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Abstract

The objective of this thesis is to examine how the composition and solidiőcation rate in-

ŕuences the thermal degradation of WC and the resulting microstructure of WC-Ni metal

matrix composites (MMCs) deposited using plasma transferred arc additive manufactur-

ing (PTA-AM). Scanning electron microscopy (SEM) and electron dispersive spectroscopy

(EDX) were used to gather semi-quantitative compositional data. The thesis explores the

effect of the composition of the metal matrix composite on the microstructure by altering

the WC content, WC type, and metal matrix composition. The WC type and Cr content

in the matrix played a signiőcant role in the amount of dissolution-diffusion damage to the

WC, resulting in the formation of complex carbides. The matrix microstructure consisted of

γ-Ni dendrites, a Ni halo around the primary dendrites, and a γ-Ni/Ni3B eutectic.

Convolutional neural networks (CNN) were used to quantify the distribution of the WC

in the PTA-AM samples by determining the carbide volume percent and mean free path.

The őnal model could segment the WC particles with above 90% accuracy for the intersec-

tion over union (IOU), dice coefficient, and area under the receiver operating characteristic

curve across the entire test dataset. Compared to the ground truth, the model calculated

statistically similar values for the carbide volume percent and slightly more conservative val-

ues for the mean free path. It was found that the mean free path between carbides tended

to increase with the height of the sample, which suggests more carbide degradation.
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Electromagnetic levitation was used to estimate a relationship between the secondary den-

drite arm spacing (SDAS) and the solidiőcation cooling rate for 70wt% angular monocrys-

talline WC in a NiBSi matrix. The relationship between SDAS and cooling rate was then

used to determine the cooling rate at different heights throughout a PTA-AM build of the

same composition. The composition of the phases present in the microstructure was deter-

mined for the different cooling rates that are experienced during the complex thermal cycling

of PTA-AM. The phase and composition data are compared to Scheil solidiőcation condi-

tions using Thermo-calc software. The culmination of this data provides a microstructural

analysis of 70wt% WC - NiBSi of cooling rates up to 1000°C/s.
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"When nothing seems to help, I go and look at a stonecutter hammering away at his rock

perhaps a hundred times without as much as a crack showing in it. Yet at the

hundred-and-őrst blow it will split in two, and I know it was not that blow that did itÐbut

all that had gone before."

- Jacob A. Riis
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Chapter 1

Introduction

1.1 Motivation

Abrasive wear-provoking environments are found across a spectrum of industries, including

agriculture [1ś3], pipelines [4ś6], and mining [7ś9]. Replacing damaged components that

have failed due to abrasive wear costs the Canadian Energy Sector billions of dollars a year

[10]. Traditional mitigation methods include material substitution, surface treatments, and

overlaying the equipment with a hard metal or some form of metal matrix composite (MMC).

The MMC consists of a tough metal matrix with a homogenous distribution of a hard re-

inforcement phase, typically in the form of a chrome or tungsten carbide (WC). For metal

matrix composites, interfacial bonding is essential for transferring force from the matrix to

the ceramic and ensuring that the reinforcement particles are not removed from the matrix

during service. Currently, the MMC most commonly selected in mining applications with

severe abrasion and impact wear is a NiCrBSi with 65wt% WC, overlayed using plasma

transfer arc (PTA) [11].

PTA is a welding process where an arc is struck between a tungsten electrode housed in

a nozzle and a substrate, with co-axially fed powder melting within the plasma. The nozzle

moves over the surface, and the powder is deposited onto the substrate. In a typical overlay-

ing process, a part must őrst be produced through traditional manufacturing methods such

as casting, forging, or welded assembly. It is then transported to a separate facility, and

the overlay is applied using PTA. The multi-step process of applying current wear-resistant
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technology requires signiőcant lead time or inventory. The deposition of PTA overlays has

limitations. The part’s surface must be relatively ŕat and horizontal to ensure mechanical

consistency throughout the overlay. The large amount of current required to have good ad-

herence to the substrate and to deposit a 3-5mm thick overlay, causes dilution of the MMC

overlay with the base material and distortion of the part due to thermal residual stress,

which can drastically reduce the wear resistance of the coating [12]. For MMCs with solid

ceramic additions, reactions between the metal matrix and the reinforcement particles also

become apparent at higher temperatures [10, 13ś20]. Large currents also result in large ma-

trix superheat, thus giving a longer time for solidiőcation resulting in settling of WC, leaving

the surface depleted of carbides. This increases the wear rate of the overlay [11].

Additive manufacturing (AM) creates objects layer by layer from a computer-aided design

(CAD) model. Many traditional manufacturing methods rely on machining to remove un-

wanted material from an ingot. In contrast, additive manufacturing is a relatively new őeld

with immense potential to transform manufacturing processes. One of the primary advan-

tages of AM over conventional manufacturing is its ability to construct complex geometries

without shape constraints. This eliminates the need to combine multiple pieces, which is of-

ten required in traditional manufacturing processes. As a result, AM can potentially reduce

component lead time, cost, material waste, energy consumption, carbon footprint, and the

need for post-processing. Although still in its infancy, AM is expected to revolutionize the

manufacturing industry. [21ś23]

Direct energy deposition (DED) is a subset of AM, where the material feedstock is fed

directly into the plasma, laser, or electron beam heat source. Multi-axis manipulators allow

for conventional welding techniques like gas metal arc welding (GMAW) [24, 25], and PTAW

[26, 27] to be used as an AM process without the need for support structures. Increasing the

degrees of freedom (DOF) of these systems can potentially eliminate size limitations for parts

produced through additive manufacturing. This technology has sparked interest in various

industries, including energy, shipping, and mining, which require large-scale parts. Plasma

transferred arc additive manufacturing (PTA-AM) has been used to deposit various steels

[26, 28ś31], Ti alloys [32, 33], and Ni alloys [34]. During PTA-AM, powder or wire is fed while

the welding torch continuously moves along a programmed tool path to construct the part

layer by layer. There is limited research on PTA-AM of WC-Ni MMCs [35, 36]. WC-Ni MMC

parts made possible by AM’s geometrical freedom can replace simple parts that are prone to
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severe abrasive wear but cannot be overlaid. This replacement can signiőcantly improve the

component’s service life and reduce the processing downtime required for part replacements.

The layer-by-layer nature of the PTA-AM process results in the parts being subject to

repeated solid and liquid state phase transformations, rapid solidiőcation, and directional

cooling. This causes each discrete volume to undergo different thermal cycling, resulting

in a different microstructure than the adjacent volume [37]. Thus, many microstructural

complexities arise, such as columnar grain growth from directional heat ŕow, minimal el-

emental partitioning, reduced grain size, increased solid solubility, metastable phases, and

supersaturation of solute in the matrix due to rapid solidiőcation. Furthermore, parts can

be subject to mechanical anisotropy that are absent in traditional manufacturing [38]. Post-

processing heat treatments can alleviate the non-equilibrium microstructures and thermal

stresses formed during thermal cycling [39].

For metal matrix composites, the carbide distribution is an essential factor for understanding

the overall microstructure of the MMC, as it plays a signiőcant role in the abrasive wear

resistance. Conventional PTA’s high heat input leads to the convective mass transfer of W

and C from the WC particles [40ś42]. Convective mass transfer of W and C reduces the

overall WC content and increases the mean free path between particles. Incorporating W

and C into the matrix results in the formation of brittle high W-containing intermetallics

dispersed throughout the Ni matrix. These intermetallics include Cr3C2, Cr7C3, Ni2W4C,

W2C (β) polymorphs, and α-WC [10, 11, 42, 43]. The reduced WC content, larger mean

free path between WC particles, and introduction of brittle intermetallics all contribute to

the reduction of the abrasive wear resistance of the metal matrix composite. Understanding

how the degree of WC convective mass transfer in PTA-AM deposits changes with differing

thermal conditions (i.e. the height of the build) is imperative for optimizing the PTA-AM

process for WC-Ni MMCs.

1.2 Thesis Objectives

This thesis aims to understand the effects of MMC composition and solidiőcation rate on

the thermal degradation of WC, and the corresponding microstructure of WC-Ni MMCs,

deposited using PTA-AM. The thermal degradation of WC is assessed by quantifying the
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carbide distribution (carbide volume percent and mean free path), secondary carbide frac-

tion, and analyzing the W content contained in the Ni matrix. For the context of this

thesis, the composition of the MMC refers to the carbide content (wt%), the matrix chem-

ical composition, and the carbide type and morphology (angular monocrystalline WC and

spherical eutectic WC/W2C). The main thesis objective is dissociated into the following

minor objectives:

1 Establish a method to automate the quantiőcation of carbide volume fraction and mean

free path for WC - NiCrBSi MMCs, and determine how carbide percent and mean free

path differ at varying heights of a PTA-AM build of 60wt% WC - NiCrBSi. A robust

and automated method of measuring carbide volume fraction and mean free path will

reduce the processing time required to quantify the carbide distribution of a PTA-AM

deposit. Understanding how the carbide distribution changes with height will allow for

the PTA-AM deposition process to be optimized to maximize the retention of WC.

2 Determine how increasing the addition of WC from 60 to 70, and 80wt% WC changes

the carbide distribution, complex carbide formation, matrix solidiőcation structure, and

abrasive wear resistance of WC-Ni MMCs. It is crucial to comprehend the feasibility of

augmenting the WC content in PTA-AM deposits and its impact on WC retention and

abrasive wear resistance. Moreover, it is essential to comprehend how the WC content am-

pliőes the thermal degradation of WC and how the W content inŕuences the solidiőcation

structure of the Ni matrix.

3 Create a correlation between solidiőcation cooling rate, deposition height, amount of ther-

mal degradation of the WC particles, and corresponding microstructure of 70wt% WC -

NiBSi MMCs during the PTA-AM process. By understanding how the thermal history

affects the degradation of WC, and the microstructure of the MMC modalities to control

the heat accumulation, and solidiőcation cooling rate of the PTA-AM deposition process

can be implemented to reduce the thermal degradation of the WC particles. This project

will establish the boundaries of processing conditions and material compositions that can

be utilized with PTA-AM of WC-NiBSi.

4 Determine the effects of adding different ratios of angular monocrystalline WC and spher-

ical eutectic WC/W2C on the amount of WC thermal degradation and how that changes

the resulting microstructure of 70wt% WC - NiCrBSi deposited using PTA-AM. The dif-

ferent morphology of WC/W2C will offer particle packing that cannot be achieved with
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just an angular morphology particle. Additionally, understanding how the degree of ther-

mal degradation of WC/W2C changes throughout the build will allow for the PTA-AM

process to be optimized for WC/W2C, and achieve carbide distributions that may not be

possible in conventional PTA overlays.

1.3 Thesis Structure

This thesis is a blend of research published as journal manuscripts presented as individual

chapters, and unpublished work. The information entailed in each chapter is as follows:

• Chapter 2: "Literature Review". The published manuscript is "Large-scale metal addi-

tive manufacturing: a holistic review of the state of the art and challenges" published in

the journal International Materials Reviews as Thomas Lehmann, Dylan Rose, Ehsan

Ranjbar, Morteza Ghasri-Khouzani, Mahdi Tavakoli, Hani Henein, Tonya Wolfe, and

Ahmed Jawad Qureshi, 2022. My roles in the publication were: conceptualization,

investigation, writing - original draft, writing - review and editing, and visualization.

• Chapter 3: “Automated semantic segmentation of NiCrBSi-WC optical microscopy

images using convolutional neural networks." Published in the journal Computational

Materials Science as Dylan Rose, Justin Forth, Hani Henein, Tonya Wolfe, and Ahmed

Jawad Qureshi, 2022. My roles in the publication were: Conceptualization, methodol-

ogy, software, validation, formal analysis, investigation, data curation, writing - original

draft, writing - review and editing, and visualization. This chapter addressed thesis

objective 1 by creating an automated pipeline to quantify the carbide volume percent

and mean free path from WC-Ni optical microscopy images.

• Chapter 4: “Microstructural Characterization and Wear Resistance of 60 and 70wt%

WC - NiCrBSi Thin Walls Deposited Using Plasma Transferred Arc Additive Manu-

facturing.” to be submitted to JOM as Dylan Rose, Tonya Wolfe, and Hani Henein,

2023. My roles in the publication were: Conceptualization, methodology, software,

validation, formal analysis, investigation, data curation, writing - original draft, writ-

ing - review and editing, and visualization. The goal of this chapter is to address

thesis objective 2 by changing the WC content from 60wt% to 70 and 80wt% WC in

a NiCrBSi matrix.
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• Chapter 5: “Microstructural Characterization of 70wt% WC-NiBSi Deposited by PTA-

AM”. to be submitted to the journal Additive Manufacturing as Dylan Rose, Tonya

Wolfe, and Hani Henein, 2023. My roles in the publication were: Conceptualization,

methodology, software, validation, formal analysis, investigation, data curation, writing

- original draft, writing - review and editing, and visualization. This chapter established

a relationship among the cooling rate during solidiőcation, deposition height, degree

of thermal degradation experienced by WC particles, and the resulting microstructure

of 70wt% WC-NiBSi MMCs produced through the PTA-AM method to satisfy thesis

objective 3.

• Chapter 6 "Adding Spherical Eutectic WC/W2C". This chapter aims to fulőll the

fourth (4) objective of the thesis, which involves the incorporation of different quantities

of monocrystalline (MC) WC and spherical eutectic (SE) WC/W2C into a NiCrBSi

matrix to achieve a total of 70wt% WC. PTA-AM was used to deposit thin walls of

(35wt% MC, 35wt% SE)WC -, (52.5 wt% MC, 17.5wt%SE)WC -, and (17.5 wt% MC,

52.5wt% SE) in a NiCrBSi matrix.

• Chapter 7: “Conclusion and Future Work” summarizes the contributions from this

work and provides an outline for future work.
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Chapter 2

Literature Review

Published as Lehmann,T; Rose, D; Ranjbar, E; Ghasri-Khouzani, M; Tavakoli, M; Henein,

H; Wolfe, T; and Qureshi, AJ. Large-scale metal additive manufacturing: a holistic review of

the state of the art and challenges, International Materials Reviews. Vol. 67(4), 2022. Both

Thomas Lehmann, and Dylan Rose contributed equally to this manuscript. The contribution

of the following paper to the thesis is to provide a systematic review of the as-built and post-

processed microstructures across multiple material systems using the available direct energy

deposition modalities. The presented literature review provides evidence of the minimal

research that has been conducted on Ni-WC metal matrix composites and highlights the

need for an in-depth microstructural analysis of this system under different solidiőcation

conditions.

2.1 Abstract

Additive Manufacturing (AM) has the potential to completely reshape the manufacturing

space by removing the geometrical constraints of commercial manufacturing and reducing

component lead time, especially for large-scale parts. Coupling robotic systems with direct

energy deposition (DED) additive manufacturing techniques allow for support-free printing

of parts where part sizes are scalable from sub-meter to multi-meter sizes. This paper offers a

holistic review of large-scale robotic additive manufacturing, beginning with an introduction

to AM, followed by the different DED techniques, the compatible materials, and their typical
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as-built microstructures. Next, the multitude of robotic build platforms that extend the

deposition from the standard 2.5 degrees of freedom (DOF) to 6 and 8 DOF are discussed.

