental error. These outliers
are identified when a point is larger than two or less than negative two. One point
is on the negative two line but is not significantly past it so it can be accepted in
the data set. Since there are no squared components no optimal set can be
determined which is understandable since equation 4.3 only explains 32.5% of the
experimental data.

This implies that power, traverse speed and powder feed rate do affect the
obtained hardness, but a very significant factor has not been included. The
residual plot shows that the correct model was used. Hardness is highly affected
by the microstructural nature and grain refinement of the material being tested as
well as the binder content [340]-[346]. The microstructure is affected by the power,
powder feed rate and traverse speed, but as see in the microstructure chapter the
thermal gradient, cooling rate, solidification rate and different localized conditions
including tungsten and carbon content all influence the resultant microstructure
that is obtained. With the large number of contributing parameters and variety of
microstructures that were obtained the ANOVA analysis has a reasonable

conclusion.
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Fig. 4.17: Vickers hardness averaged over five indentations on the surface
layer of the cubes (with error bars) and porosity recorded for each sample.

The average hardness of each of the cubes in Table 3.3 is plotted in Fig. 4.17. 26%
of the cubes had a hardness below 600 HV30, 52% of the samples had a hardness
between 600-800 HV30 and 22% of samples had a hardness > 800HV30. Samples 26
and 27 are reported as zero since the samples cracked catastrophically before any
tests could be performed and therefore the hardness is irrelevant. Cubes 1-3 show a
generally lower average surface hardness than the other samples since they had the
lowest laser beam power and high porosity which affected the mechanical integrity
of the surface region. The error bars show that there are no statistically significant
variations in the recorded hardness values except for sample 29, which has a
statistically significant difference from the other 28 samples. Sample 29 underwent

surface remelting which greatly altered the surface hardness by changing the
86

Porosity (%)



microstructure to a more homogenous nature, decreased binder content and fine WC
structures, as was seen in 4.33. The remelting process is typically used to alter the
surface microstructure properties and increase the surface hardness of components
in high wear environments [332], [347]-[352], as a substitute to cladding. The Monel
400 binder was to have a hardness of 114+3 HV 1o without any cast tungsten carbide.
In other research Inconel 718 was found to have a hardness of 250 HV after direct
laser manufacturing [353] and Monel K500 133-152 HVos after wire arc additive
manufacturing [354]. Both materials have harder component elements than Monel

400, so the value obtained is justified.

The hardness and porosity measurements of samples 1 — 29 do not correlate over
the entirety of the data set although in general, the lower the porosity values did
have the higher recorded hardness. The lower porosity is associated with more
refined process parameters which consequently enhances other deposition
properties, such as hardness. In the samples where this is not observed, such as
sample 29, the hardness testing procedure needs to be highlighted. The surface
hardness is only concerned with the hardness of the final deposited layers, not the
bulk of the sample, hence the remelting process improves the hardness and
remains unaffected by the high porosity within the bulk. The main type of porosity
observed in the bulk of the samples was lack-of-fusion which is simple to avoid
when performing measurements. Conventional porosity caused by gas bubbles
was not very prominent and therefore the hardness does not readily correlate with
the porosity. The surface layers also had the most consistent microstructures, as
discussed in Chapter 4.4, hence the most favourable hardness results were
obtained in the surface layers. This is also evident in the hardness profiles

displayed in Fig. 4.19.

Four microhardness regions were examined to determine the effect of the cast WC

on the Monel 400, as shown in Fig. 4.18.
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Fig. 4.18: Microhardness of four regions of different composition.

Table 4.7: Recorded hardness values for each indentation in Fig. 4.18.

Region 1 2 3 4
Hardness
2750 1749 1122 683
(HVo.05)

The hardness within the cast WC was the highest, Table 4.7. This was expected
because cast tungsten carbide has a very high hardness [355], [261].

Literature cites a higher hardness for W>C than WC, hence the ratio of WC/W-C
and the carbon percentage have a massive impact on the recorded hardness
[356]-[358], [359]. The dilution region had a greatly reduced hardness since the
W,C dissolves into the matrix and the matrix infiltrates the cast WC in the dilution
zone and therefore reduces the overall hardness [261] [360]. There are also new
carbides formed in the transition zone, such as the eta phase which has a lower
hardness than cast WC [361]. The dilution region did have a hardness which was
higher than the binder by itself, so the dilution nature of cast WC does promote the
hardness [360]. Region 3 had a larger portion of binder but still included needle-
like and blocky structures which allowed for a higher hardness, the resultant being
less than the dilution zone but more than the isolated binder [261]. The binder had

the lowest hardness which was expected. The integration of the hard-facing
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particles made a significant difference in increasing the hardness. This can be
seen when compared to the hardness of when the binder was deposited by itself,
114+3 HV10, whereas a minimum hardness of 683 HV3o was obtained when mixed
with the cast WC powder. Similar results have been observed in other research
[355], [360], [362].

Hardness profiles were constructed of cube cross-sections and Fig. 4.19 shows
three cube profiles which reflect how the hardness varied from the base plate-alloy
interface to the surface. The hardness increased from the base plate-alloy
interface to the final deposited layer, where values ranged from approximately 280
HV3o to 1300 HV3o. The surface regions exhibited localized regions of higher
hardness than the average trend of the cube. These hardness gradients can be
correlated to the microstructural differences observed for the carbide grains, i.e.
the higher density of large spheroidal grains in the base region and the bimodal
grains in the surface region which has a high concentration of fine carbide platelets
interspersed between the spherical carbides. The smaller grains resulted in a
higher hardness than the larger grains [70] ,[363], and also contributed to the
localized regions of high hardness. Hardness has a general trend toward increased
hardness in depositions with increased heat input which has a qualitative
agreement with the microstructure[261]. The higher dilution and thermal
conductivity of the substrate has been shown to have reduced hardness values.
Three different hardness factors have been found to dictate the hardness, namely
solid solution alloying, carbide fraction and dendrite structure. Solid solution
alloying was reduced when high dilution was observed. A low carbon fraction in
the substrate also reduces the formation of carbides. The slower solidification rate
from the thermal conductivity of the substrate results in a courser dendrite structure
in the binder [95], [120], [121].

89



Similar results have been observed in other studies[232], [236], [311], [319], [364]
with the lower hardness in the fusion zone also being contributed to the dilution of
elements from the substrate which was very prominent in the depositions [261].
Commercially WC-6% Ni has a hardness of 1460 HV3 [365]. Bulk hardness is
substantially below this value due to the different microstructures present, although
the localized regions with high hardness are close to the commercial product.
Monel 400 is approximately two-thirds nickel but also has about one-third copper
which would reduce the hardness of the binder phase. The porosity, as in Table
4.5, did not affect the indentation values but did affect the location of the indents.
Readings could not be performed in the lack-of-fusion zones and consequently
would be moved to the nearest region of substantial density. In ceramic based
materials the presence of pores have minimal resistance to applied stress and the
material with a higher porosity will have a lower apparent micro-hardness when

compared to the denser counterparts [298], [366].
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Fig. 4.19: Hardness profiles for 3 cubes (a) 220 W, 5.2 mm/s, 11.5 g/min,
50% hatch spacing, (b) 300 W, 7 mm/s, 19.1 g/min, 75% hatch spacing, (c)
220 W, 4.5 mm/s, 11.9 g/min, 50% hatch spacing.
4.5.3 Crack analysis

The cracks that were formed by the Vickers Hardness indenter were analysed
using scanning electron microscopy, as in Fig.4.20.
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Fig. 4.20: a)-d) micrographs of hardness indentations, €) BSE image of
indentation, f)-g) BSE image magnified into crack region.

Fig. 4.20(a) demonstrates how the indenter creates planar cleave facets by
pushing large sheet-like planes away from the indent region [367]. The larger,
more brittle, cast WC particles show microcracks from the force of the indenter,
while the damage observed in the more plastic binder is limited since plastic
deformation occurs before severe cracking. Cracks generate easier in WC
particles larger than 30 um compared to smaller particle sizes since the larger
grains tend to have more defects [310], [368]. Plastic deformation can be observed
in the bottom region where the material has been forced out of the indent region
[369]. This can also be form of binder extrusion from the indent zone [370]. The
edges of the indent show holes due to the fracturing and removal of brittle cast
WC. The Palmqvist fracture toughness method was unsuccessful due to irregular

cracking during the hardness indentations, as well as a lack of consistency across
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an individual sample as well as multiple samples. This is also attributed to the wide

range of microstructures observed within the samples.