With this context, the decomposition and slicing of the computerized model will be described,

and the challenges of planning the deposition trajectory with be discussed. The different

modalities to monitor and control the deposition in an attempt to meet the geometrical and

performance speciőcations are outlined and discussed. A wide range of metals and alloys

have been reported and evaluated for large-scale AM parts. These include steels, Ti, Al, Mg,

Cu, Ni, Co-Cr, and W alloys. Different post-processing steps, including heat treatments,

are discussed, along with their microstructures. The paper őnally addresses the authors’

perspective on the future of the őeld and the largest knowledge gaps that need to be őlled

before the commercial implementation of robotic AM.

2.2 Introduction

Additive Manufacturing (AM), also known as 3D printing, uses computer-aided design

(CAD) to build objects layer by layer [44]. This contrasts a signiőcant portion of tradi-

tional manufacturing, which uses casting, sintering, or removing unwanted material from an

ingot using machining [21]. AM is still in its infancy, but the projected possibilities will

drastically change the manufacturing space. One of the proven advantages of AM compared

to conventional manufacturing is the lack of shape constraints on components. This allows

for complex geometries to be constructed, where conventional manufacturing would require

the joining of multiple pieces to create the same part [22]. Geometrical freedom has the

potential to reduce component lead time, cost (fabrication of cast not needed, lower energy

consumption, material cost), material waste, energy usage, carbon footprint, and drastically

reduce the need for post-processing [23].

The industrial applications of AM range from aerospace to the energy sector to health-

care. The ultimate goal is to have on-site access to this technology, eliminating the need for

stockpiles of replacement parts. Although AM research is currently also conducted in the

construction sector [45], the focus of this paper is on metal AM. According to ISO standard

17296-2, 7 process categories currently exist, including vat photopolymerization, material

jetting, binder jetting, powder bed fusion, material extrusion, direct energy deposition, and

sheet lamination [46]. A large portion of the research and commercial development of metal
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AM systems has been on powder bed fusion (PBF) [47ś49]. In these machines, a laser is

scanned over a őne layer of powder, fusing it together. The build substrate drops down

according to the layer thickness, and the powder is redistributed using a roller or scraper,

and the laser fuses the newly distributed powder to the previously deposited material. This

process repeats until the part is complete. These platforms are intrinsically limited to 2.5

Degrees of Freedom (DOF), where each layer is printed on a 2-dimensional plane [50, 51].

A limitation of 2.5 DOF is the need for support structures on overhanging features of more

than 30-40◦, where 0◦ is perpendicular to the build plate. It should be noted that the degree

of overhang before manufacturing defects begin to form is a function of the thermophysical

properties of the molten material being printed [52ś55]. This introduces complex designing,

planning, and post-processing to remove the supports, adding signiőcant material cost due

to added support material (waste material) and labour cost caused by the required removal

of the support material.

There is garnering interest in expanding the DOF of AM systems to allow for the manip-

ulation of the part in-situ.. This would eliminate the need for support structures [56ś59].

The increase in DOF is achieved via the integration of robotic manipulators and positioners

(see Figure 2.1). The manipulators can then house various direct energy deposition (DED)

modalities such as: gas metal arc welding (GMAW), gas tungsten arc welding (GTAW),

laser-based direct energy deposition (LDED), and plasma arc transfer welding(PTAW), en-

abling multi-directional deposition [24, 25, 60, 61]. A depiction of this is shown in Figure 2.1,

where the part’s orientation has changed to compensate for the overhanging angle. Com-

bining these systems can theoretically eliminate the size restrictions of the parts that can

be built using AM. This sparks considerable interest from not only the energy sector but

shipping, mining, and any industry that requires large-scale parts. The complexity of these

parts is not due to stringent geometrical tolerances but is restricted by the sheer size of the

components [62]. One rendition of this is the combination of additive and subtractive man-

ufacturing, which takes the free formability of AM and combines it with the surface őnish

capabilities of machining. This is known as hybrid manufacturing [63, 64]. Researchers have

been developing path planning programs for these types of systems, but the combination

of the two processes drastically increases cost compared to pure AM processes because of

longer fabrication times, and would not be suitable for large scale applications in the current

state [65ś71].

The current objective of large-scale additive manufacturing is to use 7- and 8-axis robotic
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6-axis 

manipulator

2-axis 

tilt-rotate

positioner

GMAW (CMT)

torch

Figure 2.1: An example of a large-scale robotic AM fabrication platform using a wire and
arc welding system for metal deposition.
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serial manipulator systems, and in-situ monitoring and control systems, to eliminate the need

for subtractive measures and supporting structures [56, 58, 74ś77]. The different technologies

to achieve this have been implemented in various other applications but have not yet been

integrated into a holistic process. Various companies have implemented commercial large-

scale robotic AM, including: Relativity Space [78], MX3D [79], MER corporation, AML3D

[80], and AMFG [81]. Two examples of large-scale components fabricated via robotic AM

are shown in Figure 2.2. However, their methodologies have not been published and will not

be considered in this work.

With the increase in commercialization of additive manufacturing systems, and the imple-

mentation of additively manufactured parts into various industrial applications, it is critical

to developing standards to qualify and certify the entirety of the process, from feedstock

to őnished part. This ensures the same repeatable quality and performance of additive

manufactured parts, as those seen in the commercial manufacturing space. Furthermore,

it is important that the development of these systems conform to the strict environmental,

health, and safety regulations currently in place. As engineers, it is imperative that the

A B

Figure 2.2: Examples of companies adopting the large-scale robotic AM technology with
(a) a rocket nozzle fabricated by Relativity Space, Inc. [72] and (b) a component of a serial

manipulator fabricated by MX3D [73].
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safety of the public is the top priority. The codes and standards pertaining to the qualiőca-

tion and certiőcation of DED AM are shown in Table 2.1. It should be noted that many of

these standards are still under development, highlighting the challenges the various standard

committees have with developing strict qualiőcations for DED AM.

This paper aims to identify the state-of-the-art technologies and how they relate to large-scale

additive manufacturing and the interdisciplinary engineering challenges that this process en-

compasses. For this work, large-scale AM constitutes the ability to fabricate a part with a

volume of 1 m3. The current state of research highlights the lack of collaboration between

engineering disciplines and the connections that lie between different research bodies. The

majority of other published literature reviews only review a sub-set of the various research

bodies and sub-topics of large-scale robotic AM, whereas this work reviews these independent

research őndings and attempts to highlight the relationships between them. Most of the re-

search discussed herein encompasses laboratory-scale coupons and not speciőcally large-scale

parts. However, it is speculated that many of the contributions made will be transferable

beyond the lab.

The structure of this paper is as follows. The őrst sections will discuss the various DED

technologies to provide context to the complexity of the manufacturing systems. This will

transition to the different stages of the AM workŕow, shown in Figure 2.3, where stage 1 is

pre-process planning, stage 2 is printing/deposition, and stage 3 is post-processing. Stage

1 encompasses the decomposition of the part into sub-volumes, the cross-sectional slicing

of said subvolumes, and the conversion of the sliced layers to a tool path and deposition

strategy based on the deposition system being used. Although not directly addressed by the

publications, the thermo-physical properties, and the thermal properties will dictate the op-

timal deposition strategy to reduce residual stresses, deposition defects, and microstructural

anisotropy. This will vary depending on the material being deposited. Stage 2 corresponds

to the monitoring and control of the deposition and extracting the valuable information

from the various sensors, which are used to adjust the operating parameters of the system

in-situ. The development of this stage is critical to automating large-scale AM, making it

commercially viable for on-site manufacturing by non-specialized personnel and potentially

eliminating the need for stage 3. An important consideration is optimizing the thermal

cycles to achieve the microstructure and corresponding mechanical properties required for

the parts application. Stage 3 deals with the post-processing required for the part to meet

metallurgical, geometrical, and performance speciőcations required for in-service use. Each
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Table 2.1: Some of the existing and under development codes and standards pertaining to
additive manufacturing. It should be noted that this is not an exhaustive list, but provides

insight on the magnitude and breadth of standards being developed for DED AM.

Identiőer Description

ISO 17296-(1-4) Additive manufacturing ś General principles (Active standard)
ISO/ASTM
52901:2017

Additive manufacturing ś General principles ś Requirements for
purchased AM parts (active standard)

ISO/ASTM
52907:2019

Additive manufacturing ś Feedstock materials ś Methods to char-
acterize metal powders (active standard)

ISO/ASTM 52902 - 19 Additive manufacturing ś Test artifacts ś Geometric capability
assessment of additive manufacturing systems (active standard)

ASTM F3413 - 19 Guide for Additive Manufacturing ś Design ś Directed Energy
Deposition (active standard)

ASTM F3049 - 14 Standard Guide for Characterizing Properties of Metal Powders
Used for Additive Manufacturing Processes (active standard)

ASTM F3187 - 16 Standard Guide for Directed Energy Deposition of Metals (active
standard)

AMS7027 Electron Beam Directed Energy Deposition-Wire Additive Man-
ufacturing Process (EB-DED-Wire) (active standard)

AMS7010 Wire Fed Laser Directed Energy Deposition Additive Manufac-
turing Process (L-DED-wire) (active standard)

AMS7005 Wire Fed Plasma Arc Directed Energy Deposition Additive Man-
ufacturing Process (active standard)

AMS7004 Titanium Alloy Preforms from Plasma Arc Directed Energy De-
position Additive Manufacturing on Substrate Ti-6Al-4V Stress
Relieved (active standard)

ASTM F3187-16 Standard Guide for Directed Energy Deposition of Metals, 2016
(active standard)

ASTM WK69730 New Speciőcation for Additive Manufacturing ś Wire for Di-
rected Energy Deposition (DED) Processes in Additive Manu-
facturing (under development)

ISO/ASTM AWI TR
52905

Additive manufacturing of metals ś Non-destructive testing and
evaluation ś Defect detection in parts (under development)

ISO/ASTM CD 52926-
4

Additive manufacturing of metals ś Qualiőcation principles ś
Part 4: Qualiőcation of machine operators for DED-LB (under
development)

ISO/ASTM CD 52926-
5

Additive manufacturing of metals ś Qualiőcation principles ś
Part 5: Qualiőcation of machine operators for DED-Arc (un-
der development)

AMS7037 Steel, Corrosion and Heat-Resistant, Powder for Additive Man-
ufacturing 17Cr - 13Ni - 2.5Mo (316L) (under development)
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stage corresponds to separate chronological sections of this paper, where each constituent

of that stage and its current state in regards to large-scale additive manufacturing will be

discussed. The paper will conclude with the author’s perspectives on the challenges that

must be overcome to make large-scale AM a commercially viable manufacturing option.

2.3 Metal deposition technologies

The main metal deposition technologies found in large-scale AM are: Gas Metal Arc Welding

(GMAW), Gas Tungsten Arc Welding (GTAW), Plasma Transferred Arc Welding (PTAW),

and Laser-based direct energy deposition (LDED). A detailed illustration of these deposition

technologies can be seen in Figure 2.4. These systems are most readily used due to the ease

of integration with the current multi-axis systems or have previously been used on robotic

systems in industries such as automotive manufacturing. One advantageous characteristic

with these modalities is higher heat inputs, which enables higher deposition rates, acceler-

ating the printing process. This is an essential factor for large-scale AM to reduce the lead

time for part production. However, one caveat to higher heat input is higher thermal stresses

and heat accumulation, resulting in large amounts of material undergoing complex thermal

cycling and anisotropic microstructures [82ś84]. Furthermore, the material feedstock for

DED is typically wire, or powder-based, which offers the ability to alter both deposition

rate and composition based on the mechanical speciőcations of that localized area [85ś87].

Changing the composition could range from going from one material to another or changing

the volume loading of reinforcement particles in a metal matrix composite. This functional

gradient could allow for customized spatial mechanical properties of areas that require them

while also reducing the material cost of manufacturing. In this section, the following tech-

nologies will be discussed: GMAW, PTAW, and LDED. This will include the fundamentals

of the operation and the mechanisms of deposition. This will be followed by the common

material feedstocks and the as-deposited microstructures that are typically found. The range

of processing parameters for each deposition technology based on whether the feedstock is

powder (Table 2.2) or wire (Table 2.3 and Table 2.4). The values listed in the tables are

the minima and maxima for each parameter recorded in the literature. Additionally, au-

thors whose parameters fall within the range are given. It should be noted that lamination

AM and cold-spray AM are also capable of creating large-scale parts. Lamination AM is

currently not compatible with multi-axis robotic systems, eliminating it from consideration.
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Table 2.2: A listing of various powder fed deposition technologies and associated param-
eter based on the material being deposited. The values listed provide the maximum and
minimum for each parameter and the authors who’s parameters fall within those ranges.

Process Material Travel Speed (mm/s) Heat Input (W) Spot Size (mm) Layer height (mm)
Material feed rate
(g/min)

Steels
2.5 [91] - 20 [92]
Within range:
[91, 93ś97]

360 [96] - 2600 [92]
Within range:
[93ś95, 97]

1.2 [97] - 2 [92] 0.25 [96] - 0.5 [97]
2 [97] - 20.4 [91]
Within range:
[91ś95]

laser DED

Ti-6Al-4V
2 [98] - 17 [99]
Within range:
[100ś108]

330 [106] -
7000 [102]
Within range:
[98ś101, 103ś
105, 107, 108]

0.3 [106] - 8.6
[103]
Within range:
[98, 100ś
102, 105, 107, 108]

0.3 [98] - 3 [102]
Within range:
[99, 103, 104]

1 [101] - 59 [108]
Within range:
[98ś107]

Aluminium
6 [109] - 16 [110]
Within range:
[111ś115]

120 [113] - 3600
[109]
Within
range: [110ś
112, 114, 115]

0.6 [114] - 3.5
[109]
Within range:
[112]

0.5 [109]

0.66 [113] - 23.2
[112]
Within range:
[111, 114, 115]

Nickel
(Inconel 625)

6.7 [116] - 25 [117]
Within range:
[118]

1500 [118] - 3000
[116]
Within range:
[117]

0.4 [118] - 3 [116]
Within range:
[117]

6 [116] - 33.3 [117]
Within range:
[118]

Nickel
(Inconel 718)

2 [119] - 26.6 [120]
Within range:
[107, 117, 121ś
125]

250 [119] - 4000
[120]
Within range:
[107, 117, 121ś
125]

0.8 [121] - 5 [120]
Within range:
[107, 117, 122,
123]

0.1 [119] - 0.5 [121]

1.2 [107] - 36.6
[120]
Within range:
[117, 122ś125]

Co-Cr
5.5 [126] - 20 [127]
Within range:
[128, 129]

200 [128] - 410
[126]
Within range:
[127, 129]

0.25 [129] - 0.7 [128] 0.25 [128] - 0.5 [126]
0.57 [129] - 5 [127]
Within range:
[128]

W 2 [15] - 5 [130] 200 [15] - 2000 [130] 0.6 [15] - 3 [130] 0.8 - 0.9 [15] 7 [15] - 8 [130]

PTA
Steels 1.3 - 1.7 [30] 25 - 35 [30]

NiCrBSi 10 [35] 1100 [35] 4.7 [35] 0.75 [35] 20 [35]

Cold-spray AM is compatible with robotic systems but lacks the ability to create complex

parts without special equipment, and signiőcant post-processing [88ś90]. Thus, it was not

considered in this work.

2.3.1 Gas metal/tungsten arc welding

In gas metal arc welding, an arc is struck between a substrate and a consumable wire

electrode that is fed through the welding torch, where it is melted and deposited onto the

substrate. The molten material is protected from moisture and oxidation through the use
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Table 2.3: A listing of various wire fed deposition technologies and associated parameter
based on the material being deposited. The values listed provide the maximum and mini-

mum for each parameter and the authors who’s parameters fall within those ranges.

Process Material Travel Speed (mm/s) Heat Input (W) Spot Size (mm) Layer height (mm) Wire feed Speed (mm/s)

laser DED
Ti-6Al-4V

1.4 [131] - 10 [132]
Within range:
[133, 134]

1000 [134] - 3500
[132]
Within range:
[131, 133]

2.5 [131] - 5 [132]
Within range:
[133]

1 [132] - 1.28 [133] 30 [133] - 40 [132]

Nickel
(Inconel 718) 5000 [135] 1 [135]

GMAW

Steels
2.5 [136] - 30 [137]
Within range:
[138ś145]

3500 [146] - 8400 [147] 0.5 - 2 [137]
28 [139] - 166 [147]
Within range:
[136ś139, 141ś145]

Ti-6Al-4V
1.5 [148] - 9.4 [149]
Within range:
[150ś152]

1430 [148] - 12500
[151]
Within range: [149]

6 [150] - 10 [148] 14 - 16 [148]
7.2 [148] - 142 [149]
Within range: [151]

Aluminium
6.13 [153] - 22 [154]
Within range: [155] 3360 - 7360 [154]

100 [153] - 250 [154]
Within range: [155]

Nickel
(Inconel 718)

6 [156] - 10 [157]
Within range: 6.5
[158]

12.8 [157] 1.7 [157] - 2.8 [156]

10 [157] - 116.6
[156]
Within range: 33.3
[158]

Nickel
(Inconel 625) 6.3 [159] - 10 [160] 2160 [160] 108 [160]

Magnesium
3.3 - 16.6 [161]
Within range: [162,
163]

400 - 1400 [161]
Within range: 541 -
857 [162]

5 [162] 3 [162] 30 [162] - 200 [163]

Copper alloys 6.6 [164] - 8.3 [165] 4620 [165] - 7424 [164] 117 [165]

Co-Cr 2.1 [166] 1454 [166] 3.5 [166] 75 [166]

GTAW

Steels
2.92 [167] - 7 [168]
Within range: [169] 1920 [169]

16.67 [167] - 58
[168]
Within range: [169]

Ti-6Al-4V
0.27 [170] - 6.7 [171]
Within range: [132,
168, 172ś174]

1320 [173] - 2200 [132]
5 [171] - 9.1 [132]
Within range: [172,
173]

1 [132]

10 [171] - 128 [171]
Within range: [132,
148, 168, 170, 172ś
174]

Aluminum 3.3 [175] - 100 [176] 17 [175] - 160 [176]

Nickel
(Inconel 718) 5 [177] 10 [177] -16 [178] 25 [177]

Magnesium 3.3 [179] - 5 [180, 181] 1.25 - 2.5 [179] 19.2 [180, 181] - 33.3 [179]

Copper Al-
loys

1.6 [182] 21.6 [182]

Co-Cr 1.1 [183] 16.6 [183]

W 2 [184] 35 [184]
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Table 2.4: A listing of various wire fed deposition technologies and associated parameter
based on the material being deposited. The values listed provide the maximum and mini-

mum for each parameter and the authors who’s parameters fall within those ranges.

Process Material Travel Speed (mm/s) Heat Input (W) Spot Size (mm) Layer height (mm) Wire feed Speed (mm/s)

PTA
Steels 0.6 [185] - 2 [186] 350 [185] - 3510 [187] 9 [186] - 28 [185]

Ti-6Al-4V 4 [32, 33] 2700 - 5400 [33] 1.5 [32, 33] 58 [32, 33]

Nickel
(Inconel 625) 21.6 [34] 1.2 [34] 3 [34]

EB
Ti-6Al-4V

2.4 [188] - 18 [188]
Within range:
[189ś199]

690 [195] - 8500
[199]
Within range:
[188ś194, 196ś198]

1.2 [189] 1 [200]
14 [193] - 141 [188]
Within range: [189,
192, 194, 196ś198]

Inconel 718 5 [201] 600 - 960 [201] 5.4 [201]

of shielding gases, which are typically a combination of inert (Ar) and active (CO2). The

shielding gas varies things like the stability of the arc, metal transfer, and penetration of

the weld and is tailored to the material being deposited. The wire is continuously fed as

the welding torch is translated in the geometry of the weld or AM part. The consumable

electrode is either a solid wire or a cored wire, with a powdered interior in various ferrous

and non-ferrous compositions. The current is directly proportional to the deposition rate but

inversely proportional to the electrode extension, which is the distance between the end of

the wire guide and the tip of the electrode, shown in Figure 2.4A. The arc voltage is a means

of electrically quantifying the physical length of the arc and can be affected by many factors,

including: electrode composition and size, shielding gas composition, electrode extension,

and the length of the welding cable [202]. The deposition rate for GMAW in terms of AM

is material dependent, but is in the range of 15-160 g/min [164, 203, 204].

Three traditional transfer modes are commonly used with the GMAW process, which are:

spray, globular, and short circuiting [205]. Cold metal transfer (CMT) is a modiőed sub-

sidiary of short circuiting, where the mechanical movement of the wire electrode is synchro-

nized with the electrical control parameters [149]. Instead of increasing the current during

the short circuit phase, the current is dropped, extinguishing the arc and limiting the amount

of thermal energy transferred to the deposit [206]. The electrode is then retracted, pinch-

ing the molten material, depositing it into the melt pool. The current is then increased to

reignite the arc, and the process repeats [207]. The decrease in thermal energy transfer re-

duces the heat accumulation in multi-layer deposits, which can be characterized by the őner

grain structures when compared to continuous welding techniques [149, 208]. This can be
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seen in Figure 2.5 [209], where the lower heat input and heat accumulation is characterized

by the őner grain structure. Furthermore, the pulsing of the arc has been shown to sever

dendrite arms, increasing the heterogeneous nucleation sites, further reőning the microstruc-

ture [153, 170]. It also drastically reduces the dilution of previously deposited material,

reducing the amount of material being melted with each pass and possibly reducing the

number of thermal cycles [207, 210]. Thus, these reasons make CMT the most viable option

for wire and arc additive manufacturing (WAAM). It should be noted that although there is

a reduction in heat input and thermal cycles compared to continuous welding, WAAM de-

posits still suffer from heat accumulation, cracking, porosity, delamination, and anisotropic

microstructures. [211] The őrst study of using GMAW for AM was conducted by Dickens

et al., who tried to expand the realm of 3D welding from large pressure vessels, to more

complex geometries [212].

Gas Tungsten Arc Welding is similar to the GMAW process, but the arc is struck between

a non-consumable tungsten electrode and the workpiece. A őller metal can be fed manually

or mechanically into the arc, where it melts and is deposited onto the substrate. Multiple

őller metals can be fed simultaneously to increase the deposition rate and allow for the

customization of the material being deposited. Inert shielding gasses (typically Ar or He)

protect the melt from oxidation while also affecting weld bead geometry. The polarity of the

system can be altered from DC to AC if the material being deposited is prone to forming

passive őlms [213]. The microstructure and mechanical properties of AM deposits are highly

dependent on the material feeding orientation [214, 215]. Some of the materials that have

been deposited include: TiAl [216], Fe-FeAl functionally graded material [217], FeAl [218],

Ti64 [132, 171, 219, 220], Al [221], and Ni alloys [222].

GMAW and GTAW offer a cost-effective means of AM, with techniques that are already

common industrial practice. The ease of integration with robotic control and gantry systems,

coupled with the high deposition rates, makes these technologies enticing for large-scale

additive manufacturing [223]. However, some complications reside when using a welding heat

source for AM. Distortion and residual stresses are common side effects of the concentrated

heat ŕux generated from an arc [224]. Inconsistent bead geometries can lead to poor surface

őnish, and dimensional accuracy [225]. Research has predominately been on GMAW, which

is speculated to be due to the added complexity of integrating a wire feeding system with the

robotic system. Ensuring the feeding angle is constant during deposition would increase the

difficulty of path planning and building strategies. The continuous heat input experienced



Chapter 2 21

A

B

Figure 2.5: Microstructure variations from the WAAM deposition of AWS ER70S-6 where
A shows the őner grain structure of a deposit with low heat input and low amounts of heat
accumulation, and B show the grain structure with high heat input and large amount of

heat accumulation [209].
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during GTAW could cause increased heat accumulation, resulting in manufacturing defects

such as the slumping of different features. Furthermore, GMAW’s ability to easily strike

and extinguish an arc increase the thermal control during the build by extinguishing the

arc after each pass to allow for the part to cool. The tungsten electrode in GTAW also

requires frequent sharpening to maintain arc characteristics, decreasing the production rate

of large-scale parts.

2.3.2 Plasma Transferred Arc

Plasma transferred arc utilizes a non-consumable tungsten electrode, similar to that seen in

GTAW; however, there are some stark differences between the processes as can be viewed

in Figure 2.4B. Generally, there are two inert gas inlets: the plasma and shielding gas. The

gasses used in this process (such as Ar) are chosen due to their low ionization potential,

making it easier to strike an arc between the electrode and the substrate. The ŕow of the

plasma gas allows the arc to be self-sustaining, while the shielding gas protects the melt from

the surrounding environment [11]. The plasma is constricted by a nozzle, changing the arc

shape from the traditional bell shape to columnar, increasing the energy density [226]. The

feeding material can either be wire, or powdered materials, allowing for a large degree of

compositions and functionally graded parts. The deposition rate is the highest of the welding

techniques are 33-166g/min [11]. Some of the materials that are being explored with PTA

for additive manufacturing are: Ni alloys [26, 227ś229], Ni-WC [35], Ti [28], functionally

graded Fe-Ni [230, 231], and stainless steel alloys [29, 232].

2.3.3 Laser-based direct energy deposition

Laser-based DED techniques share the basic principles with the aforementioned plasma-

based methods, where the main difference lies in the energy source. For laser systems, a

series of lenses are used to focus a laser beam to melt the desired material [233]. The laser

source can vary depending on the particular application. CO2 lasers are better suited for

low precision, simpler geometries, where an Nd-YAG laser is better suited for őner, complex

geometries [234]. The feed material for laser DED can be powder, wire, or a combination

of the two, depending on the application. A schematic of a typical laser system is shown in

Figure 2.4C. The deposition rate can be up to 25 g/min with varying deposition efficiencies
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depending on the components geometry [235]. Both heat sources share a Gaussian energy

distribution, with the highest temperatures in the center of the melt. However, the heat

ŕux provided by a laser source is upwards of 1kW/mm2 with a 2mm diameter spot size

[236ś238], while a plasma provides upwards of 60W/mm2 over 16mm diameter spot size

[11, 239]. Another critical distinction is the safety precautions that workers must abide by

during laser DED. To strike an arc, the workpiece must be electrically grounded and can

only be sustained within a certain stand-off distance. Commercial lasers do not have any of

these pre-requisites, meaning they can theoretically be directed at any surface. Additionally,

a laser can be reŕected by certain metallic surfaces that can damage facilities or personnel.

Thus, proper control measures must be implemented to ensure the safety of anyone working

with this equipment.

2.3.4 Materials

In all AM techniques, the feedstock metals can be in the form of wire or micron-size powder.

Powder metals are typically much more expensive than their wire counterparts, but offers

material compositions that are not able to be drawn into a wire. An example of this are higher

reinforcement loaded MMC’s and intermetallics, where the inherent brittle nature of these

materials make it un-suitable for wire applications [240]. However, the deposition efficiency

of wire fed systems are beyond what is possible with powder [241]. Moreover, storage of metal

powders requires signiőcantly more safety precaution than that of metal wires and the higher

surface area to volume ratio makes them more susceptible to oxidation [242]. The quality

of the feedstock is of utmost importance, as porosity in the feedstock stock powders has

been shown to drastically increase the porosity of the printed part[30]. Poor surface quality

and diameter variances of wire feedstock can trap moisture and hydrocarbon residue during

the deposition process, resulting in porosity in the őnal deposit [243ś246]. This section

of the report will outline the common materials and the as-built microstructures found in

the above mentioned AM techniques, as shown in Table 2.2 and Table 2.3. The variation in

mechanical properties of AM deposits will be compared to conventional manufacturing where

applicable, and the microstructural justiőcation for differences will be discussed. The order of

materials is as follows: őrst steels will be discussed, followed by titanium, aluminum, nickel,

magnesium, copper, cobalt-chrome, and tungsten alloys. It should be noted that there has

been work done on energetic materials, typically in the form of metal-polymer composites.
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However, the printing modalities for these materials are currently limited to those suited for

polymer materials and were deemed out of the scope of this paper. The topics discussed in

Section 2.4 and Section 2.5 can be applied to the deposition of energetic materials, speciőcally

those that utilize a deposition nozzle like direct writing, fused deposition modelling and

photopolymerization [247].

2.3.4.1 Steels

Steels are extensively used in various industrial sectors due to their high strength, good

toughness, and low cost. There has been extensive work on the AM of steels, especially

with WAAM. Some honourable mentions include: ER70S-6 [136, 138, 139, 248], 304 SS

[136, 137, 167, 249], 308L SS [140, 141, 168, 186], and AISI 420 SS [142].

In the case of 316L austenitic stainless steel, LDED fabricated parts were reported to exhibit a

higher hardness, yield stress, and tensile strength with lower elongation than their wrought

counterparts [94]. These differences in mechanical properties were attributed to the őner

cellular arm spacing of the LDED manufactured steel compared with the wrought one [94].

The grain structure of LDED fabricated 316L stainless steel is highly dependent on process

parameters, where grains become coarser by increasing power density and decreasing scan

speed [91]. The 316L stainless steel fabricated by GMAW-AM was reported to have greater

hardness and UTS, but a lower elongation than the wrought steel [143]. Microstructure and

mechanical properties of the GMAW-AM fabricated 316L stainless steel depend on arc mode.

A őner grain size (and consequently a higher strength and hardness) is achieved when spray

transfer mode is replaced with short-circuiting transfer mode [143]. This is explained by the

lower heat input of the short-circuiting than the spray transfer more, which leads to a faster

cooling rate [143].

Another common steel grade in AM is 17-4 PH martensitic stainless steel. However, the

majority of the work has been on powder bed methods [250ś255], as opposed to DED [30,

92, 144, 204, 256, 257]. High cooling rates associated with the selected AM processes limit

transformation of δ-ferrite to γ-austenite at high temperatures so that some amounts of

δ-ferrite remain at room temperature. AM fabricated 17-4 PH stainless steels commonly

exhibit a dendritic microstructure with interdendritic δ-ferrite in a lath martensitic matrix



Chapter 2 25

[92, 144, 204]. It has been shown that proper shielding must be implemented with PTA-

AM of 17-4 to prevent interlayer oxidation during fabrication[30]. Caballero et al. [144]

fabricated 17-4 PH stainless steel from a wire feedstock using a GMAW-AM technique.

They reported that decreasing the heat input to the system increased the solidiőcation rate

and subsequently the amount of retained austenite in the as-built microstructure. Moreover,

the as-built parts had lower yield stress and UTS than wrought 17-4 PH stainless steel.

However, exposure to a solution and aging heat treatment increased their yield stress and

UTS signiőcantly to be comparable with those of the wrought alloy [144]. Adeyemi et al.

[92] investigated the inŕuence of laser power on the microstructure of LDED fabricated 17-4

PH stainless steel. They observed a coarse microstructure at a high laser power due to high

laser intensity and consequently slower cooling rate [92]. In another study, Martina et al.