Fig. 4.20(b) also shows microcracks into the WC patrticles around the indent and
multiple larger cracks parallel to the sides of the ident which are characteristic of
brittle fracture mode[369]. Fig. 4.20 (c) has the same microcracks but the top
corner shows a large amount of material pile-up indicating binder extrusion from
the residual impression [369], [370]. Fig. 4.20 (d) and (e) show longer cracks on
the sides of the residual impression. The cracks are not seen in the high binder
regions and appear only in the brittle phases. On closer examination of the cracks
Fig. 4.20(f) and (g) they propagate with a trans granular failure although seldom
through a larger blocky structure. The eta phases on the boundaries of the blocky
carbides [180], [371] allows the crack to propagate through a more brittle region
and continue trans granularly through the smaller needle-like structures[372].

Cemented carbides have complex hardness profiles due to the range of
microstructures which are obtained during the laser sintering process. The process
parameters only contribute a small component in explaining the hardness, as was
seen in the design of experiments. Until certain process parameters produce the
same microstructure consistently there will be unavoidable brittle phases which

affect the surface hardness and the fracture characteristics of the material.
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4.4 Microstructural Characterisation

4.4.1 XRD

X-Ray diffraction was performed on the samples to identify the prominent phases
and impurities that formed during the sintering process. These analyses are shown
in Fig. 4.21.
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Fig. 4.21: a) XRD patterns of a) Sample OP, b) Sample HS, ¢) Sample RM.

The obtained XRD patterns are in good agreement with those reported for WC in
research [75], [178], [373]. From the XRD patterns of Fig. 4.21, there are two

distinct carbide phases detected in the alloys, namely the equilibrium WC phase
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and the di-tungsten carbide phase (W2C). The W and C atoms are in the form of
the hexagonal tungsten monocarbide 8-WC (WC1.0) (sp.gr. Pé6m2, a = 0.2906 nm,
¢ = 0.28375 nm) and the hexagonal lower tungsten carbide 3-W-C (WCo.48) (Sp.gr.
P6s/mmc, a = 0.2996 nm, ¢ = 0.4724 nm) with disordered carbon and vacancy

distributions [374], [69].

The main phases will be WC and W>C since the precursor powder had these two
as the dominant phases. Complex carbides require the sintering process to form
and grow. When compared to the XRD pattern of the powder, Fig. 3.3, there are
two distinct differences, namely no prominent peak for the metallic tungsten as well
as the formation of a MsC (Ni2W4C/FesWsC/FeWsC), which is either due to the
dilution of Fe from the base plate into the deposited layers, as shown in the EPMA
image of Fig. 4.23, or the formation of Ni2W4C during the sintering process. Fig.
4.21 shows that the XRD peaks for many of the phases overlap or are so close
that they form shoulders on adjacent peaks. This makes identifying many of the
phases exceedingly difficult if only identified by means of XRD. Fig. 4.21(a) shows
a small peak at approximately 206 = 46.5 ° which shows the presence of MeC

carbide.

Sample HS, Fig. 4.21(b) shows lower intensity on the W>C peaks when compared
to Sample OP which could imply relatively lower amounts of W>C when the

substrate is heated. Due to the high energy input the oxygen can combine with
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carbon released from the tungsten carbide to form carbon monoxide or carbon
dioxide or combine with the tungsten to form tungsten oxide, according to
Equations 4.4 and 4.5 [37]. Zhou et al. [38] reported that oxidation of tungsten at
higher temperatures is unavoidable and the formation of an oxide layer has a
detrimental effect on the wetting of the new melt. Depending on the local oxygen

content, either CO2 or CO will be released on the formation of WO3[375], [376].

WC + (5/2) O2 = WO3 + CO2 (Equation 4.4)

WC + 20, = WOs3 + CO (Equation 4.5)

The relative intensity of the peak at approximately 20 = 42° is larger in the heated
sample. This peak indicates the presence of complex carbides and solid solution,
hence there is a larger amount of these phases present. The peak at 26 = 46° also
has a relatively higher intensity, which indicates the definitive presence of MeC
carbides. The peak at approximately 26 = 60° indicates that there are M3C carbides
in the microstructure. Sample RM, Fig. 4.21(c) does not show any evidence of WOs3
since the top layer is remelted, limiting the effect of oxidation on the cast tungsten
carbide. There is relatively less W-C present in this sample and a larger amount of
WC. Many of the less intense peaks are not present which can be attributed to
preferential grain orientation, especially the (102) plane for WC which has a greater
intensity than the (100) plane which was the dominant peak for Sample OP and

Sample HS.
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Four XRD patterns for various parameter sets are shown in Fig. 4.22.
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Fig. 4.22: a) 220 W, 5.2 mm/s, 11.5 g/min, 50% hatch, 0.2 z-increment, b)
270 W, 6.3 mm/s, 17.2 g/min, 75% hatch, 0.2 z-increment, ¢) 220 W, 5.2
mm/s, 12.6 g/min, 50% hatch, 0.31 z-increment, d) 220 W, 5.2 mm/s, 13.3
g/min, 0.5 z-increment.
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The XRD patterns in Fig. 4.22 a)-d) show that the patterns remained relatively
consistent irrespective of the parameter sets that were used to deposit the
samples.

Fig. 4.22(a) and Fig. 4.22 (b) have different laser beam power, hatch overlap,
powder feed rate and traverse speed but the XRD patterns have the same
prominent peaks for WC, W>C and the various eta phases as shown in Fig. 4.21.
The peaks above 26=60° are not as prominent in Fig. 4.21 which indicates that the
WC and W-.C grew preferentially in the other planes, or the low intensity of the
main peaks implies that the weaker peaks are lost in the background noise. The
same is observed for Fig. 4.22 (c) and Fig. 4.22 (d) which have a different powder
feed rate and z-increment. All the peaks that are present in Fig. 4.21 are present
in these samples. Fig. 4.22(c) has a higher overall intensity; hence the weaker
peaks are more prominent than observed in Fig. 4.22(a) and Fig. 4.22 (b).

The XRD patterns show that the laser processing parameters did not have a
significant effect on the observed patterns and therefore the phases which are
present in the samples. Similar phases are present in all the samples and it is the
region in which they are observed which might be altered due to the changes in

process parameters.
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4.4.2 Microstructure

200 Y | —200um _;

Fig. 4.23: Dilution of Fe and Cr into the deposition a) and ¢) Sample OP, b)
and d) Sample 2.

Fig. 4.23(a) and (b) shows the degree of dilution of Fe from the substrate into the
deposition for two samples which were deposited with different processing
parameters. The dilution is not homogenous across the entire deposition, with
some regions exhibiting more dilution. This being due to the localized thermal
gradients and cooling rates. When the laser deposits the first layer it encounters
the substrate. It rapidly heats the substrate and applies a layer of WC/W,C-binder.
In the liquid state Fe, can also dissolve and results in a dissolution layer which
distributes high concentrations of atoms from the substrate and displaces the
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original atoms of the binder. This occurs because iron atoms can easily substitute
nickel atoms in solid solution [377]. The diffusion of Fe from the substrate is an
indication of a good metallurgical bond between the metal matrix and the
substrate[99]. Since the dilution changes the chemical nature of the cemented
carbide, it too alters the morphology at the fusion zone[261], [323]. Fig. 4.23(c) and
(d) show that Cr dilution also occurs although to a lesser extent since the Cr
concentration gradient is less due to less chromium being present in the substrate.

The same extent of dilution is observed across different parameter sets.

Jﬁ\)‘»\ ‘
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/

Fig. 4.24: Eutectoid lamella within spheroids (left) and magnified eutectoid
lamella structure (right).

In Fig. 4.24(a), grain orientation within the spheroid particles is observed and these
grains comprise of lamella. The fine crystalline lamella, Fig. 4.24 (b), within a
spheroidal particle is the eutectic mixture of WC-W,C. The elongation and
thickness of the platelets is directly related to the cooling rate during the powder
formation process [378] [355]. Many distinct phases are possible, as seen in Fig.
4.21(a), the XRD analysis. In Fig. 4.25, below, multiple microstructural
configurations have been identified and the chemical analysis of these structures

are represented in Table 4.8.
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Fig. 4.25: SEM micrographs of a) and b) fusion region, c) close to the
fusion region, d) central to top region, e) multiple regions of Sample HS
and f) top region of Sample RM.
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Table 4.8: Atomic percentage of elements for different defined

microstructures.