[204] fabricated walls from 17-4 PH stainless steel wires using a GMAW-AM technique, a

tandem torch. They reported a drop in strength and hardness of the deposited walls with

an increase in wire feed speed, which was attributed to an increase in grain size [204].

Anisotropy of both microstructure and mechanical properties is signiőcant in DED fabri-

cated steel parts. The microstructural grains and dendrites are preferentially oriented along

the build direction with the highest thermal gradient [95]. Thus, for the vertical orienta-

tion parts in which the build direction is parallel to the deformation direction, fewer grain

boundaries exist compared to the horizontal orientation parts in which the tensile direction

is perpendicular to the build direction. Since grain boundaries act as barriers to disloca-

tion motion during the deformation, less dislocation accumulation occurs in the vertical

orientation parts than horizontal orientation parts. Consequently, the vertical orientation

parts exhibit a lower tensile strength but a higher elongation than the horizontal orientation

parts. This anisotropy of the mechanical properties has been reported for the LDED fabri-

cated 304L stainless steel [96], WAAM fabricated 304L stainless steel [167] LDED fabricated

316L stainless steels [95ś97], WAAM fabricated 316L stainless steel [145], WAAM fabricated

H13 tool steel [146], and WAAM fabricated 17-4 PH stainless steel [144].

For example, the inŕuence of part orientation on the tensile behavior of WAAM fabricated

304L stainless steel is depicted in Figure 2.6 [167]. The vertical orientation parts (L1, L2,

and L3) exhibited an average yield stress, UTS, and elongation of 231 MPa, 622 MPa, and

88.1%, respectively [167]. Horizontal orientation parts (T1, T2, and T3), however, were

reported to have an average yield stress, UTS, and elongation of 235 MPa, 678 MPa, and

55.6%, respectively [167]. For most industrial applications, fabricated parts need to exhibit
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Figure 2.6: Tensile plots of WAAM fabricated 304L stainless steel for vertical orientation
(L1, L2, and L3) and horizontal orientation (T1, T2, and T3) [167].

uniform mechanical properties. Thus, the anisotropy of the mechanical properties in the

AM steel parts is a challenge. Several studies were conducted to solve this issue. Wu et

al. [145] investigated the anisotropy of the mechanical properties in 316L stainless steel

components fabricated by speed cold welding AM. They observed a pronounced reduction in

the anisotropy by decreasing scan speed and increasing cooling time. This was attributed to

the cooling rate reduction [145]. Wang et al. [146] reported that the mechanical properties

of the WAAM fabricated H13 steel became isotropic as a consequence of annealing at 830 C

for 4 hours. In another study, Fu et al. [258] eliminated anisotropy of mechanical properties

in a bainitic steel using a combination of WAAM and micro-rolling. This hybrid technique’s

fully equiaxed grain structure resulted in the isotropic mechanical properties [258].
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2.3.4.2 Titanium Alloys

Titanium alloys are widely used in the aerospace industry due to their high strength-to-weight

ratio [259]. The allotropic nature of titanium alloys, in addition to high-temperature thermal

cycles associated with AM techniques, allows for various microstructures, and consequently,

mechanical properties [260]. Moreover, titanium components with complex geometries can-

not be easily fabricated using conventional manufacturing techniques due to titanium alloys’

poor machinability. The low thermal conductivity of Ti results in poor thermal dissipation

during machining, leading to poor surface quality, accuracy and reduces machining tool life

[261]. These factors make titanium alloys an attractive candidate for AM. Ti-6Al-4V (Ti64)

alloy contains an allotropic microstructure of hcp α- and bcc β-phases, and is the most widely

AM-fabricated alloy among all metallic alloys [103, 104, 132, 172ś174, 199]. AM-fabricated

Ti-6Al-4V alloys exhibit higher strength but lower ductility than conventional manufactur-

ing techniques such as casting and forging [33, 105]. This can be explained by the formation

of α’-martensite due to the high cooling rates associated with the selected AM techniques.

The ductility of AM-fabricated Ti-6Al-4V components can be enhanced by applying heat

treatments at the cost of reducing the overall strength of the material [106, 151]. Zhai et

al. used a high-power laser to fabricate Ti-6Al-4V components, resulting in an as-built UTS

and elongation of 1042 MPa and 7%, respectively [106]. Similar mechanical properties were

reported for the Ti-6Al-4V alloy fabricated by GMAW [151] and pulsed plasma arc AM [33].

These őndings can be explained by the similarity in their microstructures, where őne acicular

α’-martensite with a small amount of α+β lamellae was observed [33, 106, 151]. In the case

of LDED, when the laser power decreased from 780 W to 330 W, the mixed microstructure

of α’-martensite and α + β lamellae was replaced with a fully martensitic microstructure

[106]. This was attributed to the acceleration of the cooling rate as a consequence of the

decreased laser power. The microstructure change led to a UTS enhancement from 1042

MPa to 1103 MPa, but an elongation drop from 7% to 4% [106].

Columnar grains and strong crystallographic texture of β <001> along the build direction

in DED fabricated titanium alloys lead to an anisotropic microstructure [262, 263]. The

anisotropy of the microstructure causes anisotropy of mechanical properties. In general,

horizontally built parts exhibit higher yield stress and UTS but lower elongation than verti-

cally built parts. This behavior has been observed for LDED fabricated Ti-6Al-4V alloy [264],

LDED fabricated TC21 alloy [265], LDED fabricated TA15 alloy [266] and WAAM fabricated
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Ti-6Al-4V alloy [219]. Anisotropic mechanical properties can be eliminated by obtaining an

equiaxed grain structure with a random crystallographic orientation. Such a microstructure

can be achieved by using interpass rolling between deposited layers [174], adding grain reőn-

ing elements during AM [267], changing process parameters (for example, increasing powder

feed rate and lowering laser energy density) [268], and applying post-process heat treatments

[269]. These procedures can extend the application of DED fabricated titanium alloys into

components that are required to exhibit uniform mechanical properties in all directions.

2.3.4.3 Aluminum Alloys

Aluminum alloys are the most extensively used non-ferrous metallic alloys in engineering

components due to their high strength, low density, good ductility, and high corrosion re-

sistance. Additive manufacturing of aluminum alloys is more challenging than steels and

titanium alloys due to their high thermal conductivity. Therefore, the power of the different

heat sources needs to be increased during AM to prevent quick heat dissipation [153, 270].

This is especially prevalent when the heat source is a laser beam because aluminum alloys

have a high reŕectivity [111]. The optics train can be damaged from the reŕected laser, which

can be counteracted by introducing a minor z-axis tilt to the laser head [270]. The increased

power of heat sources can lead to the evaporation of some alloying elements such as zinc and

magnesium during manufacturing, resulting in porosity due to gas entrapment [271, 272].

This limits the range of aluminum alloys that can be fabricated by AM. Aluminum also forms

a strong passive oxide layer on the feedstock material, reducing the wettability of the melt

during fabrication [273]. The presence of a large solidiőcation range is another factor limiting

AM of aluminum alloys. The segregation of alloying elements during solidiőcation decreases

the melting temperature of the grain boundaries, creating a liquid őlm. The thermal stresses

induced by the high thermal expansion of Al can cause intergranular rupture of the grain

boundaries, resulting in hot cracking [154, 176, 274]. The addition of silicon has been shown

to reduce the susceptibility of hot cracking by reducing the solidiőcation range, enhancing

ŕuidity, and decreasing the thermal expansion coefficient [272, 275]. Moreover, it forms a őne

low melting eutectic structure that can backőll cracks and increase the grain boundary area,

preventing crack growth [272]. Among aluminum alloys, AlSi10Mg is the most extensively

AM-fabricated alloy [109, 112, 114, 276, 277], although others like Al 5356 [278ś281] and

Al 4043 [282ś285] have also been studied. The alloy is a hypoeutectic Al-Si alloy with a
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composition close to eutectic. The presence of a small amount of magnesium (≈ 1 wt. %)

makes this alloy age-hardenable through Mg2Si precipitation. The mechanical properties of

AlSi10Mg alloy mainly depend on the morphology and size of the eutectic phase. The slower

cooling rate in casting results in a larger cell structure with large intercellular Si particles.

The larger Si particles act as crack initiation sites that can propagate easily through larger

celled structures leading to low strength, and poor ductility [286ś288]. However, AM tech-

niques with high solidiőcation rates can reőne the eutectic phase and consequently enhance

the alloy mechanical properties [110, 277].

2.3.4.4 Nickel Alloys

Nickel alloys are extensively applied in gas turbine engines, nuclear reactors, rocket engines,

submarines, and space vehicles owing to their high strength and oxidation resistance at

elevated temperatures [158]. Various nickel alloys have been used in the selected AM tech-

niques including Inconel 625 (In625) [117, 289, 290], NiCrBSi alloy [35], Inconel 718 (In718)

[135, 291] and Ni-Fe-V [292, 293] alloy. AM-fabricated Inconel 718 typically yields a den-

dritic structure of FCC γ, with the segregation of Nb and Mo to the interdendritic regions,

characterized by the formation of Laves phase ((Ni,Cr,Fe)2(Nb,Mo,Ti)) [157, 158, 178]. The

presence of the Laves phase suppresses the formation of γ” (Ni3Nb), the main contributor

to In 718 superior mechanical performance, by depleting the matrix of Nb [121]. The fast

cooling rates associated with AM, lead to a őner microstructure and less segregation than

that of cast Inconel 718, resulting in comparable or slightly superior mechanical properties

[119, 177]. The lack of precipitation strengthening and the defect accumulation during de-

position leaves as-built AM deposits with inferior properties compared to wrought Inconel

718. This is remedied through heat treatment or hot isostatic pressing (HIP) [122, 123, 156].

Inconel 625 superalloys fabricated by a pulsed plasma arc (PPA) AM exhibited a yield stress,

UTS, and elongation of 438 MPa, 721 MPa, and 49%, respectively [34]. Similar mechanical

properties were reported for the same superalloy manufactured by a GMAW-AM technique

[159]. These mechanical properties are greater than those of the as-cast Inconel 625 superal-

loy. This can be explained by őner dendrites and precipitates observed in the microstructure

of AM built Inconel 625 superalloy [34, 159]. However, yield stress and UTS of Inconel 625

fabricated by PTA-AM or GMAW-AM are not as high as those of the wrought Inconel 625.

This can be attributed to the őne equiaxed grain structure of the wrought superalloy. The
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LDED built Inconel 625 superalloy was reported to have higher yield stress (540 MPa) but

a lower UTS (690 MPa) and elongation (36%) than the wrought superalloy [116].

2.3.4.5 Magnesium Alloys

Magnesium alloys are the lightest engineering metal available with an approximate density

of 1.74 g/cm3, which is signiőcantly lower than that of steels, titanium alloys, and aluminum

alloys[294]. Although the application of magnesium alloys has been limited owing to their

low corrosion resistance and poor mechanical properties, their biocompatibility and elas-

tic modulus comparable with human bones make these alloys an attractive candidate for

biomedical applications [295]. Moreover, magnesium alloys are widely used to fabricate dis-

solvable downhole tools, where a high speciőc strength and corrosion rate are required [296].

Fabrication of magnesium alloys through forming processes such as forging and extrusion has

been limited due to their limited active slip systems at room temperature, and high oxida-

tion rate at elevated temperatures [297]. Furthermore, the casting of magnesium alloys does

not allow for the fabrication of parts with complex geometries or the őne microstructures

required to achieve good mechanical properties. Thus, AM techniques are being explored to

target unique microstructures and high performance in magnesium alloys. Guo et al. [180]

fabricated single pass multi-layer walls from AZ80M alloy wires using a GTAW-AM method.

The as-built microstructure mainly comprised α-Mg and β-Mg17Al12 with small amounts of

Al2Y phase [180]. This phase assemblage is typical for wrought AZ80M magnesium alloys.

Mechanical properties of the GTAW-AM fabricated AZ80M alloy [180] were insigniőcantly

different from those of a wrought sample. In another study, Guo et al. [179] fabricated

full-dense components from AZ31 alloy wires using the GTAW-AM technique, where various

pulse frequencies (from 1 Hz to 500 Hz) were employed. The őnest grain structure and con-

sequently greatest mechanical properties were achieved when the pulse frequency was either

5 Hz or 10 Hz [179]. A GMAW-AM process has also been used to manufacture components

from AZ31B alloy wires [161]. Both size and volume fraction of pores in the as-built parts

[161] were reported to be dramatically lower than those of pores in die-cast magnesium al-

loys. The GMAW-AM fabricated AZ31B alloy exhibited a higher elongation but lower yield

stress than its wrought counterpart [161]. However, the UTS of the GMAW-AM fabricated

AZ31B alloy was comparable to that of the wrought one [161].
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2.3.4.6 Copper Alloys

Copper and copper alloys are widely used for manufacturing heat sinks, electrical wires,

tooling inserts, busbars, cooling components, and electric motors due to their high electrical

and thermal conductivity. Additive manufacturing allows the fabrication of complex ge-

ometries made from copper, such as internal cooling channels, while reducing the required

material and shortening the manufacturing cycle. However, poor dimensional accuracy and

signiőcant porosity were observed in the AM-fabricated copper parts [298]. These problems

are attributed to the rapid heat dissipation during AM resulting from the high thermal

conductivity of copper. Thus, limited research has been conducted using the selected AM

techniques to fabricate Cu components [164, 165, 182]. Dong et al. [182] fabricated a Cu-9

at. % Al parts using GTAW-AM, where separate pure Cu and Al wires were fed into a

melt pool. The rapid solidiőcation associated with GTAW-AM resulted in a microstructure

predominately consisting of Cu9Al4 and CuAl2 intermetallics in the as-built condition [182].

Homogenization heat treatment of the as-built parts reduced the amount of the intermetallic

phases and enhanced yield stress, UTS, and elongation [182]. In another study, Shen et al.

fabricated a Cu-Ni-Al part using a multi-axis GMAW-AM technique and compared it with

the same part made from conventional casting. The AM-fabricated microstructure contained

a lower volume fraction of K-phase precipitates but higher amounts of intermetallic phases

than the as-cast one. This was attributed to the suppression of the eutectoid reaction by

the high cooling rate associated with the GMAW-AM process [165].

2.3.4.7 Cobalt-Chrome Alloys

Cobalt-chromium alloys exhibit excellent wear resistance, high-temperature hardness, cor-

rosion resistance, and biocompatibility. They are extensively used in cutting tools, gas

turbines, combustion engines, surgical prosthesis, and machine gun barrels. However, their

high hardness and low thermal conductivity quickly increase their temperature during cut-

ting, making these alloys very difficult to machine. Thus, AM can be a good candidate for

manufacturing Co-Cr parts. The AM-fabricated microstructure is mainly composed of Co-

matrix dendrites and inter-dendritic eutectic, similar to the as-cast microstructure. However,

both the dendritic branches and eutectic structure of the AM components are signiőcantly

őner than those of cast ones [126, 129, 183]. This can be explained by the signiőcantly
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higher cooling rates of the selected AM techniques compared to casting. As a result of the

őner solidiőcation structure of the AM parts, the inter-dendritic eutectic carbides mostly

have a lamellar morphology [126, 129, 183]. This contrasts the coarse blocky eutectic car-

bides typically observed in the cast microstructure [183]. This explains the higher hardness,

yield stress, and UTS of the AM parts compared to their cast counterparts [183]. However,

compared with wrought Co-Cr alloys, the AM-fabricated Co-Cr alloys exhibit a comparable

volume fraction of carbides and hardness value [129]. Moreover, the wear resistance of AM

parts under dry sand/rubber wheel test conditions was reported to be less than that of the

wrought ones [129]. This is attributed to the lamellar carbides of the AM deposit creating a

continuous network that is easily removed during the wear test [129]. Mechanical properties

and corrosion resistance of as-deposited AM Co-Cr alloys can be enhanced by performing

post-processing heat treatments. The best combination of hardness, wear resistance, and cor-

rosion resistance was reported to be achieved when the as-fabricated component is subjected

to solutionizing heat treatment without being aged [127].

2.3.4.8 Tungsten Alloys

Tungsten and its alloys are widely used in many high-temperature applications such as col-

limators, arc welding electrodes, rocket nozzles, and heating elements in high-temperature

furnaces owing to their high melting point, low thermal expansion coefficient, high ten-

sile strength, and good creep resistance. However, their low ductility at room temperature

and high ductile-to-brittle transition temperature (DBTT) limit their ability to be fabri-

cated. Powder metallurgy (PM) techniques are commonly used to fabricate W components.

However, parts with complex geometries are challenging to manufacture by PM techniques

due to the limitation in mold/die geometry. Moreover, porosity is a common defect in

PM-fabricated parts due to the high melting point of tungsten alloys. Thus, AM can be

considered a promising candidate for the fabrication of fully dense W components with com-

plex geometries. Marinelli et al. [184] fabricated defect-free parts from pure W wires by a

GTAW-AM technique using a front wire feeding approach. Both the grain structure and the

number of structural defects (such as gas-trapped pores, keyholes, and lack of fusion) were

reported to be highly dependent on the orientation of the wire feeding [184]. In another

study, Zhong et al. [130] used an LDED technique to fabricate a collimation component

from pure W and W-Ni powder. No cracks or pores were observed in the microstructure of
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the as-deposited parts [130]. Both tensile strength and elongation of LDED W-Ni alloys are

enhanced by the addition of Fe, and Co [15].

2.3.4.9 Defects

This section will focus on the defects found in Ti-6Al-4V deposits across the different depo-

sition technologies due to the lack of correlation between defects and the material or deposi-

tion system. The defects found are typically anisotropic microstructure [100, 102, 132, 189],

porosity [99, 196, 264], thermal residual stress [100, 150, 200], lack of fusion [98, 192] and

cracking [152]. These defects were found in LDED [98ś100, 102, 131ś133, 264], GMAW

[148, 150, 152], GTAW [132], PTA [32, 33], and EB [189, 191ś193, 196, 198, 200] deposits.

Eliminating these defects is a challenge that will need to be overcome before the full com-

mercialization of AM, especially for large-scale parts. Some of the remedies being explored

are HIPing [104, 123, 189, 192, 299ś301], hot rolling [173, 174], shot peening [124, 302], and

cold working [303].

2.4 Fabrication platforms

This section introduces various considered fabrication platforms for the AM techniques dis-

cussed in Section 2.3, that were commonly found in the literature. For the context of this

paper, an AM fabrication platform was considered as any actuated mechanical platform

capable of carrying, translating, and potentially re-orienting a deposition systemśsuch as a

laser cladding head or a GMAW torchświth the desired accuracy. Alternatively, the system

can be designed to translate and re-orient the substrate plate onto which components are

printed or a combination of both re-orientation of the substrate plate and translation of

the deposition system. The platform can be programmed to carry out deposition trajecto-

ries, including the complete integration of the deposition system, where parameters can be

adjusted, and deposition can be activated and deactivated.

Various system types are reviewed in this section, and their suitability towards scalable,

support-less, large-scale metal AM are assessed. Table 2.5 lists the platform types covered

in this section and the advantages and disadvantages. Support-less printing is the aforemen-

tioned ability of a platform to re-orient a component during fabrication sufficiently to enable
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Table 2.5: A summary and comparison of various fabrication platform types.

Platform type
DOF
(dep.
head)

DOF
(build
plate)

Advantages Disadvantages References

5-axis CNC 3 trans. 2 orient.

- Existing process plan-
ning methods

- Good transitional
technology

- High component mass

- Limited scaleability
- Deposition system

limited to translation
- Relatively expensive

[60, 61,
304ś307]

Parallel mechanism 0
3 trans.,
2 orient.

- Cost-effective

- Limited scaleability
- Limited build plate

orientation angles
- Limited component

mass

[308ś
310]

Serial manipulator
carrying build plate 0

3 trans.,
3 orient.

- High-DOF build plate

- Limited scaleability
- Deposition system

limited to translation
- Limited component

mass

[311,
312]

6-axis ser. manip.
and 2-axis positioner

3 trans.,
3 orient. 2 orient.

- Deposition system
orientation can be
changed

- Scaleable
- High component mass

- Relatively expensive [56, 58,
74ś76]

multi-directional deposition, which allows for support-less printing through re-alignment of

the print direction with the gravity vector. The scope of the reviewed systems in this section

is limited to systems capable of multi-directional deposition. It should be noted that the ma-

terials for each referenced publication are listed in Table 2.6. However, Mg, Cu, Co-Cr, and

tungsten alloys were not mentioned in any of the referenced works and will not be included.

Multiple groups of researchersśAnzalone et al. [308], Nilsiam et al. [309], and Lu et al.

[310]śintroduced open-source fabrication platforms where the substrate plate is actuated by

Table 2.6: Sample of materials used in the various pieces of work discussed in Section 2.4

Steel Ti Al Ni Non-metals Not Mentioned

[56, 60, 61, 74, 75] [306] [306, 309, 313] [306] [311, 312, 314] [58, 77, 307]
[304ś306, 308, 310]
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a parallel mechanism, which allows for 5 degrees of freedom (DOF) motion enabling multi-

directional deposition. The substrate plate can be translated in all three directions (x,y, and

z planes) and rotated about the two horizontal coordinates. The rotational capabilities are,

however, not utilized when fabricating sample components with the proposed systems. In

each system, the deposition system (a GMAW torch) is rigidly mounted above the actuated

substrate plate. The system proposed by Anzalone et al. is shown in Figure 2.7B. Each of the

systems is highly cost-effective at the proposed scale and type of hardware used. However,

these systems have a limited build volume and re-orientation angles, making them ill-suited

for larger parts. Another limitation is the limit of payload scaleability as the build plate’s

actuation system carries the full weight of the build.

Another system found in the literature capable of 5-axis AM is standard CNC milling systems

retroőtted with a deposition system such as a GMAW or an LDED cladding head, introduced

in Section 2.3.1 and Section 2.3.3 respectively. CNC milling machines have existing process

planning and computer-aided manufacturing (CAM) infrastructure that can be integrated

with these deposition systems, making them a popular industrial choice. This established

pipeline of technology will be important in streamlining commercial 5-axis AM systems,

especially for components of a limited size. Panchagnula et al. mounted a GMAW torch

on the side of their CNC milling system’s tool spindle, allowing the torch to be moved in

three translational dimensions. Furthermore, the CNC milling system is equipped with a

2-axis positioner (see Section 2.7A), enabling the substrate plate to be tilted and rotated.

The combined total of 5 DOF allows for multi-directional deposition and, therefore, the

fabrication of support-less components [60, 61]. A further 5-axis metal AM platform, where a

CNC milling system was retroőtted with a laser cladding system was introduced by Tabernero

et al. and Calleja et al. [304, 305], with similar capabilities as Panchagnula et al.

In addition to the above-listed 5-axis platforms, there are also commercialized 5-axis hybrid

platforms for metal AM available such as the Mazak INTEGREX i-400 AM [306] and the

DMG Mori LASERTEC 65 3D hybrid [307]. Each of these two platforms is equipped with

an LDED deposition system and a tool spindle. A component is őrst fabricated, or a feature

is added to an existing component through AM. The őnished component or feature is then

őnalized by milling the surfaces to an accurate size. This combination of additive and

subtractive manufacturing is gaining popularity in the industry due to the lack of geometrical

constraints of AM coupled with the surface tolerances offered by subtractive manufacturing.

This offers unique capabilities that are currently not achievable with either technology alone.
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Figure 2.7: Examples of AM platforms with multi-directional deposition capabilities. (a)
A 5-axis WAAM platform [61], (b) a parallel-mechanism-based WAAM system [308], (c) a
6-axis robotic polymer AM platform [312], (d) an 8-axis robotic LDED platform [56], (e) a

collaborative multi-manipulator platform [314].
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Another platform that can potentially be utilized for metal AM was őrst introduced by Wu

et al. and Dai et al. and is shown in Figure 2.7C. The platform consists of a 6-axis serial

manipulator and a rigidly mounted deposition system above the manipulator. The substrate

plate is mounted on the tool ŕange of the manipulator and can be moved in 6 DOF, allowing

for multi-directional deposition [311, 312]. While both Wu and Dai et al. utilized polymer

extruders as a deposition system, simple modiőcations could render it to be compatible with

the metal deposition systems introduced in Section 2.3. One inherent limitation of this

proposition is that the size of the component is constrained to the maximum payload of the

manipulator, possibly limiting the scalability to large metallic parts. [56, 58, 74ś77]

A better-suited metal AM fabrication platform uses a large-scale serial manipulator to carry

the deposition system (6 DOF), while the components are fabricated on a two-axis positioner

(2 DOF) such that the overall systems offers 8 DOF. These systems have various advantages

over the reviewed parallel, 5-axis gantry-based, and 6-axis manipulator-based platforms.

An advantage compared to 5-axis systems is that the deposition head’s orientation can be

changed in all three rotational directions when a 6-axis manipulator carries the deposition

system. This capability to change the orientation also facilitates tangential continuity, allow-

ing for smoother surface őnishes and optimizing the feeding angle of material into the melt

pool while maintaining alignment with the gravity vector for multi-directional deposition.

During GMAW-based deposition, for example, speciőc drag or pull angles can help achieve

the desired bead geometry. Another signiőcant advantage, which has been appreciated since

the 1980s for welding complex, curved contours is the redundancy of the 8-axis manipulator

and positioner combination. Redundancy in the context of a kinematic system is when more

degrees of freedom are available than are required to complete the desired task. Thus, re-

dundancy implies kinematic advantages such as enhanced relative reachability and dexterity

between fabricated components and deposition systems.

The coordinated motion between manipulator and positioner offers the following advantages:

reduction of execution time, added ŕexibility in motion optimization and collision avoidance,

maximization of the manipulator workspace, and the ability to track smooth corners using

smooth paths [315]. Generally speaking, manipulator/positioner combinations have been

used for welding applications for over 30 years. Therefore, using these platforms for DED

deposition is a natural extension of robotics research, where prior research can be utilized

seamlessly.
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The őrst example of using an 8 DOF system for DED was proposed by Dwivedi et al.,

where radial components were fabricated using multi-directional deposition. The authors

used a powder-based LDED system for metal deposition [58] mounted on the manipulator’s

tool ŕange. Ding et al. [56, 74, 75] (see Figure 2.7D) and Zheng et al. [76] proposed

equivalent platforms also using powder-based LDED as deposition systems. Ding et al.

explored the augmentation of a 6-axis manipulator with a 2-axis positioner, totaling 8 DOF

for multi-directional deposition, as shown in Figure 2.7D. The author eliminated the need

for support structures while fabricating a propeller, which consisted of a core volume (a

shaft) and radially overhanging features (propeller blades). Such a component is difficult

to manufacture using conventional subtractive manufacturing [56]. Platforms utilizing arc-

welding-based deposition technologies have been less explored in combination with 8-axis

motion platforms than LDED-based deposition. Such a platform was used by Ma et al.

for experimental trials with Aluminium [77]. Moreover, in a collaborative effort between

the University of Alberta and InnoTech Alberta in Edmonton, Canada, a robotic large-scale

WAAM platformśas shown in Figure 2.1śhas been put in use by the authors of this work and

initial research on parameter identiőcation towards the optimization of deposition parameters

is currently being conducted [209]. An interesting extension for robotic large-scale metal AM

is the use of multiple mobilized manipulators, each carrying a deposition system. Research

on such a platform in the area of civil engineering for fabrication of concrete components

using AM has been conducted by Zhang et al. The researchers propose a platform consisting

of two 6-axis manipulators, each mobilized by a holonomic mobile platform where a concrete

deposition nozzle is mounted on each manipulator’s tool ŕange (see Figure 2.7E).

A holonomic mobile platform can translate in any direction (sideways or forward) without

the need to change the orientation of the platform, which means that the manipulators

can reach any location within the fabrication space at an optimum duration and trajectory.

Zhang et al. identiőed that the most signiőcant advantage of this platform is the ability

to fabricate components larger than the reach of one manipulator. The mobility aspect of

the platform extends the reach of each manipulator, signiőcantly enhancing the scalability

and duration of fabrication. The extent of the scalability can be enhanced by increasing the

number of mobile manipulators to the system. Some of the associated research challenges

are robot localization, multi-robot coordination (e.g., swarm intelligence) and collision-free

motion planning, and robot placement accuracy and optimization [314]. While Zhang et

al.’s proposed platform is not capable of multi-directional deposition, a multi-manipulator
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platform can also be augmented with a large-scale multi-axis positioning system in order to

facilitate multi-directional deposition.

2.5 Process planning

Process planning refers to converting a 3D model of a component to an optimal manufactur-

ing strategy prior to fabrication. An integral part of this strategy for multi-directional large-

scale AM is avoiding support structures as commonly required for 2.5 DOF AM. Depending

on the geometric complexity of the overhanging features, the 3D model is decomposed into

sub-volumes typically consisting of a core volume and multiple overhanging features. These

are then sliced into cross-sectional layers, followed by the generation of an optimized depo-

sition tool path for each layer. An example of such a process planning sequence is shown

in Figure 2.8 [56]. This example shows the decomposition of a propeller where a clear sep-

aration between core volume (shaft) and the overhanging features (propeller blades) can be

found. For many other components, however, this separation is less obvious or nonexistent

(see Figure 2.9).

After slicing is complete, a deposition tool path is computed that őlls the required areas

of each layer with material. Using a numerical model, the bead geometry (bead width

and height) required to őll the layer to a predetermined height is correlated to a set of

deposition system parameters, including the material feed rate, deposition system speed,

and dwell times. The magnitudes of these parameter values depend on the material and

deposition technology being used. This information is then provided to the fabrication

platform, theoretically allowing for unsupervised deposition.

In order to fully exploit the possible advantages of large-scale robotic AM, the systems and

algorithms for the automated process planning of near net shape components need to be

capable of decomposing complex volumes into sub-volumes. Additionally, the algorithm

must account for the multi-directional and non-planar slicing of these volumes, and the tool

path and robot joint trajectory planning, including collision avoidance [316]. The substantial

work that has been done towards this objective will be discussed herein. First, state of the

art in volume decomposition and slicing will be reviewed (Section 2.5.1), followed by the

established tool path generation methods for planar layers, as many of these tool path
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Figure 2.8: An example of a process planning sequence on a 3D model of a propeller
including volume decomposition, slicing and path planning of each sub-volume. (Image

source: [56])

generation strategies constitute a basis for further research on tool path planning for non-

planar layers. Finally, some open-source software frameworks for robot joint trajectory

planning and collision avoidance are reviewed in Section 2.5.3. It should be noted that all

of the materials that were used in the reviewed studies have been summarized in Table 2.7;

however, Co-Cr and W were not included.