W C Ni Cu Fe O Cr
Tiangular 46.63 36.93 7.42 2.68 6.33
+0.63 +0.34 +0.46 +0.29 +0.33
7.18 8. 2834 2006 107 4.1
Blocky (rectangle) i4.7$ 228.23 ig.gs J_rg.gg 10914 11.?1
. 47.94 2475 14.14 8.03 5.14
Acicular +1.50 +3.22 +3.64 +2.34 +1.25
. 44.99 577 910 3.64 2607 4.06 583
Fishbone +3.02 +0.27 +0.64 +0.20 +1.33 +1.78 +0.43
Eo/W-Dendrite 39.10 555 10.39 422 2964 3.78 6.69
+2.33 +0.30 +0.47 +0.26 +1.35 +0.24 +0.13
Needle 2696 5.14 36.77 26.80 124 2.66
+2.60 +0.64 +1.84 +0.74 +0.08 =+0.73
Eutectic 1057 5.82 10.36 1.92 6054 052 9.47
+3.61 +0.88 +0.48 +0.58 +4.63 =+0.13 +0.64
Oxide 53.98 8.94 10.45 516 292 17.94
+3.87 +1.64 +1.94 +164 +3.11 +2.09
Sample RM- top 56.13 28.28 8.67 0.39 5.76
(acicular)* +2.74 +2.49 +1.36 +0.28 +0.87
4575 39.96 7.64 0.45 5.82
Sample RM-top (darken* a5 4197 +1.44 +0.15 +1.11

The chemical analysis of the triangular microstructure, as in Fig. 4.25(d), indicates

that it is WC, with possible NiW solution impurity. WC grains found with triangular
and elongated rectangular faces [67], [68], [75]-[77]. The faceted shape of WC

crystals is characteristic of C-rich alloys [104] and is not inconsistent with

simultaneous formation of the n-phase which is common in carbon deficient zones.

Large grains which are in contact with n-phase in a W rich environment has been

found to have similar grain sizes to high carbon concentration regions [379]—-[381].

These larger grains are due to a coupled growth of WC-n. Nucleation occurs at the

interface since it is less energetic than the WC-binder interface. WC dissolution is

stoichiometric and produces supersaturation of both W and C [166]. The growth of
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the n phase absorbs more W than C causing a localized high C concentration
[104], [382], [383].

WC grains are more triangular in C-rich environments [384]. The truncated trigonal
prismatic shape is not an equilibrium form of WC but is determined by the C-
content. The blocky carbides, Fig. 4.25(d), observed are due to the truncation of
the triangular WC faces. The blocky structure has high concentrations of Ni, Cu
and W, and much lower concentrations of Fe than dendrites and fishbone
morphologies. Fig. 4.26 (b-d) shows the high W, Ni and Cu content in the localized
region. Studies [261], [361],[385] have quantified the blocky structures as tungsten
rich eta carbides, MeC. Therefore, the blocky carbides can be proposed as (M=W,
Ni, Cu)eC such as (Ni2W4C) and (NisWsC) which grew into grains with WC due to
the analysis of the Raman spectrum, Fig. 4.38(V). The low iron concentration
implies that blocky carbides are not observed near the fusion zone due to the high

Fe concentration this can also be seen in the EPMA map in Fig. 4.23(d).
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Fig. 4.26: a) SEM of region of interest and elemental mapping of b) W, ¢)
Ni, d) Fe, e) Cu
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The tungsten percentage, in the acicular structure, is double that of the carbon
content which indicates that the dominant phase is W>C. W and C accumulate and
react with matrix elements, which justifies the presence of Ni and Cu. The acicular
structure which is formed is associated with the contact interface [386]. The high
W content in the acicular phase is observed in Fig. 4.26(b) and the binder which is
present around the phase in Fig. 4.26(c) and (e). Low Fe concentration is observed
around the acicular structures, Fig. 4.26(d) and Table 4.8.

The fishbone structure, Fig. 4.25(b), occurs only near the fusion zone because of
the high Fe and the high cooling rates [261]. The high Fe concentration is due to
the dilution from the substrate during the first layer deposition, where the Fe atoms
displace the Ni and Cu from the binder phase, Fig. 4.23(a-b). This effectively
creates a Fe binder and hence the fishbone structure which is commonly observed
in WC-Fe systems[387]. Table 4.8 shows that there is a high concentration of Fe
and W, along with elevated concentrations of Cr which is also from the dilution
process of the substrate. The chromium is possibly found as Cr;Cs and Cr23C6
carbides depending on the localized carbon content. The carbide is surrounded by
a solid solution (M-M, M = Fe, W) [388] with the nickel and copper concentrations

being due to infiltration of the iron microstructure.
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Fig. 4.27 a) SEM of region of interest and elemental mapping of b) W, c) Ni,
d) Fe, e) Cu
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The Fe/W-dendrite structure, Fig. 4.27(c), is like that of the fishbone with slight
variations in the grain growth. A high concentration of Fe is also required, Fig.
4.27(d), limiting this morphology to the dilution region of the deposition. The
dendritic structure is found close to the fishbone structure but the differences in the
grain growth can be attributed to differences in localized carbon content and slight
changes in solidification rate which allows for a courser microstructure to form.
The higher Fe concentration results in a decrease in the W concentration, Fig.
4.27(b), which implies that when the solid solution is richer in iron then a dendritic
structure will form while a lower Fe concentration will preferentially result in the
fishbone structure. The cast WC spheroids dissolve into the surrounding binder
and one such spheroid which has almost completely dissolved is seen in Fig.
4.27(a). There are two phases present, a lighter and a darker phase which was
further analysed, as in Fig. 4.28.

o r & =3 k. ; .
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Fig. 4.28: EDS analysis of light and dark phases.

Table 4.9: EDS results for the five spectrain Fig. 5.6.

wW C Ni Cu Fe O
Spectrum 1 49.47 42.05 2.68 5.79
Spectrum 2 42.11 57.89
Spectrum 3 8.44 25.69 47.83 15.49 2.55
Spectrum 4 41.12 57.21 1.66
Spectrum 5 44.99 48.56 1.72 4.73
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The lighter phase located at point 1 and point 5, Fig. 4.28, has an equal amount of
W and C which indicates that the phase represents WC. Point 2 and point 4 has a
higher concentration of C when compared to point 1 which indicates that the
surplus of carbon could be due to graphite impurities being included in the
microstructure or the preferential W dissolution has created a carbon surplus. This
carbon surplus results in the darker microstructure. Point 3, is the small binder
region between the adjacent dark phases, there is a high Ni and Cu concentration

since it is the binder phase.

The low W content is due to W dissolution from the cast WC, but there is a
remarkably high C content which implies that a large concentration of carbon has
undergone dissolution from the cast WC particles. W>C undergoes dissolution
preferentially to WC thus two times the amount of W is released for each carbon,
hence creating a carbon surplus in the adjacent dark phases. Needle like
structures, Fig. 4.25(e), have a relatively low W concentrations and are rich in Ni
and Cu. Fine rod-like/lamellar structures have been associated with M>C structures
[389] and MeC carbides in higher carbon content regions with high cooling during
solidification [99],[377]. The W and C which is dissolved in the binder grew into
grains but before extensive growth can take place the high cooling rates during
solidification suspend the fine needle like grains in the binder. These needle-like
structures are proposed to be a combination of W2C, MsC (M=W, Ni) and a solid
solution of Ni-Cu which is attributed to the binder. The needle like structures
contribute greatly to the interdendritic carbides found within the binder. Needle-like
structures have been found to grow more readily on low concentrations of carbon
[68].

The eutectic structure, Fig. 4.25(a) and (e), has the lowest W concentration and
highest Fe and Cr concentration of all the morphologies that were studied [390],

Fig. 4.29(b) and (c). The nickel and copper, the main components of the binder,
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are no longer in relation with the starting powder, as the nickel powder is
approximately 5 times more than the copper, Fig. 4.29(d) and (e). This is due to
the eutectic structures only being observed in the iron dilution zone, where the iron
displaced a significant percentage of the nickel atoms but more of the copper
atoms. Cr7Cz and Cr23Cs are the carbides in which chromium would be present,
with the Cr7Cs phase more prominent in the higher carbon rich areas, whereas
Cr23Cs could be found in lower carbon, higher chromium concentration regions
[377],[388],[390]. The high values of W, Ni and Fe is due to a mixture of MeC
carbides [377] (FesWsC, Ni2W4C) and the Fe rich solid solution of Fe-Ni [175].
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Fig. 4.29: a) SEM of region of interest and elemental mapping of b) W, ¢)
Ni, d) Fe, e) Cu
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A small circular microstructure was also observed, as shown in Fig. 4.30(a) which
is the remains due to the complete dissolution of a spheroid. The small circular
structures have a high W concentration, Fig. 4.30(b), are present in high Ni, Fig.
4.30(c), and high Fe, Fig. 4.30(d), environments. There is also a substantial
amount of Cu, Fig. 4.30(e), present. The cooling rates and thermal gradients are
still too high for large grains to grow; thus, the remains of the dissolved particle are
solidified as small circular particles which show how the dissolution process ends.
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Fig. 4.30: a) SEM of region of interest and elemental mapping of b) W, ¢)
Ni, d) Fe, e) Cu

115



The use of surface remelting to alter the surface microstructure and improve
mechanical properties of the component [348]-[352], [390], [391] and a heated
substrate to alter cooling and solidification rates as well as the thermal gradient
[172], [177], [180], [236], [330]-[332], [392]-[396] which increased productivity,
reduced cracks and pores and improved mechanical strength has been the focus
of many studies.

Chemical analysis performed on the top region of Sample RM, Fig. 4.25 (f),
showed a ratio of 2:1 between W and C, which indicates that the remelting process
promotes the formation of the acicular structure with the same chemical
composition as the phase found within the sample. A major difference is observed
in the binder metals, i.e. Ni and Cu, the nickel percentage has decreased, and the
Cu concentration is basically void. The remelting process causes the evaporation
of the copper and a percentage of the nickel due to the high energy input. The
darker phase in the remelted region, Fig. 4.25 (f), is due to WC, which is seen from
the ratio of W:C which is almost 1:1. Again a low copper content is observed due

to the evaporation of copper which has a lower melting point than nickel.

A high concentration of W and O is reported for the oxide phase which grows on
spheroids in the fusion zone for Sample HS, Fig. 4.25(f). From Table 4.8 the W:O
ratio is almost 3:1 which implies WOs is the dominant phase which has formed.
The higher carbon content is due to free carbon being present since the WC and
W>C had to undergo a chemical reaction which involved breaking bonds with
carbon in favor for bonding to oxygen. An elemental map was recorded for a
spheroid particle in the fusion zone on Sample HS, as in Fig. 4.31. The presence
of oxygen in the molten pool greatly decreases the wettability of WC in the molten
pool [397].
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Fig. 4.31: EPMA of Sample HS a) oxygen, b) tungsten and c) nickel.

The oxygen map, Fig. 4.31 (a), shows how the oxide is located on the side closest
to the fusion line, which indicates that the temperature is enough to cause oxidation
but not enough to cause complete dissolution of the cast WC/W>C. The tungsten
map, Fig. 4.31 (b), reveals that there is a high concentration in the region of the
oxygen, hence WOz3 is the main oxide, as found in the XRD, Fig. 4.21(b), and
Raman spectroscopy, Fig. 4.38 (IV). No nickel is highly concentrated over the high
oxygen concentration, Fig. 4.31(c), hence there is no nickel oxide present.
Spheroidal particles in the fusion region was present in all the deposited samples
as in Fig. 4.32(a-c).

Sample HS, even though a heated substrate was used, still had spheroidal
particles which were solidified in the binder before complete dilution, Fig. 4.25(e)
and Fig. 4.32(c). This occurrence is due to the high density of the cast WC
compared to the binder phase and the violent stirring and convection driven by a
thermocapillary action [398]. There are significant binder regions in between the
WC spheroid particles since there are repulsive forces from the Ni and Cu in the
binder and this prevent the spheroids form being closer to one another. The
Marangoni effect is more visible in the fusion zone than any other region since as
the deposition continues the spheroids begin to dissolve and new phases form

whereas the fusion zone consists primarily of unaltered solid WC spheroids.
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The different processing parameters could not create a fine homogenous structure

in the fusion region.

200 pm .

Fig. 4.32: EPMA of fusion region of a) Sample 2 b) Sample OP and c)
Sample HS.

The heated substrate still displayed eutectic and fishbone structures in the fusion
zone, although more fishbone structures with a larger morphology, than the
unheated samples, were observed. The frequency of the eutectic structures
reduced as did the Fe/W- rich dendritic structures. The needle-like structures were
observed closer to the fusion zone, Fig. 4.25(e), and small particles undergoing
complete dissolution were identified significantly closer to the fusion zone than in
the unheated samples. The heated substrate affects the cooling rate and
temperature gradient that the powder experiences. Therefore, the fishbone
structure has a slightly different solidification temperature than the Fe/W-rich
dendrites and the eutectic. The lower thermal gradient and slower cooling rates

provides more time for grain growth to occur in lower deposited layers.
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Fig. 4.33: EPMA of a) W of Sample RM, b) Ni of Sample RM, c) W of Sample
OP and d) Ni of Sample OP, e) W of Sample 2 and f) Ni of Sample 2, g) W of
Sample 14 and h) Ni of Sample 14.

The surface of Sample RM, which underwent a remelting cycle, does not have any
unmelted WC/W.C powder particles, Fig. 4.33(a), whereas Sample OP, Fig.
4.33(c), sample 2, Fig. 4.33(e) and sample 14, Fig.4.33(g) do display undissolved
spheroidal particles. Fig. 4.33(a) shows homogenous distribution of W over the
entire region [393]. Whereas Sample OP, Fig. 4.33(c), sample 2, Fig. 4.33(e) and
sample 14, Fig. 4.33 (g) has a bimodal microstructure with finer structures in

between the spheroids.

The different process parameters therefore influenced reducing the number of
spheroids in the surface region but could not obtain the same homogeneity as the
remelting process. The surface region of the entire remelted sample has acicular
microstructure and a blocky darker structure, Fig. 4.33(a). This is due to the
remelting process changing the sonification and cooling rate of the surface region
which allows for finer microstructure to grow from the completely diluted spherical
particles. When assessing the nickel EPMA, which corresponds to the binder

distribution, there are minimal localized regions of binder pooling in Sample RM,
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Fig. 4.33(b), whereas Sample OP, Fig. 4.33(d), sample 2, Fig. 4.33(f) and sample
14, Fig. 4.33(h) shows multiple regions where high binder pooling has occurred.

The structure in which the binder phase solidifies is highly dependent on cooling
and solidification rates and the thermal gradient during deposition.

no

Fig. 4.34: Binder of Sample HS (left) and binder of Sample OP (right).

The binder region in Fig. 4.34 is cellular dendritic in the bottom and central region
while the top region, Fig. 4.34 shows columnar dendritic[99],[267],[399] [400].
Columnar dendritic forms in the surface layers since the temperature gradient is
low between the deposited layer and the previous layer due to continuous heat
and a high solidification rate[99] (cooling rates from 102K.s* to 103 K.s! [401])
whereas the bottom region exhibits a large temperature gradient due to the cold
substrate plate. The central region still has a large enough temperature gradient
to solidify at a lower rate into cellular dendritic structure [126],[402]. The dendrite
morphology depends mainly on the cooling rate and thermal gradients inside the
build [403]. When the cooling rate is lower a coarser dendritic arm spacing is
observed and a faster cooling rate results in a smaller dendritic arm spacing [268].
The dendrite arms were found to be nickel rich and the interdendritic phase rich in
copper [99].
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Fig. 4.34(a) shows that long columnar dendrites, 58 pm, form alongside much
shorter arms, such as 5-17um. There is also cellular and equiaxed morphologies
observed in the same binder region. The molten pool distributes energy in a
gaussian manner [236], therefore there are hotter and cooler regions which
contributes to different localized cooling properties and allows for multiple
microstructures to be observed in a relatively small region. When the binder region
was studied for a different sample, Fig. 4.34(b), the same array of morphologies
was identified, although for the specific region the dendrite arms had a length of
8.0 um to 19.0 um. There were no exceptionally long columnar dendrites as in Fig.
4.34(b), which indicates a different localized cooling rate.

The heated substrate reduces the thermal gradient and therefore affects the
cooling rate, but the same binder morphology was found for the heated and
unheated substrate. The grain growth directions observed in the binder region will
distribute applied forces in a unique manner. The equiaxed and cellular regions
will have a homogenous force distribution, while the singular growth direction
columnar dendrites will promote an anisotropic force mitigation. This implies that
more tensile/ pressure stress can be applied along the grain growth direction and
due to their larger size columnar dendrites can accommodate more stress than
equiaxed and cellular grains. In the regions were columnar grains grow in multiple
directions a mutual constraint is observed, hence there is a greater chance of
failure due to an external load since there is distribution conflict between the

columnar grains [364].
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Fig. 4.35: Cracks present in the binder region (left) and WC particles
(right).

The formation of cracks during laser cladding has been related to thermophysical
properties of the depositing the materials and the substrate, such as the melting
point, coefficient of thermal expansion and Young’s modulus [404]. The presence
of cracks in Ni- based WC cermets has been related to the microstructure as well
as the laser processing parameters, such as the laser power and the traverse
speed [180]. Residual stresses from the manufacturing process can be a driving
force for crack initiation in sites containing pores, regions of fractured WC particles
and solidification cracks [178], [371], [404], [405] [406]. Internal stresses of WC
particles has been related to the volume fraction [407], with hard facing particles
in a metal matrix through the direct metal laser sintering process having an
increased crack density after 15% volume percentage of the hard facing particle
[408]. This was due to the increasing in reinforcing particle leading to a clustering
effect which resisted the flow of the molten material and increase in pore formation
[408].