2.5.1 Volume decomposition & slicing for multi-directional deposi-

tion

Some of the őrst researchers to recognize the need for an advanced process planning frame-

work capable of decomposition and multi-directional slicing of complex 3D models with over-

hangs were Sing, and Dutta [57]. The objective of their proposed method was to improve

Table 2.7: Materials used in the various pieces of work discussed in Section 2.5

Steel Ti Al Ni Mg Non-metals Not Mentioned

[56, 85, 87, 317ś320]
[59, 77, 86, 321ś323] [321] [321] [321] [321]

[62, 311, 312, 316, 324]
[325ś328]

[57, 57, 58, 77, 317, 329ś332]
[333ś338]
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Figure 2.9: Examples of 3D models of varying complexity with a) a radial component
with easily separable overhangs [317], b) and c) more complex components with less clearly

separable overhangs [312].

the surface accuracy and reduce the support volume through multi-directional deposition.

The decomposition sequence is as follows:

1. choose a build direction; by default along the component’s Z direction to avoid collision

of the deposition head with the table,

2. identify and decompose overhanging features (often referred to as “unbuildable struc-

tures” in the literature) in build direction,

3. determine the build direction for each sub-volume, and

4. sequence and slice each sub-volume along its computed build direction.

At the core of the approach is a recursive volume decomposition scheme meaning that over-

hanging features within sub-volumes are also identiőed. The performance of the proposed

process planning framework was shown on two example 3D models, but no components were

fabricated. Dwivedi et al. proposed a framework for automated process planning for LDED

[58]. The process planning framework is based on őrst-order logic and a knowledge base con-

sisting of rule and fact attributes represented by a semantic tree structure. The authors of

the study successfully veriőed their framework on a radial component consisting of 5 helical

blades. Ruan et al. proposed a method using the centroid axis of a component to com-

pute the deposition direction to produce collision-free slicing directions for multi-directional

deposition [319]. The basic tasks are deőned as
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1. centroid axis computation and formation, and

2. collision-free multi-axis slicing based on the centroid axis.

The detection of change in build directionśand therefore slicing directionśis based on the

degree of shift from the centroid axis. The slicing algorithm can produce layers of non-

uniform thickness, thus requiring the deposition system to be capable of producing beads of

varying geometry. The algorithm was veriőed on a 3D model of a hinge with overhangs on

a multi-axis LDED fabrication platform.

Ren et al. identiőed limitations with the previous centroid-axis-based decomposition algo-

rithms for certain corner cases of axis-symmetric overhanging structures where no shift in the

centroid axis occurs. Thus, an algorithm combining the centroid axis-based and boundary-

based decomposition methodsśwhere concave edges and loops marking the interface between

core volume and overhanging feature (see Figure 2.10)śof the type as previously proposed by

Singh and Dutta [57] was introduced [318]. Furthermore, the authors proposed a method for

representing layers of non-uniform thickness by further decomposing the non-uniform layer

into uniform sub-layers of a smaller cross-section than the parent layer. The algorithm was

veriőed by fabricating a turbine wheel with a conical shaft and winged blades on an LDED

platform.

In order to further improve non-planar interfaces between a core volume and overhanging

feature, Singh and Dutta further extended their previous work on multi-directional deposition

Figure 2.10: Schematic representations of a) a concave edge and b) a concave loop as
deőned in [318]. (Image source: [318])



Chapter 2 44

[57], by introducing so-called offset slices, which are essentially non-planar layers [329]. The

concept of offset slices is illustrated in Figure 2.11. If the base surface is non-planar, which is

frequently the case for radial components with overhanging features, the build quality of the

overhanging features can be signiőcantly improved when each layer follows the same contour

as the core volume and subsequently the previous layer.

In order to simplify process planning and fabrication of special cases of components with

overhanging features containing holes (see Figure 2.9a), Ding et al. proposed a framework

that őlls all holes and protrusions within the 3D model prior to decomposition [317]. The

volume decomposition itself is boundary-based, whereas, with previous algorithms, concave

loops and edges are detected. After decomposition, each sub-volume is sliced into planar

layers according to the identiőed build direction. The framework was not veriőed experi-

mentally. Furthermore, due to the hole-őlling operation prior to decomposition, additional

post-processing is required to drill the holes.

Ding et al. introduced a process planning framework for radial components such as propellers

or impellers [56], shown in Figure 2.12. The decomposition algorithm is based on silhouette

edges, as őrst introduced by Singh and Dutta [57], and Dwivedi et al. [320]. The algorithm

is similar to previously proposed boundary-based algorithms as it looks for concave edges

and loops on the core volume. Slicing is divided into two steps (see Figure 2.8):

1. planar slicing of the core volume, typically a cylindrical volume for radial components

and

Base surface

Offset slices

Figure 2.11: The concept of offset slices as introduced by Singh and Dutta [329]. The
offset slices follow the contour of the non-planar base surface where each offset slice is

equidistant to the previous one. (Image source: [329])
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2. mapping of the overhanging feature’s curved geometry from a cylindrical to a cartesian

coordinate system to allow for a planar representation of each curved layer, similar to

the principles proposed by Singh and Dutta [329].

The process planning framework was veriőed on a 8-DOF robot LDED platform (see Fig-

ure 2.7D) by fabricating the propeller model shown in Figure 2.8.

It should be noted that all of the frameworks for process planning reviewed up to this point

can only process components where the overhanging features are sharp concave edges or

concave loops (see Figure 2.10), meaning that they are distinguishable from the core volume.

The works reviewed in the following, however, propose process planning algorithms and

frameworks designed for volumes with non-sharp edges that are more difficult to decompose

(see Figure 2.9b and Figure 2.9c). Wu et al. introduced an advanced volume decomposition

algorithm capable of processing volumes that are not composed of a distinguishable core and

overhanging volumes (see Figure 2.13a) [311]. The decomposition algorithm consists of 3

major steps as illustrated in Figure 2.13:

1. Coarse decomposition: A skeleton is generated based on a mean-curvature ŕow algo-

rithm (see Figure 2.13b) followed by the computation of a distance metricśthe shape

diameter function (SDF)śbetween volume boundary and skeleton (see Figure 2.13c)

and partitioning the mesh using the distance metric based on [330]. The partitioning

algorithm identiőes signiőcant differences in the SDF and creates a boundary plane

where the change occurs. When considering the bunny model, a signiőcant change in

SDF can be found at the bunny’s neck, ears, and tail.

2. Sequence planning : A graph is constructed that deőnes the preliminary build sequenceś

nodes are the sub-volumesśand the print orientation for each sub-volume is determined

(see Figure 2.13d). The preliminary build sequence is A → B → C → D → E

3. Constrained őne tuning : The decomposition is reőned and re-conőgured to satisfy

manufacturing constraints (see Figure 2.13e and Figure 2.13f). For example, the bunny

tail as labelled B in Figure 2.13d can not be manufactured with the platform shown

in Figure 2.7C due to inaccessibility. It, therefore, needs to be merged with A. In

addition, A* needs to be separated into H and K since the belly of the rabbit is an

overhanging feature.
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Figure 2.12: Flowchart of an example process plan similar to the one devised by Ding et

al. for propeller fabrication [56].

Figure 2.13: The volume decomposition algorithm proposed by Wu et al. [311] with
a) the input 3D model, b) the extracted skeleton, c) the shape diameter metric (distance
of every point to skeleton), d) the result of initial decomposition and sequence planning,
e) after merging (B into A), and f) the őnal result after őne decomposition to ensure

manufacturability. (Image source: [311])
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The decomposition algorithm was veriőed experimentally on a robotic AM platform equiv-

alent to the one shown in Figure 2.7C.

One limitation of Wu et al.s work is that it relies on planar layers, which imposes constraints

on the manufacturability of more complex components (see Figure 2.9c). Dai et al. proposed

a novel method utilizing curved layer decomposition relying on dimensionality reduction

[312]. The algorithm is separated into the following steps as illustrated in Figure 2.14:

1. Discretization of the input model into a voxel gridśa discretization into small cubesś

where the voxel dimensions are determined by the deposition system’s resolution (Fig-

ure 2.14b). This is done to reduce the computational load on the following steps since

the volume decomposition of the input model is posed as a global search problem.

2. Sequencing of the voxels to obtain a sequence of voxel accumulation representing the

ŕow of fabrication. By iterating over all voxels, satisfying manufacturing constraints

can be signiőcantly simpliőed. The color scheme shown in Figure 2.14b represents the

voxel sequencing by layer.

3. Computation of each curved layer while avoiding voxel aliasing (see Figure 2.14c).

4. Computation of a tool path for each layer using the method introduced by Zhao et al.

and based on Fermat spirals [324] (see Figure 2.14d).

This algorithm was also veriőed experimentally on a robotic AM platform equivalent to the

one shown in Figure 2.7C. The limitations of the algorithm identiőed by the authors include

Figure 2.14: The volume decomposition algorithm proposed by Dai et al. [312] with
a) the input 3D model, b) after voxel discretization and voxel sequencing where the color
scheme represents the fabrication sequence by layer, c) generated curved layers based on

(b), and d) a detailed view on a computed tool path. (Image source: [312])
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the reliability of thin-feature deposition, fabrication errors due to the used hardware, and

voids in the őlling patterns of the tool path planning algorithm.

Despite the limitations of the frameworks and algorithms proposed by Wu et al. and Dai et

al., their works contain important contributions to process planning of complex models with

signiőcant adoption potential to metal AM.

2.5.2 Tool path planning

Once the component has been decomposed and sliced into cross-sectional layers, the optimal

path to accurately deposit the material within the boundaries of the cross-section is com-

puted. This process is known as tool path planning. An optimized deposition path planning

strategy results in dense parts with minimized residual stress, free of any porosity, better

control of anisotropic microstructures, mitigation and minimization of heat accumulation,

geometrical accuracy, and a smooth surface őnish [62]. In order to develop an optimal de-

position path planning strategy, features that are unique to the various kinematic systems

and deposition technologies (consistency of deposition, motion delay, dynamics, lag) need

to be considered. Notably, the varying delays and inaccuracies in deposition system motion

(especially for larger systems with increased mass) and material deposition (material feeding,

melting) that are difficult to predict can cause unwanted variations on the rate of deposition

and therefore complicate path planning signiőcantly [85]. Inter-layer dwell time, start-stop

minimization, smooth directional changes, as well as minimization of weld path cross-overs,

are some of the commonly adopted strategies to mitigate these complications [85, 87, 321].

Towards the development of an optimized path planning strategy, Ding et al. identiőed

various requirements for WAAM such as geometrical accuracy, minimization of start-stop

points, minimization of rapid directional changes caused by sharp corners in every tool-path

pass, and simplicity allowing for fast implementation [85].

Ding et al. reviewed various path planning methods with respect to their suitability for

WAAM, using the above-mentioned evaluation criteria. Among the reviewed path planning

algorithms are: Raster [331], Zigzag [332, 333], Contour [334ś336], Spiral [325, 337], Fractal

Space Filling Curve [326, 338], Continuous [327, 328, 338] and Hybrid (Combination of

contour and zig-zag) [59, 322]. However, Raster (see 2.15A), Zig-zag (see 2.15B), Contour

(see 2.15C), Fractal (see 2.15E) and Spiral (see 2.15F) should be entirely avoided for metal
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AM due to the many issues listed by Ding et al. [85]. Raster and Zig-zag suffer from

poor outline accuracy due to discretization errors on non-parallel edges. Contour generates

many disconnected closed curves, therefore violating the requirement to minimize start-stop

points. Fractal Space Filling Curve involves many path direction change motions, violating

the requirement to minimize rapid directional changes. Finally, the Spiral method is only

suitable for unique geometrical models that are convex [85]. Hence, these methods will not

be reviewed in detail in this section.

The Hybrid method (see Figure 2.15H) is a combination of the Contour and Zig-zag methods

in that őrst, the contour of the layer boundary is traversed followed by őlling the interior

of the layer with the Zig-zag and Contour method (see 2.15D). As this method combines

the advantages of the Zig-zag and Contour methods, it is particularly promising for WAAM

as it meets both the geometrical accuracy and surface quality. According to Ding et al.,

the Hybrid method is still insufficient due to the increased amount of tool-path passes and

tool-path elements [85].

Ding et al. therefore proposed a novel tool path planning method intended to address the

limitations of the previously proposed methods [85] and to conform with the aforementioned

requirements: geometrical accuracy, minimization of start-stop points, minimization of rapid

directional changes, and simplicity of implementation. The method is henceforth referred to

as Convex Polygon Generation (CPG, see Figure 2.15I). In order to generate a set of simpler

convex or monotone sub-polygons, and to simplify the implementation of path generation

for each sub-polygon, a polygon decomposition algorithm őrst decomposes each 2D slice via

a divide-and-conquer strategy. Then the Hybrid path planning method is used for tool path

generation due to the aforementioned advantages of this planning method. After tool paths

are generated for each sub-polygon, the sub-paths from each sub-polygon are connected into

a closed curve that spans the entire layer, thus minimizing start-stop points [85]. This algo-

rithm extends the Hybrid path planning method to polygons with an arbitrary complexity

through convex polygon decomposition. As this method, however, also utilizes the Zig-zag

method for space-őlling, voids can still occur [85, 87].

To address the issue of voids while retaining geometrical accuracy, Ding et al. proposed a

method based on Medial Axis Transformation (MAT), or also referred to as skeletonization,

as depicted in Figure 2.15J [86]. MAT was őrst proposed by Blum to describe shapes [339] by

generating tool paths in a contour-like fashion from the center outwards along a skeleton to
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Figure 2.15: Different path planning methods: A Raster, B Zig-zag, C Contour, D Zig-
zag and contour, E Fractal curves, F Spiral, G Continuous, H Hybrid, I CPG, J MAT, K

Adaptive MAT, and L Straight skeleton and weaving deposition strategy.

the boundary of the geometry. First, the skeleton or the branch lines are generated, followed

by the generation of loops representing the tool paths at a given step-over distance, which is

the distance between passes representing the resolution of the deposition system [86]. With

this method, the occurrence of voids is minimized. However, there are some disadvantages,

such as start- and stop points and discontinuities at the geometry boundaries and deposition

beyond the geometry boundaries [87]. While these deőcits can be mitigated by post-process

milling, they essentially limit the MAT path planning method to hybrid manufacturing.
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Further iterating on their previous work with the objective of addressing the deőcits raised

with MAT, Ding et al. proposed adaptive MAT [87]. The difference being that the tool-

path elements are designed so that the contour of the geometry boundary is followed and

discontinuous path segments are minimized (see Figure 2.15K). Beneőts of adaptive MAT

include the capability of generating continuous tool-path elements and following the geome-

try contour, void-free layers, good geometrical accuracy, and thus minimal post-milling, and

suitability for thin-wall structures. For adaptive MAT to produce void-free deposition, the

bead geometry must be able to be varied in-situ. To facilitate bead geometry adjustment,

Ding et al. developed a Neural-network-based model that takes the desired bead geometry

as an input and outputs welding parameters that signiőcantly inŕuence the bead geome-

try. Moreover, the adaptive MAT algorithm is experimentally validated using the proposed

deposition model [323].

In summary, some of the variants of Contour-based algorithms such as Hybrid, CPG, and

adaptive MAT are preferred over raster or pure Zig-zag algorithms since they are more suit-

able for thin wall structures and allow for improved geometric accuracy, void-free deposition,

and minimization of start-stop discontinuities in tool paths. Among the more suitable tool

path planning methods, adaptive MAT is preferable from the aspects of void-freeness and

accuracy if in-situ bead geometry adjustments are possible or feasible for a given deposition

system.

A further tool path planning method speciőcally designed for the particular case of thin-

walled structures with varying thickness was proposed by Ma et al. [77]. Adjustment of the

wall width is achieved through a weaving trajectory where the weaving amplitude is the same

as the width of the thin wall. After computing the skeleton of the polygon, the centerline

is then obtained (see Figure 2.15L), which constitutes an approximation of the polygon’s

median axis. During deposition, the torch weaves about the centerline in a triangular way,

as illustrated in Figure 2.15L. The authors of the study successfully fabricated multiple thin-

walled components with gradually varying wall thickness through this weaving technique.
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2.5.3 Software frameworks for robotics hardware interfacing & tra-

jectory planning

As can be seen from this section, process planning is an integral part of robotic metal AM

and involves many algorithms and software components. The cascade of complex software

needs to interface and exchange information efficiently to provide robust performance while

simultaneously providing ŕexibility, modularity, and reusability to integrate new algorithms

and software in a research environment. For robotic research platforms, the used software

frameworks facilitating novel research need to be as open as possible. This enables maximum

ŕexibility and customization for each software component across research groups within the

toolchain and facilitates the integration of custom hardware (HW).

A popular open-source software framework and middleware providing such a software ecosys-

tem for advanced robotics research is the Robot Operating System (ROS). ROS is leveraged

for wide varieties of robotics research and provides structured messaging between software

components, robot-speciőc tools and libraries, various visualization and convenience tools,

HW abstraction, low-level device control, and tools and libraries for obtaining, building,

writing, and executing code (see [340]). ROS, therefore, simpliőes and facilitates robotics

research and software development signiőcantly. The ROS software package MoveIt!, for ex-

ample, provides interfaces to sophisticated path planners for free-space motion and inverse

kinematics solvers for industrial robot arms such as the one shown in Figure 2.1.

In recent years, multiple open-source software frameworks have been developed within the

ROS ecosystem for the planning of complex cartesian trajectories with an emphasis on

industrial robotics applications such as welding, routing, milling, deburring, and grinding.

In 2015, Edwards et al. introduced a path planning software package called Descartes for

semi-constrainted cartesian trajectory planning [341]. The software takes a 6-DOF cartesian

trajectory that can be under-deőned and is generated for any industrial application. Under-

deőned means, for example, that there is no rotational constraint on the rotation about the

vertical axis of a welding torch. This enlarges the inverse kinematics solution space such

that there are more options for the joint trajectory planner to avoid collisions.

Armstrong introduced a further cartesian path planning stack (collection of packages) called

Tesseract for complex industrial motion planning applications with ŕexibility and modu-

larity in mind [342]. The stack offers features such as fully and semi-constraint cartesian
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motion planning and free space planning. A signiőcant advantage of this package, particu-

larly towards multi-directional deposition, is its capability to plan collision-free trajectories

between two moving coordinate frames, therefore enabling planning of coordinated motion

between a positioner and manipulator (see Figure 2.1).

While there is currently an open-source robotic AM software framework available (ROS AM)

[343], providing limited 2.5-DOF slicing capabilities, tool path visualization, and AM-speciőc

message deőnitions, signiőcant limitations exist. Besides being limited to 2.5-DOF AM, there

is no generalized, hardware-agnostic, and computer-integrated interfacing with the hardware

available since post-processors generate instructions written in a hardware-speciőc language

that only allows for open-loop execution.

2.6 In-situ process monitoring, modeling and control

Commercializing large-scale AM systems will require a high degree of self-regulation and

automation to eliminate the need for highly skilled personnel to operate and monitor the

fabrication process. To maintain compliance to mechanical, metallurgical, and geometrical

speciőcations and design constraints, the bead geometry, layer geometry, weld pool temper-

ature, and cooling rate need to be controlled in real-time as the component is fabricated

(in-situ). A signiőcant proponent of this is dictated through the optimization of the operat-

ing parameters based on the material system and the proposed tool path. Changes to the

systems heat input (welding current/voltage, laser power), material feed rate, and deposition

system travel speed can drastically alter the geometry of the bead of deposited material and

ultimately the success of the manufacturing process. During the fabrication stage, sensors

and optical systems can be used to monitor measurable aspects of the deposition and use

this information as feedback to control the operating parameters of the fabrication platform.

This allows for better adherence to the desired tool path generated during process planning

while detecting and mitigating any defects created by non-ideal tool path planning (voids,

gaps).

A basic control scheme for in-situ control of metal AM processes is shown in Figure 2.16.

Process monitoring and control of the AM fabrication platform can be divided into three

categories: condition monitoring, build monitoring, and environmental condition monitoring.

The őrst category impacts the outcome of deposition and includes the power source (arc
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voltage and current, laser power, etc.) for heat input assessment, material feed rate and

deposition head motion speed for deposition rate estimation and evaluation, and shielding

gas ŕow for oxidation level determination. This is achieved using electrical sensors to monitor

instantaneous voltage and current, mechanical sensors for positional and feed rate estimation,

and ŕow sensors for various ŕuid ŕow rates. The second category includes observation of the

following conditions: geometric shape, build temperature, cooling rate, heat accumulation,

melt pool state, and inferred metallurgical considerations. The typical sensing modalities

include:

1. Optical sensors for evaluation of bead and layer geometry (proőlometer, 3D scanner,

charged-coupled device (CCD) & complementary metal-oxide-semiconductor (CMOS)

cameras),

2. thermal sensors (infrared (IR) camera, pyrometers & thermo-couples) for molten pool

condition and temperature monitoring, and overall build temperature monitoring.

Calibration and validation experiments are imperative to ensuring the functionality of the

various in-situ monitoring methods. This is especially important for thermal sensors like

IR cameras, where electrical sensors measure the thermal energy emitted from an object

and convert it to a temperature. The emissivity, which is the efficiency at which natural

objects radiate heat, must be determined to ensure that the temperature measured by the

IR sensor is correct [344]. This can be done in situ using an emissivity probe or post mortem

by measuring the temperature with a different calibrated thermal sensor, and adjusting

the emissivity value until the temperatures match. With emissivity being a function of both

temperature and surface roughness, unless extreme care is taken to validate the temperatures

measured by infrared sensors, these results should be taken as qualitative [344].

Structural defects (absence of fusion, porosity, and cracks) can be evaluated by acoustic

signal propagation measurement inside the part or even radio-graphic reŕections. The third

category can entail arc image, O2 concentration, and acoustic propagation in the working

area [85, 87, 321]. It should be noted that only optical and thermal sensors will be discussed

explicitly in this paper. One of the main problems with monitoring and control of auto-

mated arc welding is the fusion of all the data in association with machine, component, and

environment, which are time-variant and nonlinear transduction quantities [86, 214, 215].
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Figure 2.16: A basic monitoring and control schematic for robotic metal AM processes.

Some literature review works on in-situ sensing and control have previously been published.

Tapia and Elwany reviewed multiple sensors primarily utilized to conduct studies on moni-

toring of metal-based AM [345]. Purtonen et al. also presented an overview of monitoring

and control techniques used laser-based metal AM [346]. Everton et al. reviewed AM in-situ

monitoring methods, research in the őeld of in-situ analysis for AM processes, and state-

of-the-art for major process control technologies of metal AM [347]. They remarked that

monitoring has been done mostly for process understanding rather than identifying defects

and part discontinuities. This highlights the lack of holistic understanding of the implications

that various processing conditions have on the metallurgical quality of the deposit, on both

the macro and micro scale. Although process understanding is a step in the right direction,

the collaboration between the different engineering disciplines involved in AM can extend

the capabilities of process monitoring and control modalities to correlate the quantiőable

manufacturing conditions to optimize metallurgical and mechanical properties.

This section will review how monitoring technologies are used in AM to provide feedback

to the control algorithms that adjust bead geometry, melt pool temperature, and the layer

surface geometry. More speciőcally, the physical monitoring systems and control algorithms

proposed for wire-and-arc-based, plasma-based, and laser-based deposition technologies will

be outlined and discussed. This will be followed by the work that has been done on the

mathematical and physical models of these systems and how the two őelds are coupled. The
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materials that were used are shown in Table 2.8 It should be noted that due to differences

in the physical nature of the different heat sources, not all of the sensor and optical systems

are compatible with both laser and arc deposition systems.

2.6.1 Bead geometry

When joining two components using welding, the need for in-situ inspection of the welding

bead geometry arises from the need to detect weld defects, as these typically lead to topo-

logical variations on the surface of the bead. This need to monitor and control the shape

of the weld bead also extends to metal AM as an important means to ensure the quality of

an additively manufactured component during fabrication. Observing and controlling the

bead’s adherence to the desired geometry (width, height, and curvature) determined dur-

ing process planning is essential to avoiding voids, porosity, and geometrical inaccuracy of

the őnal build. Bead height is also important to maintain a constant distance between the

deposition head nozzle and the melt pool, known as the stand-off distance. For welding

techniques, the stand-off distance dictates the voltage of the system.

One of the most common sensing methods used for detecting weld defects is based on laser

line scanners (also referred to as proőlometers) that are mounted on the deposition head and

observe the cross-section of the bead’s geometry (height, width, curvature) almost directly

after deposition [374, 375]. Proőlometers are now standard equipment in the manufacturing

industry for various inspection tasks due to their high accuracy (∼0.02 mm), high sampling

rate (∼1kHz), and ability to obtain the complete geometry of the bead cross-section, thus

giving direct feedback on deviations from the desired bead geometry. Moreover, as the

proőlometer is moved along the bead while continuously measuring the cross-section, a 3D

proőle of the bead can be reconstructed to analyze surface defects, voids, and gaps. The

working principle of a commercially available proőlometer is illustrated in Figure 2.17. In

Table 2.8: Materials used in the various pieces of work discussed in Section 2.6

Steel Ti Al Ni Mg Cu Co-Cr W Non-metals Not Mentioned

[85ś87, 215, 321, 345, 346]
[347ś353]
[354ś360]
[361ś367]

[214, 321]
[345ś347]
[368ś370]

[321]
[345ś347]
[365, 371]

[321, 345ś347] [321, 345, 346] [345, 346] [345, 346] [345, 346] [372, 373] [374ś377]
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the following paragraphs, contributions to weld bead inspections using laser line scanning

systems are reviewed.

Early work on a method for in-situ measurement of bead geometry during wire-and-arc weld-

ing using a proőlometer with multiple deposited layers was introduced by Doumanidis and

Kwak [348]. The bead proőle obtained from the proőlometer is used to validate a real-time

analytical deposition model and provide feedback to a closed-loop control system for bead

surface geometry control. Li et al. designed a scanning system and algorithms for feature

extraction and dimension measurements to measure the dimensional properties of the weld,

including groove width, bead width, őlling depth, and reinforcement height, in root- pass

and cap welding [374]. Flaws such as plate displacement, weld bead misalignment, and un-

dercut were detected via the proposed feature extraction method. Huang and Kovacevic also

Figure 2.17: The operating principle of a laser line scanner (proőlometer). (Image source:
[378])
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designed a scanning system for monitoring the weld joint [375]. Furthermore, a computer-

vision-based seam tracking controller and a feature tracking algorithm were developed for

tracking weld bead features such as the width and height of the bead.

Many methods for bead geometry control utilize the above-introduced monitoring modality.

However, there are also camera-based monitoring methods used for control feedback. In the

following paragraphs, the literature on bead geometry modeling and control methods and

algorithms is reviewed. It should be noted that the optical vision system required some neural

and narrow-band őltering to remove the intensity of the arc and allow for the observation of

the weld pool [376].

Iravani-Tabrizipour and Toyserkani proposed a vision-based system for in-situ measurement

of clad height during LDED [349]. A trinocular arrangement of three cameras pointed at the

melt pool at an angle of 120◦ allows for a measurement of the melt pool from all directions.

In order to infer the clad height, the melt pool shape is extracted from the raw image,

followed by a perspective transformation. Then, detected elliptical features are provided

as inputs to a neural network, which maps the shape of the elliptical features to the clad

height. Experimental results show that the authors can obtain in-situ measurements at a

rate of 10 Hz and with an accuracy of ±0.15 mm.

Xiong and Zhang developed a passive-vision-based method for measuring the bead geometry

in-situ during multi-layer, single-track GMAW-deposition of a thin wall [376]. A schematic

of the experimental setup is shown in Figure 2.18A. The vision system captures a side and

top view of the weld pool and the solidiőcation area after the weld pool. Basic image

processing techniques such as edge detection combined with Hough transform are used to

őnd the bead width and height. Images with overlaid bead geometry detection are shown

in Figure 2.18B and Figure 2.18C. Validation experiments indicate a relative error of 5.7%

between the ground truth and the vision-based measurement, which would be an error of

0.171 mm for a bead height of 3 mm. The passive-vision-based bead geometry measurement

method proposed in [376] is then used by Xiong et al. for in-situ feedback control of the

bead width [350]. The control algorithmśa segmented neuron self-learning Proportional

Summational Differential (PSD) controllerśtakes the measured bead width as feedback and

adjusts the torch travel speed to keep the bead width constant across layers. Disturbances in

the bead width are due to variations in the shape of the previous bead and the slumping of
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subsequent layers caused by accumulating heat. The experimental results show that better

consistency in the bead width can be achieved across layers.

In a further application of the vision-based bead geometry measurement method introduced

in [376], Xiong and Zhang propose a controller for layer height control [351]. This control

algorithmśan adaptive, model-based controllerśtakes the measured bead height as feedback

and adjusts the deposition rate to achieve a constant nozzle standoff distance and, by ex-

tension, a constant bead height. The adaptive component of the controller is based on a

delayed őrst-order model and a controlled autoregressive moving average model to describe

the relationship between deposition rate as input and nozzle standoff distance as output.

The control system is comprised of two loops: an inner loop for conventional feedback con-

trol of the nozzle standoff distance and an outer loop for online identiőcation of the process

parameters and adjustment of the inner loop controller parameters. Noted bead height dis-

turbances result from inter-layer temperature and shape ŕuctuations of previous layers due

to heat accumulation. It is shown experimentally that the control algorithm maintains an

accuracy of ±0.5 mm.

In a further study, Xiong et al. used their previously developed vision-based bead geometry

sensing system combined with their previously proposed segmented neuron self-learning PSD

controller for adjusting the layer width [352]. The control variable in their scheme is the

torch travel speed, and a őrst-order process model is considered. The experimentally veriőed

range of layer width was 6 to 9 mm and a mean absolute error of 0.5 mm.

In order to address the issue of poor accuracy when depositing beads with sharp corners, Li

et al. also proposed an adaptive process control scheme capable of guaranteeing a uniform

bead morphology during WAAM. In their scheme, the tool path is divided into several

segments at sharp corners [313]. For each segment, a permissible travel speed, subjected to

the dynamic constraint, is selected, and the wire-feed speed is set beforehand according to

a process model. In this method, matching the travel speed and the wire-feed rate leads to

a uniform bead morphology among different segments.