The cracks are only observed in the darker copper rich phase and not in the nickel
phase, Fig. 4.35. The boundaries of the Ni phase have small interdendritic
carbides, which are hard and brittle and contribute to the propagation of the

induced cracks [261],[371]. The high cooling rates and induced stresses are the
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main reason of the cracking[264], [328], [409], [410]. When cracks are formed
along grain boundaries it is generally due to solidification cracks [196], [411]. The
small pores observed, Fig. 4.35, is due to decarburizing reactions in the elevated
temperature liquid pool, Equation 4.6 and 4.7 [412], [413]:

2WC - WC +C (Equation 4.6)

C+ 0, — 2C0O, CO + 0, — CO, (Equation 4.7)

The carbon is eliminated from the WC which is transformed into W>C under high
laser power. CO and CO: gas bubbles are released into the molten pool which are
then trapped by rapid solidification of the layer [196], [411]. These pores add a
weakened point and can cause cracks by means of stress concentration.
Microcracks were observed through WC particles [391] ,[312], Fig. 4.35. The
cracks are due to the high thermal stresses which incur from the WC particles and
binder having different coefficients of expansion and once the stresses exceed the

yield strength, crack propagation occurs [180].

The WC particles are relatively large since the precursor powder had a d(0.5) of
approximately 90 um. It has been found that WC particles which are larger than 30
pm generate cracks easier since they are more prone to having defects [310],
[368]. The larger particles also had larger interfaces with the binder, hence larger
stresses are transmitted from the particle to the binder [237], [238]. The crack
propagation direction has been found to move along the highest temperature
gradient [405], [180], [414], Fig.4.35 shows cracks moving in multiple directions
which indicates a very complex temperature gradient in the deposited samples.

Research has been conducted to reduce crack formation during laser cladding by
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controlling the cladding materials and processing parameters [404], [415]-[418].
An increase in laser power and scan speed affected the formation of cracks [180],
[264], [409], as well as reducing the presence of brittle carbides [329].

Dissolution of WC into the surrounding metal binder has been observed for many
processing methods such as electrometallurgy, flame spraying and surface
cladding in vacuum [103], [361], [419], [420] for temperatures <1200 °C. Various
WC-Ni compositions also had core-rim studies performed on it [421]-[427].
Smaller particles have a relatively larger dissolution percentage than larger
particles since the relative surface area is larger for a smaller particle [428]. Three
types of interfaces can be identified when there are reinforcing particles and a
metal matrix [428]. There is the flat interface where the reinforcing particles
(WC/W-C) do not dissolve or interact with the metal matrix, known as mechanical
bonding zone. The second type is the wetting-dissolving interface, where the
WC/W>C and metal matrix dissolve in each other. The third type is when the
reinforcing particles and the metal matrix react to form a new interface layer. The
third is a chemical reaction and metallurgical change is present [261]. Researchers
have studied the kinetics of the interfacial chemical reactions in various alloys and
concluded that a simple parabolic growth law, Equation 4.8, can be used to
describe the chemical reaction [429]-[432].

X =Kyt (Equation 4.8)

Where K is the diffusion coefficient and t is the reaction time. The formula provides
a theoretical basis for the interfacial reaction control of metal matrix composites.
Therefore, by changing the sintering temperature and heat preservation, the

thickness of the rim on the outer edge of the WC particles can be controlled [429]-
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[432]. Fick’s Law, Equation 4.9, can also be used to explain the formation of the
interfacial layer [433].

J=-D— (Equation 4.9)

Where J is the diffusion flux, D is the diffusion coefficient and dc/dx is the
concentration gradient. The diffusion flux shows a directly proportional relationship
with the concentration gradient, which implies that diffusion reactions will occur if
there is a concentration gradient. The diffusion flux shows a directly proportional
relationship with the concentration gradient, which implies that diffusion reactions
will occur if there is a concentration gradient. In the initial stages of the reaction
there is a large concentration gradient between the W and C rich cast powder and
the binder. This causes diffusion of W and C with the metal binder matrix [434]. As
the reaction progresses the concentration gradient decreases and an interfacial
layer forms which prevents the further dissolution of the cast powder, which yields

the core-rim structures which are observed.

The elemental nature of the cemented WC particles was tested from within the
particle to the interface between the binder and the WC particle. A diagrammatic

interpretation is in Fig. 4.36 and the elemental results are shown in Table 4.10.
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Fig. 4.36: Core-rim WC particle after laser deposition.

Table 4.10: Atomic % of elements at various points along the scan line in

Fig. 4.36.

W C Ni Cu Fe @) Mn
1 78.69 12.41 2.85 1.89 0.30 3.85 0.02
2 77.02 12.57 3.95 2.74 0.27 3.37 0.03
3 72.75 12.37 6.72 4.49 0.41 3.22 0.04
4 71.33 12.24 7.80 5.03 0.37 3.13 0.08
5 67.49 11.92 10.29 6.55 0.57 3.07 0.10
6 63.73 12.04 12.69 8.41 0.57 2.46 0.10
7 61.30 11.89 14.28 9.15 0.62 2.63 0.12
8 59.14 11.59 15.82 10.15 0.68 2.50 0.10
9 56.32 11.54 17.72 11.12 0.72 2.41 0.17
10 53.91 11.35 19.36 12.10 0.76 2.34 0.15
11 49.78 11.15 22.02 13.96 0.88 1.98 0.19
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Fig. 4.37: Change in W, Ni and Cu content with radial position in WC
particle in sample 21(OP), (selected data from Table 4,10)

From the interior of the cast WC patrticle to the interface region the W content
gradually decreases as the binder content increases. This is due to the dissolution
of the cast powder into the surrounding binder which reduces the amount of W
which remains in the WC chemical state [386] [434]. The interface region generally
possesses sharp edged microstructures due to the decomposition of the cast
powders under the heating process and the preservation of heat within the
deposition. The tungsten percentage changes more rapidly than the C content
since there is a high quantity of W>C, hence, two W atoms are released for every
carbon atom. From the interior of the cast WC patrticle, point 1, to the exterior of
the particle, point 11, there is a consistent increase in the nickel and copper alloy
content percentage. The nickel is seen to increase at a faster rate as the binder
region is approached since there is a higher nickel than copper percentage in the
binder. When the ratio of nickel to copper is considered as in Fig. 4.37, there is a
power function relationship which increase from approximately 1.46 at point 1 to
1.58 at point 11. This increase is attributed to the scan line approaching the binder

region which has an ideal Ni:Cu ratio of 2.5. The ratio does not maintain 2.5 from
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the binder region to the interior of the particle since, as per Fick’'s law (Equation
4.9), diffusion is concentration based and since nickel begins with a higher
concentration difference a higher alloy content is found within the particle. At point
4 the nickel percentage decreases quicker than the Cu due to a higher
concentration difference between the Ni and WC existing. Copper shows a more
gradual decrease from point 11 to point 1 since a lower initial concentration results
in a lower concentration gradient and therefore a lower diffusion rate. Point 11
represents the interfacial region which forms from the high concentration gradient
present between the binder and WC particle. The interfacial region forms and

prevents any more tungsten and carbon from dissolving into the binder region.

The chemical composition at point 11 shows a C:Ni:W ratio of 1:2:4 which indicates
that the main phase is Ni;W4C [165] , [360].Research shows that this new granular
hard phase can promote dispersion strengthening when smaller than 10 um [165],
[360]. The lower carbon content in the deposited particle could be due to carbon
transforming into CO/CO: during the deposition process as well as into a graphite
like structures seen on the boundaries of the embedded patrticles, as seen in Fig.
4.38(llI(a)).
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4.4.3 Raman Spectroscopy
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Fig. 4.38: Raman spectrum and a representative point micrograph [I]
Binder region, [ll] Inside embedded WC spheroid, [Il]] A-dark region on
boundary of spheroid, B-interface region, [IV] oxide region, [V] Blocky

microstructure.

The binder region, Fig. 4.38 (I), doesn’t show any definitive peaks, except for one
of the spectra there is a peak at around 700 cm, which is attributed to the
stretching mode of WC [435]-[437], due to tungsten and carbon atoms being
dissolved in the binder and a second peak at approximately 960 cm which is
assigned in literature to the stretching of W=0 double bonds [438]-[440].

Amorphous and nanostructured WOs octahedra of the bulk crystal forming
tungsten oxide films are described as being composed of O-W-O units with
terminal W=0O units on their boundaries. The vibration of the terminal oxygen atoms
(i.e. at the grain surface) causes the ~960 cm™ band. It is often associated with
the presence of a nanocrystalline structure and usually disappears when the film

evolves to a microcrystalline structure [435], [441]-[443]. The intensity can be
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related to a high surface-to-volume ratio which indicates the reduces grain
dimensions. An alternate view on the 960cm™ band is that is related to the
presence of water which has been incorporated into the thin film. This is more
probable in films which are porous and have been deposited under high pressures
[438], [444]. The centre of the patrticle, Fig. 4.38 (Il) shows no distinct peaks, not
even WC modes. This is due to the high presence of W-C in the cast spheres and
therefore a region of high W>C was analysed, indicating that the darker phase in
the cast WC/W-C is attributed to WC. This agrees with the composition of the
original powder which consisted more of W>C than WC.

The dark region on the interface of the spheroid, Fig. 4.38(lli(a)) has a peak at
approximately 675 cm™ which is indicative of WC stretching mode [373] [435],
[436] [437]. The peak at 960 cm™ is due to the vibrations of the terminal W=0 units.
There is also a broad peak at approximately 1350 cm and 1580 cm which
indicates the presence of graphite. The broad peak at ~1350 cm™ is the D-band of
sp2 carbon (disordered graphite) and the peak at ~1580 cm™ is the G-band of
carbon (graphite). These peaks represent the presence of free carbon on the
surface and the broadness of the peaks indicates a fairly amorphous structure
[373], [435], [436]. The spectra obtained at the interface region, Fig. 4.38(lll(b)),
show a peak around 675 cm which is evident of WC stretching modes. In this
region the cast tungsten carbide spheroid is dissolving into the binder. The W2C

dissolves preferentially hence more WC is present on the interface.

The Raman spectra of a potentially oxidized particle, Fig. 4.38 (IV), was obtained
in the base region of Sample HS. A small, wide peak is observed between 200cm-
! to 400 cm™* which is due to W-O-W bending modes [373], [437], [445], [446].
There is a well-defined peak at approximately 960 cm™ which is due to the
stretching of terminal W=0 bonds. The D-band and G-band of graphite are also
present since the tungsten formed new chemical bonds with the oxygen and
therefore leaving a surplus of carbon. Absence of a dominant peak at ~800 cm™
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suggests that there is no monoclinic phase tungsten trioxide and possibly oxygen

deficiency [447], [448]. The spectrum for the rectangular blocky structure, Fig. 4.38

(V), has a small peak at approximately 650 cm™ which is attributed to WC

stretching [373], [435]-[437].

4.5 Drill bit

The design of experiments and refinement of the parameters by means of multiple

cubes culminates in the fabrication of a functional component, i.e. a drill bit. The

use of a small-scale parameter optimization design of experiments and the

effectiveness to applied to a larger deposition is also being assessed. The cubes

consisted of no more than 25 layers, whereas the drill bit consists of 151 layers.
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Fig. 4.39: XRD pattern of a drill bit segment
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It is clear form Fig. 4.39 that even when 151 layers are deposited the phases which

are present remain the same as is evident by the XRD pattern in Fig. 4.39 which

has all the same phases present in Fig. 4.21.

133



The general finish of the fabricated drill bit is shown in Fig. 4.40(a), along with the
CAD model which was used as an input during the deposition, Fig. 4.40(b). All the

drill bits except for DB4 underwent mild sharpening after fabrication.

Fig. 4.40: a) Printed drill bit, b) CAD used to fabricate drill bit

It is evident from Fig. 4.40 (a), that the surface finish of the drill bit is very rough,
due to the WC particles which do not dissolve and merely cool in the binder while
protruding from the deposition. The large powder nature (90 pum) means that if
two or three WC particles are solidified upon one another then the surface
roughness will increase, thus the nature of the precursor powder is extremely
important in the finish of the final product if no post fabrication machining is
considered. The top of the drill bit does not have the angled tip as in the CAD
model as well as the absence of the flute. This is due to the beam spot size, 1.3

mm, which reduces the overall resolution during the printing process. By reducing
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the beam spot size, a better resolution will be obtained, but at the cost of longer

printing times, hence more powder usage and more laser time.

The LENS® process does not allow for simple alteration of the beam size, as it can
only be done by manually adjusting the internal lens in the workpiece and testing
the new beam spot size. Thus, a large beam size for the shank and a small spot
size for the tip is not a viable solution. The flute in the thicker section of the drill bit
does resemble the CAD model although with surface roughness distortion.

The average cost of producing a drill bit is shown in Table 4.11.

Table 4.11: Average cost to produce a drill bit

Average drill bit mass (g) 62
Laser cost (R/hour) 3500
Powder feed rate (g/min) 11.9
Deposition time (min) 25 -100
WC powder (R/kg) 1196
Monel 400 powder (R/kg) 1835
Powder mixture
(9.2wt% Monel)(R/kg) 1251.50
Substrate (R) 30
Purchased drill bit (R) 450
Cost of drill bit (cheapest-expensive)
Laser cost (R) 1458 - 5834
Drill bit powder (R) 78
Required powder cost (R) 297.5 — 1489
Substrate (R) 30
Extras HtH#
Total R1566 - R 5942

The purchased WC centre drill cost R450, which was used as a baseline to

compare the fabricated drill bit. Since different printing times were used to deposit
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the drill bits a cheapest and expensive amount was calculated where necessary.
The average mass of the drill bits was 62 g and the drill bit powder cost was
calculated from this amount. To produce the drill bit a constant feed rate is required
for the duration of the deposition. An optimal parameter of 11.9 g/min was used in
the calculations and it can be seen in Table 4.11, that the cost of the required
powder varies between R402 and R1489, although the powder used in the drill bit
is R78. Table 4.11 is structured such that the powder can be recycled [449]-[455].

The powder expense was calculated in the ratio used in this study, i.e. WC-
9.2wt%Monel 400. The substrate contributes a small portion to the overall cost. It
is clear from Table 4.11 that the cost of the laser is by far the contributing factor to
the overall cost of the drill bit. To reduce the effect of the laser time the drill bit
which was printed approximately 4 times quicker, than the slowest, had a cost
which was 3.8 times less. This shows the astounding effect that the laser cost has
on the cost of the final product. The cheapest fabricated drill bit was still 3.5 times
more expensive than the purchased drill bit. This is due to the entire drill bit
comprising of WC-9.2wt% Monel 400 whereas the shank of the purchased drill bit
is fabricated from steel and only the tip region from WC based materials. To make
the fabricated drill bit competitive the shank should comprise of Monel 400 or steel
which is then tipped with a WC-based material, possibly even a functional grading
from the steel shank into the tip to remove any adhesion problems between the
two dissimilar materials. This would solve the density problems observed within
the deposits and limit the WC deposition to a few layers, with a closer nature to a

cladding.

An extras row was added to Table 4.11 to indicate that there are many extra costs
that may incur apart from the obvious production costs, such as hot isotactic

pressing treatment, surface finish machining, performing depositions in an argon
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atmosphere, external CAD development and any supplementary simulations. For
additive manufactured drill bits, fabricated using WC-9.2wt% Monel 400, to be
market competitive with the purchased drill bit it would have to be printed in ten

minutes or less.

a) b) C) . e) |
10 | I 10mm l 10 f 10 mm '
mm } l‘ } mm | |—|

Fig. 4.41: Fractured a) DB1, b) DB2, ¢) DB3, d) DB4, e€) CAD model
approximation of sharpened drill bit, f) CAD approximation of
unsharpened drill bit.

DB1 shows fractures in three points, Fig. 4.41(a). The tip region did not fracture
exactly as the simulation but has the same nature as DB3 and not DB2 and DBA4.
The fracture did occur near the thin tip region but followed a diagonal trajectory
down the side of the drill bit. The two fractures in the flute and shank region are
due to the clamping of the drill bit in the CNC machine. The von Mises stress
simulations, Fig. 4.42, shows that the second region of high stress is at the bottom

of the flute, where the shank begins, and the clamping of the drill bit is performed.
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The one closer to the base was from the initial clamping, the shank broke, but the
tip was still intact, so it was retested with the top region of the drill bit. It was this
second attempt that fractures the tip as well as the flute fracture from the torsional
forces on the drill bit at the clamping point. DB2 has the same clamping failure
which was observed in DB1 and the same tip failure as seen in DB4. Both fractures
perfectly match the von Mises regions of high stress and the most probable regions
to undergo stress failure. DB3 has a remarkably similar tip failure to DB1, Fig.
4.41(c). There is a diagonal failure path on the tip which is due to the
microstructural properties, as discussed with Fig. 4.41(a). The tip of DB4 was not
sharpened and left as a hemispherical shape, as it was after deposition. The tip of
the drill bit broke in the exact region which exhibits high von Mises stresses, as in
Fig. 4.42(b).

The simulation verified the logical point of failure since this is the narrowest point
of the entire drill bit. The rounded surface dissipates the stress in the tip and applies
it to the thin basal region of the tip. Without a flute the material was not removed
sufficiently hence the surface of the drill bit was compressing into the aluminium
disk. DB4 does not show failure at the clamping point since the tip failure occurred

rapidly and didn’t allow for the fracturing in the lower region.
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Fig. 4.42: von Mises stress simulations for a) original CAD model, b)
unsharpened CAD model, ¢) sharpened CAD model and displacement

simulations of d) original CAD model, e) unsharpened CAD model, f)
sharpened CAD model.

The von Mises stress simulations show that the most stress during a loading
process occurs at the base of the small tip and the interface between the flute and
the shank, where the drill bit is clamped. The top of the drill bit applies the stress
to the narrow region in the same way the shank applies the stress to the narrowest
region. The binder does allow for the torsion and linear forces to distort the drill bit
more than the WC would do by itself, although most conventional drill bits have a
steel shank and just a WC tip. This allows for the forces to twist the more ductile

drill bit while their hard tip does not affect the properties of the bulk drill bit.

The maximum displacement occurs in the tip regions of all three simulations, Fig.
4.42 (d-). The displacement continues down to the start of the shank progressively
decreasing. This also show the importance of the flute. Not only does it aid in the
removal of material while drilling, it guides the stresses such that the torsional

displacement allows the top regions of the drill bit to twist, provided the material
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has a low enough Young’s Modulus, Monel 400 (179Gpa)[182] and cast WC
(550GPa) [456].
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Fig. 4.43: Calculated circularity of each drilled hole by the corresponding
drill bit.

It can be seen from Fig. 4.43, that the holes made by the bought drill bit, B1, all
exhibited a circularity around 0.9. B1-1 had a lower circularity since the penetration
depth was set to 5 mm where as B1-2 and B1-3 the penetration depth was 6 mm.
This makes it evident that even with a bought drill bit the depth of the hole affects
the circularity that is obtained. DB1-1 and DB1-2 has a circularity close to that of
the first trial of the both drill bit. The circularity of between 0.8 and 0.9 is due to the
drill bit pushing backward when encountering the aluminium and merely creating
some striations on the surface, refer to Fig. 4.48(a). For the third test DB1-3, the
calculated circularity was between 0,5 and 0.6 since the tip of the drill bit broke off
and became embedded in the aluminium, not before causing damage to the outer

region of the hole, Fig. 4.48(d).
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DB2-1 had a very high circularity due to the drill bit again pushing backward when
contacting the aluminium disk and just creating a few circular striations on the
surface. When some penetration occurred, DB2-2, and the drill bit tip fractured, it
damaged the hole and decreased the calculated circularity. DB3 showed the most
consistency with both tests yielding circularity between 0.85 and 0.9. DB4, the
unsharpened sample, yielded a low circularity because the sharpened tip was

basically ripping into the aluminium and tearing material away with its high surface

roughness.
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Fig. 4.44: Diameter and depth of each drilled hole for the corresponding
drill bit.

The depth of the purchased drill bits was remarkably close to that of the set depth
on the CNC machine. B1-1 was setto 5 mm and B1-2 and B1-3 were set to 6 mm
which was used for all successive testing. The purchased drill bit showed a good
consistency across the depth tests. DB1-1 and DB1-2 were found to have
exceptionally low depths, as did DB2-1, DB2-2 and DB3-1 since the drill bit pushed
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backward inside the clamp when encountering the aluminium disk. This means
that the surface of the aluminium was lightly scratched an no real penetration
achieved. DB1-3 and DB3-2 showed a larger decree of penetration since the drill

bit started penetrating but the tip broke inside the disk for both drill bits.

DB4 has no depth since the tip broke before even a slight hole had been formed.
When considering the diameter size, the purchased drill bit again showed good
consistency, with B1-1 having a lower diameter since 5 mm is the tip of the drill bit
and when the depth was changed to 6 mm the wider triangular component affects
the hole diameter. DB1-1 and DB1-2 was found to have a consistent diameter, but
when the tip started boring a hole, DB1-3, the diameter increased, as seen in Fig.
4.48(c), since the tip broke in the sample and damaged the edges of the hole. The
same is seen for DB2-1 where the surface is merely scratched in a circular pattern,
but when the top of the dill bit fractures the diameter increases due to the damage

of caused when the tip breaks.

DB3 was the only sample that improved as the penetration increased, which
implies that it was removing material more efficiently than the other drill bits. DB4
had a small diameter since tip broke very soon after contact, hence of only the tip

was used to create the scratch striations.
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Fig. 4.45: Tip length, flute length and total length of the drill bit compared
to the true value of the CAD model.

The tip lengths of DB1, DB2 and DB4 are all longer than the true value of the CAD
model, while DB3 is slightly lower. DB3 was printed with the fastest traverse speed
which allowed for the tip layers to be deposited quicker and therefore less time for
extra powder particles to be included in the melt pool. The flute length was
consistent across all the deposited drill bits since the flute did not begin sooner in
the shank region but was absent in the tip region due to the beam spot size and
the related resolution problems associated with this parameter. All the fabricated
samples had similar total lengths, which were all longer than the true expected
length from the CAD model. The high surface roughness and extra powder
deposition in the tip region due to heat being retained in the tip during deposition

resulted in the extra length of the depositions.
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Fig. 4.46: Diameter of a) Tip, b) flute and c¢) shank in (mm)

The diameters of the different regions of the drill bits are shown in Fig. 4.46. In all
three regions, i.e. tip, flute and shank, the fabricated drill bits had a larger
circumference than the CAD model. In the tip region the different drill bits had
varied increases from the CAD value whereas in the flute region the drill bits were
basically identical in their circumference increase. The same was true for the shank
region, except for DB4 which had a slightly reduced circumference which could be
related to a relatively lower surface roughness. The tip region had the greatest
deviations because it had the smallest true circumference, hence an increase in
surface roughness or a higher retained heat in the tip would result in a relatively

larger increase than in the larger shank and flute regions.
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Fig. 4.47: Hole of purchased drill bit, SEM of region on boundary.

The purchased drill bit made a very circular hole, as was calculated for Fig. 4.47(a).
The smooth machined exterior of the drill bit with a sharpened and fluted tip
allowed for the efficient removal of material during the drilling process. As the
triangular region of the drill bit mad contact with the hole it began to compress the
aluminium, as seen in Fig. 4.47(b), by the lighter region. The rim of the hole is
smooth with few inconsistencies, a small mass of aluminium was removed during
the process, Fig. 4.47(b), possibly due to the high revolution speed of the drill bit

transferring force to a slightly week region in the aluminium.
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Fig. 4.48: DB1 a) first drilling attempt, b) second attempt, c) third attempt
with drill bit failure, d) embedded drill bit tip in the aluminium disk.

It can be seen in Fig. 4.48(a-b), that when the drill bit pushed backward into the
clamping device then no depth is achieved, just circular striations are obtained
from the hard WC patrticles surface roughness wearing through the surface of the
softer aluminium disk. When the clamping was more efficient as in Fig. 4.48(c), a
compressive zone in the outer region of the hole is observed with stress cracks
surrounding this zone. There is some depth obtained, although not close to the set
value. Tip failure occurred on the third test, Fig. 4.48(d), where the tip broke and
was embedded in the sample. The aluminium was curled over the edges during
the drilling process which indicates that the tip was not sharp enough and a level

of compression was occurring instead of boring and material removal.
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Fig. 4.49: SEM images of the hole drilled by DB1 showing a) the boundary
of the hole, b) the embedded drill tip, c) the rim of the hole, d) and e) the
inner rim of the hole.

The WC spheroids can be identified in the region where the drill bit was embedded
in the aluminium, Fig. 4.49(a-b). WC-binder fragments are also found outside of
the hole, on the surface of the aluminium since particles dispersed on the surface
when the drill bit fractured. The rim of the hole, Fig. 4.49(c), shows how the
aluminium has compressed in the outer region of the hole due to the drill bit forcing
the aluminium material out of the drilling zone. It eventually curves over and forms
aluminium extrusions from the rim. There are cracks visible in the rim region due

to the material compressing and cracking under the strain.
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A closer observation of these extrusions shows a sheet-like slipping of the
aluminium flakes over previous layers [457]-[459]. There are also small particles
of WC-Monel which have been fragmented with aluminium on these sheet-like
extrusions. The same WC-Monel-Al combination have been embedded in the walls
of the hole-rim, Fig. 4.49(d), which occurred during the failure of the drill bit.
Through wear and high surface roughness the drill bits removed aluminium form
the hole rim region leaving cavities and small pore like regions. The surface
roughness also causes circular striations, as seen in the many of the samples, in

the outer rim of the hole.

Fig. 4.50: Two drilling attempts by DB2 before failure.

Drill bit DB2 did not obtain a significant depth, as indicated in Fig. 4.50, before the
tip failed. As with the other drill bits the surface roughness caused circular striations
on the surface of the aluminum and some damage to the wall of the hole, as in Fig.
4.50(a). When the drill bit fractured it left embedded particles in the surface of the
aluminium and caused the circular pattern to be disturbed by an anomalous wear

path.
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Fig. 4.51: a) first attempt by drill bit DB3, b) second attempt by DB3 and
the tip failure, c) SEM image of striations from a), d) and e) inner wall of
the hole, f) bottom of the drilled hole.

Similar circular striations were observed for DB-3 as well as a compression-like
region around the rim of the hole, as in Fig. 4.51(a-b). When the tip of the drill bit
fragmented pieces of the drill bit were embedded into the bottom and sides of the
hole, as in Fig. 4.51(b) and (e). The compressive force of the drill bit caused cracks

around the edge of the compression rim. The bottom of the hole, Fig. 4.51(f),
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shows the rough nature of the hole due to the drill bit tips not being very sharp,
hence the holes are formed due to the rough tip compressing and scraping the

material.

Fig. 4.52: Striations made by DBA4.

DB4 didn’t make any depth penetration since the tip was not sharpened. The
circular striations are form the WC particles contributing to the surface roughness
and scratching the aluminium through a wear process. The dark region indicates
where WC-binder was embedded in the softer aluminium when the tip of the drill
bit catastrophically failed. In the central striations there is a tearing motion
observed. The fractured drill bit tips were examined for any indications as to the

reason behind failure.
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Fig. 4.53: Fractured region of DB3 a) fractured cast WC, b) surface cracks
on cast WC and c) high- and low-density regions in fracture zone.

The WC-W-C spheres showed cracking directly through the particle due to the
high hardness and reduced ductility when compared to the binder phase, Fig.
4.53(a). The fracturing of the spheroids can lead to a weaker microstructure since
the favorable properties of WC are mostly observed when the hard phase is
distributed throughout the binder phase. The spheroidal WC-W-C particles also
had extensive surface cracking due to the energy input during the deposition
process and initiation of elemental dilution which creates fissures in the surface of
the spheroids, Fig. 4.53(b).

The main reason for the fracturing of the drill bits is due to lack-of-fusion regions

and inadequate distribution of the hard phase within the binder phase, as seen in
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Fig. 4.53(c). The regions of higher density are surrounded by regions of lower
density which creates an imbalance in the mechanical properties and causes the

failure to occur on this structural boundary.

Fig. 4.54: a) and b) cracks in the fracture zone of DB1 and c) rough surface
after fracture.

Regions of higher density were observed in the drill bit tips, as in Fig. 4.54(a). The
fracturing of the tip caused cracks in the remaining drill bit due to the torque force
inducing stresses within the component. The cracks are seen in Fig. 4.54(b) and
traverse in the same direction which indicates that the weakness within the
microstructure may be directional. Fig. 4.54(c), shows a region of the fractured
surface, where there are WC fragments and a highly uneven contoured surface.
This is due to the considerable number of parameters which have been observed
in previous chapters that affect the localized properties of the deposition and

therefore the localized mechanical and microstructural integrity.
152



Chapter 5 Conclusions

A design of experiment matrix was successfully applied to the LENS® technology to
produce a series of thin walls of WC-9.2wt%Monel 400. ANOVA regression and
multiple parameter refinements, through the deposition of cube samples, allowed for
the production of some high-density depositions. The lowest porosity of 2.5% was
obtained using a laser beam power of 220 W, traverse speed of 4.5 mm/s, powder
feed rate of 11.9 g/min, hatch overlap of 50%, z-increment of 0.4 mm and a beam
spot size of 1.3 mm. Oxygen would need to be limited during processing to reduce
oxide formation and porosity. An increase in the laser beam diameter resulted in
severe cracking and indicated that depositions retained better geometric and material
properties when the laser beam was kept at a reduced diameter. The heated substrate
and laser remelted sample did not have any significant improvements to the overall

porosity of the samples.

Samples that are fabricated using LENS® technology result in many different
microstructures. This is due to the dilution of iron from the substrate, differences in
carbon and tungsten in localized regions from variable WC/W-C dissolution and the

changes in the cooling rates from the fusion zone to the top region. At the fusion zone

a variety of microstructures were observed with chemical compositions dominated by
chromium and iron, such as fishbone-like (26% iron, 6% Cr), Fe/W-dendrites (30%
Fe, 7% Cr) and eutectic (61% Fe, 10% Cr). The elevated chromium and iron chemical
content is due to the dilution of these alloying elements form the substrate used in the
study. Due to these additional elements, structures such as MsC carbides (FesWsC,
and Fe-Ni solid solution), Cr27Ce and Cr7Csz were present even though these elements

were not alloyed in the binder. Also forms under high cooling rates.
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Needle-like structures which are a combination of W>C and MeC structures with a solid
solution comprising of Ni-Cu were observed as the centre was approached as the
thermal gradient decreased. Tungsten carbide rich triangular (WC with NiW impurities)
and blocky structures which are tungsten rich eta phases such as Ni;W4C and NizW3C,
were scattered throughout the central regions where stoichiometric conditions were
achieved and acicular dominated the top regions where a low thermal gradient was
present. The heated substrate resulted in less eutectic and more fishbone and
dendritic structures being observed and the spheroidal WC/W>C particles were still
present in the fusion zone, as in the unheated substrate samples. The remelted
sample was found to have a very uniform acicular structure, which is predominantly
W>C, with minimal binder pooling in the top region whereas the samples which did not
undergo remelting had high binder pooling and regions where spheroidal particles
were still present. The remelted sample also had a significantly low Cu composition in
the top region due to the remelting process melting causing extensive copper
evaporation. The binder throughout the depositions were comprised mainly of Ni and
Cu dendrites which changed from cellular dendritic in the bottom and central regions

to columnar dendritic in the top regions as the temperature gradient decreased.

The process of remelting was found to cause evaporation of the metal matrix, with all
the copper being evaporated. Raman spectroscopy was successful in detecting WC,
O-W-0O, W=0, D-band and G-band stretching modes in multiple points of interest. The
analysis showed that the blocky structure had a WC nature and that the dark regions
in some of the interfaces, on the spheroids, are regions where carbon has graphitized.
Core-rim structures were observed in the fusion and central regions where the
spheroidal powders had not dissolved completely. The W and C content decreased
from inside the spheroid to the interface region where the nickel and copper
concentrations increased rapidly from the infiltration of the binder matrix into the

spheroids.
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ANOVA analysis on the hardness of the DoE samples showed that the hardness is
affected more by the microstructure than the processing parameters used for the
deposition of the sample. In the cube samples the variation of the microstructure
yielded an increasing hardness gradient from the fusion zone to the surface of the
sample due to microstructural grain refinement. The surface hardness was found to
have a broad range although without any significant statistical deviations except for
the laser remelted sample which showed a significantly increased value.

Multiple drill bits were successfully fabricated and tested. The drilling process
produced hole circularities between 0.55 and 0.9 with the best hole depth of 3 mm
and circularity being obtained by the drill bit which was fabricated using a power of
220 W, traverse speed of 20.50 mm/s, powder feed rate of 11.9, beam spot size of
1.3 mm and a z-increment of 0.4 mm. All the drill bits failed due to tip fracture or shank
failure and were found to have micro-cracks as well as surface cracking in the cast
WC particles in the fracture zone. The tip and shank fractures were all predicted by
the von Mises stress simulations which indicated regions of high stress. The drill bits
produced holes with diameters ranging between 5 mm and 8.5 mm and were found to
have embedded particles from the drill bits as well as significant ripping around the
hole. All of the deposited drill bits were longer and thicker than the dimension in the

CAD model due to extensive surface roughness.

It can be clearly concluded that Monel 400 is an effective binder for tungsten carbide
cemented carbides, although the properties of the LENS® sintered alloys were not
guite comparable to the properties reported in literature. The LENS® process was able
to sinter the novel cemented carbide into a functional drill bit which needs further

refinement to possibly compete with drill bits fabricated through conventional methods.
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Chapter 6 Recommendations for Future Work

According to the current research status and results, the following work can be

further studied:

o Determine a different end use for LENS® technology where it may lead to more
favourable outputs.

e Perform TEM analysis on the different microstructures which are present in the
samples.

e Determine process parameters to reduce the surface roughness or apply post-
process machining techniques before drill bit testing.

e Hot isostatic press samples before testing.

e Other mechanical properties, such as compression strength and bending
strength can be analysed.

e Fabricate a drill bit with a Monel 400 shank and only the tip as WC-based
material with a functionally graded nature from the shank to the tip.

e Perform depositions under inert atmospheric conditions.
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