Many of the above-reviewed control schemes use models for adaptive control of the various

geometric features of the bead. Models that can be used in real-time to predict the bead

geometry and related factors are important for adaptive and robust control schemes. As a

requirement, these models must supply prediction updates at high sampling rates. Some

suitable modeling methods for real-time control are reviewed next. Pal et al. developed
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B C

Figure 2.18: The vision-based method of bead width and height measurement as proposed
by Xiong et al. [376] with a) a schematic representation of the experimental setup, b)

detected bead height and c) detected bead width. (Image source: [376])
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models for the prediction of the bead geometry using a Back Propagation Neural Network

(BPNN) model, a Radial Basis Function Network (RBFN) model, as well as a regression

model [353]. The bead width and height were predicted as a function of process parameters,

including pulse voltage, back-ground voltage, pulse duration, pulse frequency, wire feed rate,

and RMS welding voltage and current. Akkas et al. designed an Artiőcial Neural Network

(ANN) and neuro-fuzzy system for predicting the bead thickness and penetration area while

providing the three welding parameters of voltage, current, and speed [354]. Ding et al.

trained an ANN model to specify welding parameters according to the bead width and

height during WAAM applications [371]. Li et al. proposed a predictive ANN for specifying

the offset distance of the beads in order to control the real center distance of the side-by-side

beads according to the desired values of bead width, height, and the center distance between

the beads for the WAAM process [355]. Ríos et al. presented an analytical process model

which correlates layer width and height with the WAAM process parameters [368].

The limitation of camera systems such as the one introduced in [376] is that the measure-

ments are obtained at a low sampling rate due to the need for computationally intensive

image data processing. A further drawback caused by the increased processing time is a sig-

niőcant measurement time delay, which is not feasible for fast-response control algorithms.

Proőlometers are much more suitable for bead geometry measurement since the bead geom-

etry is detected directly and does not have to be extracted from the pixel data of an image,

thus increasing the sampling rate. They can also provide a 3D proőle of the bead at higher

resolution, which improves the accuracy of prediction algorithms that use historical data to

make predictions. Many of the reviewed control algorithms that use cameras for feedback

(e.g., [350, 351]) could obtain the same feedback information from proőlometers at a higher

sampling rate, possibly resulting in a more responsive and accurate controller design.

2.6.2 Layer surface geometry

As each layer is typically comprised of deposited beads, defects can be caused by inade-

quate process planning, such as inaccuracies in the overlapping model, voids caused by the

path planning algorithm, parameter uncertainty, and deviations in deposition caused by the

dynamics of the robotic system. Therefore, besides measuring and controlling the bead ge-

ometry, it is important to monitor the adherence of each printed layer surface geometry to

the desired geometry determined during process planning and to ensure that voids and other
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defects are mitigated by modiőcation of the subsequent layer’s tool path. A 3D laser scanner

can obtain a point cloud of the surface geometry of a deposited layer.

In order to mitigate accumulating deviations of layer surface geometry during a print using

a wire-fed LDED system, Heralic et al. developed a method for obtaining a 3D point-cloud

of the layer surface geometry by moving a proőlometer across the part after the completion

of each layer [369]. 3D point cloud data was used to control the layer height during the print

using an iterative learning controller (ILC). A comparison between an open-loop (without

deviation feedback) and closed-loop (with deviation feedback) part print shows that the ILC

can suppress deviations that would lead to a failed print during open-loop printing. The

authors acknowledge that some issues exist with their used proőlometer model as it was not

designed for welding applications.

Also, to detect deviations from a desired layer surface geometry, Preissler et al. devised a

stereoscopic camera system using the pattern projection method for polymer AM to obtain

a 3D point cloud from a top-down perspective of the layer surface geometry after the com-

pletion of each layer [372]. Although the system is developed for polymer AM, the same

proposed method is also fundamentally suitable for metal AM. Preissler et al. then used

their developed 3D scanner to compare the desired surface geometry of the current layer to

the measured layer surface geometry [373]. The 3D point cloud data is sufficiently accurate

to detect deviations of 0.5% that can lead to a manufacturing failure.

2.6.3 Melt pool temperature and geometry

The primary devices used for monitoring the melt pool temperature and geometry are pyrom-

eters, IR, CCD, and CMOS cameras. The temperature and geometrical features of the melt

pool could be used as inputs to a predictive system, such as an artiőcial neural network, to

specify bead width and height, providing predictions for model-based predictive controllers.

In addition, thermal maps obtained from IR cameras may be used for monitoring thermal

dissipation, temperature gradients, and thermal cycles throughout the build and the melt

pool geometry [86, 214, 215]. In this section, various proposed measurement systems and

control methods that use thermal and geometrical measurements for feedback are reviewed

for the various deposition technologies. First, the literature on LDED is reviewed, followed

by the literature on arc-based deposition methods (e.g., GMAW, GTAW).
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A method for the temperature-based measurement of the melt pool size in powder-fed LDED

using a CCD camera equipped with a narrow-band IR őlter was introduced by Hu, and

Kovacevic [356]. The laser power and, therefore, the melt pool temperature was controlled

in order to control the bead width by adjusting the size of the melt pool. Experimental

results showed that it is possible to effectively control the temperature of the processing

zone by adjusting the width of the melt pool by controlling the heat input and metal powder

feed.

Bi et al. proposed in 2006 the őrst thorough study on the feasibility of various in-situ

measurement systems for LDED, such as a photodiode and quotient pyrometer temperature

control system (TCS) to measure the temperature [357]. The deposition head is shown in

Figure 2.19. Moreover, a CCD camera, which was coaxially aligned with the laser beam

through mirrors, measured the size of the melt pool during powder-fed LDED. The intro-

duced methods were veriőed experimentally to be suitable for temperature control. Fur-

thermore, the inŕuence of process parameters such as laser power on the temperature signal

was investigated. Through adjusting multiple process parameters such as deposition head

travel speed, material (powder) feed rate, and laser power, it was found that the laser power

shows the strongest inŕuence on the IR temperature signal. Based on the results obtained

in the previous work, Bi et al. then proposed a closed-loop proportional-integral-derivative

(PID) controller taking temperature feedback from a pyrometer to control the melt pool

temperature [358]. The proposed controller was able to increase the dimensional accuracy

of single-track, multi-layered walls. Bi et al. then further proposed a compact laser cladding

head with integrated temperature sensors as previously proposed in [357] including a Ger-

manium (Ge) photodiode for measuring the melt pool temperature and a CCD camera for

monitoring the melt pool geometry [359]. A PID controller was used to keep the melt pool

temperature constant by adjusting the laser power. The authors were able to signiőcantly

improve the quality of an additively manufactured airfoil by minimizing the accumulated

temperature through their temperature control system. Tang and Landers proposed a melt

pool model based on a őrst-order transfer function for LDED [360]. It was found that

previously proposed models were not suitable for online temperature control due to their

complexity. A digital tracking controller was designed to control the process quality via

a Kalman-őltered feedback of a temperature sensor. However, it was concluded that the

controller might not perform well with multi-layer depositions due to heat transfer issues.

To further improve the laser cladding process to facilitate adoption in the industry, Bi et
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Figure 2.19: The experimental setup for temperature monitoring as proposed by Bi et

al. [357]. (Image source: [357])

al. identiőed key factors inŕuencing process monitoring and control in laser-based DED

[361]. A single-color pyrometer was integrated with a powder feeding nozzle to monitor

melt pool temperature to identify inŕuencing factors. Geometry, power density, and oxida-

tion were identiőed as affecting the process control performance. Nassar et al. presented a

closed-loop control architecture for controlling the path plan during LDED to optimize the

build microstructure. A temperature-based controller was implemented [370]. An applica-

tion of in-situ temperature sensing for control of the solidiőcation rate and, therefore, the

microstructure during powder-fed LDED was proposed by Farshidianfar et al. [362]. Using
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a CCD camera equipped with an IR őlter to observe the melt pool and solidiőcation area,

the temperature gradient of the solidiőcation area after the melt pool was obtained. The

authors then proposed a PID-based controller for regulating the cooling rate, and there-

fore the microstructure, via adjustment of the deposition head travel speed. It was shown

experimentally that the microstructure remained consistent due to the controlled cooling

rate.

Doumanidis and Hardt proposed a multi-variable adaptive closed-loop controller using tem-

perature feedback of heat affected zone in arc welding [363]. They considered a structured

heat model with uncertain parameters. In addition to the layer geometry sensing via pro-

őlometer described in Section 2.6.1 for wire-and-arc welding, Doumanidis and Kwak also

used an infrared camera to measure the temperature and geometry of the melt pool [348].

The in-situ melt pool measurements were then used to identify the parameters of a lumped-

parameter model for the melt pool that models the relationship between its geometrical and

thermal properties and the process parameters, including torch power, material feed, torch

angle, and motion. This model was then utilized for real-time bead geometry control. In

order to overcome sensory delay, a Smith predictor was used. The overall RMS error be-

tween the desired and achieved layer geometry was 0.23 mm. Wu et al. also utilized a CCD

camera in combination with a narrow-band IR őlter to construct a passive vision sensing

system for imaging the weld pool during constant-current GTAW [364]. The images were

then processed to obtain the melt pool size. Lü et al. proposed a multiple-input single-

output (MISO) adaptive controller for adjusting the width of the weld pool during GTAW

utilizing feedback of wire feed rate, welding current, and topside image of the weld pool

[377]. A backpropagation neural network (BPNN) model was used to estimate the backside

pool width and compared it with the desired value. Xu et al. focused on two issues in their

study on GTAW and GMAW: capturing a clear weld image and developing an image pro-

cessing technique for feature extraction [365]. For the former, a novel passive vision system

taking advantage of a CCD camera with a moveable motorized őlter, which could cross out

disturbances of the arc light during seam tracking, was proposed. For the latter, image pro-

cessing algorithms encompassing restoration, smoothing, edge detection, false edge removal,

and edge scan were developed. Babkin and Gladkov introduced a new graphical method for

GMAW welding parameter determination [366]. The inŕuence of the workpiece temperature

control over the geometrical preciseness of the deposited layer was highlighted. Feng et al.

used a CCD camera to monitor the weld pool surface in GTAW [367]. The contribution was
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to compute the height of the mirror-like bead surface via processing of the reŕection image of

the reversed electrode on the bead surface, knowing its constant tip-to-workpiece distance.

2.7 Post-processing

As mentioned above, the microstructure is highly dependent on the local cooling rate the

part experiences during deposition. Processing parameters, such as travel speed, dwell time,

material feed rate, and travel direction, affect the solidiőcation velocity and the resulting

crystalline morphology [379]. The layer-by-layer variance in processing conditions results

in non-uniform and transient temperature gradients throughout the build, leading to an

anisotropic microstructure [99]. Thus, the mechanical properties have a directional depen-

dency, which is undesirable for many applications. Heat treatment is used to manipulate

and control the őnal microstructure, ensuring optimum performance when the őnal part is

placed in service.

One of the more important heat-treating processes for AM is annealing, where the mate-

rial is held at elevated temperatures for extended periods of time and then cooled at various

rates. The different annealing treatments for AM deposits are shown in Figure 2.20. Residual

stresses result from the unique thermal cycling that occurs during the AM deposition process

[380]. Low-temperature annealing (T1 in Figure 2.20) improves atomic diffusion, allowing

for dislocation motion and annihilation, relieving some of the induced thermal stresses. The

signiőcant strain induced by residual stresses can provide the driving force for the nucle-

ation and growth of stress-free equiaxed grains, further reducing the internal stress. This

phenomenon is known as recrystallization and has also been observed when stress relieving

AM deposits [381]. Increasing the annealing temperature (T2 in Figure 2.20) to a point

where all elemental constituents are dissolved in a single solid phase is known as a solution

annealing heat treatment. The deposit is then quenched to prevent any diffusion or phase

formation, resulting in a supersaturated solid phase. This is followed by a precipitation

heat treatment, also referred to as aging, where the deposit is heated to a temperature (T3

in Figure 2.20) where diffusion is energetically favorable. This results in the nucleation of

őnely dispersed precipitates, or the formation of desirable secondary phases, improving the

mechanical performance [382]. This section will outline the different heat treatments that

are common for the materials discussed in 2.3.4. First, the conventional heat treatments
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Figure 2.20: A re-imagining from [382]. The different thermal cycles for the heat treat-
ments typically conducted on AM deposits, where the red solid line represents the solution
annealing, the blue dotted line represents precipitation hardening, and the yellow dashed
line represents stress relieving heat treatments. Note that T1, T2, and T3, as well as the
hold times, heating and cooling rates are material speciőc, and the depicted plots are not

accurate representations.

will be discussed where applicable to outline each heat treatment step’s purpose and give

insights on how heat-treating AM parts may result in different microstructures with the

same heat treatment. This will lead to the as-built microstructure for each material when

using different heat sources. Then a general overview on what heat treatments have been

done by other researchers, and how it changes the as-built microstructure and corresponding

performance will be discussed. It should be noted that the scope of this section is limited

to studies on DED. The materials that require further investigation will be identiőed. Fur-

thermore, the heat treatments presented are generalized to highlight the effects the different

heat treatments have on microstructure and mechanical performance. Thus, details includ-

ing temperature, hold times, and cooling rates may not be mentioned. Finally, any mention

of an aging process is done post solutionizing and not to the as-built structure due to the

limited researchers utilizing a direct aging process directly after printing. This is thought to

be attributed to the anisotropic microstructure of the as-built parts. Although there is an
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extended solid solution due to the rapid solidiőcation, the nucleation of precipitates would

not be homogeneously distributed throughout the part. Therefore, the mechanical properties

would still be directionally dependent.

2.7.1 Titanium Alloys

The scope of this section is limited to Ti-6Al-4V (Ti64) due to the abundance of studies

conducted on this material system. There are other Ti alloys that are being studied, such

as TC21 [100, 263, 265, 383ś385], near β Ti alloys [386ś389] and near α Ti alloys [390], but

they will not speciőcally be mentioned.

The heat treatment of Ti64 typically includes solution annealing and aging at a range of

temperatures depending on the desired mechanical properties. Typically, the solution tem-

perature is below the β transus temperature [391]. Lower annealing temperatures result in

mostly α, with some β at the grain boundaries. The higher the annealing temperature, the

higher the fraction of β that will form upon cooling. However, there is a decrease in solubility

of V as the temperature increases, causing the β phase to turn to α’ with quenching. If any β

is retained after solution treatment at higher temperatures, a martensitic transformation to

α’ will be induced when plastically deformed [392]. Higher cooling rates are more desirable

for Ti64 to maximize the amount of supersaturated β or α’, which can be decomposed to α

precipitates during aging [391, 393].

Laser-based AM techniques result in a mix of columnar and equiaxed grain morphologies,

depending on the thermal history of the part. Equiaxed grains tend to form closer to the

edges due to the higher thermal gradient achieved at these locations [98ś100, 264]. The

microstructure consists of primary β with α lamellae, which form in colonies, Widmanstätten

or basketweave morphology. These colonies are more prevalent along prior β grain boundaries

and close to the β transus lines from the interlayer passes.This microstructure has been seen

for both powder and wire fed processes [98, 100ś102, 131ś134, 171]. Electron beam and

plasma techniques have also shown to have similar microstructures, with martensitic α’ and

α laths in a Widmanstätten or basketweave morphology, and a small amount of acicular

α [32, 33, 148, 150, 152, 192, 193]. Defects such as pores are also prevalent in the as-

built parts that cannot be removed with standard heat treatment methods [102, 394ś396].

Lower annealing temperatures tend to lead to coarsening of the α laths to more plate-like
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morphology, with interplate transformed β [131, 134]. The α plates transform into "crab-

like" morphology closer to the β transus temperature [100]. Furthermore, recrystallization of

β grains begins at higher solution temperatures, while the primary α laths increase in aspect

ratio and decrease in volume percent. The formation of β with solution treatment has been

shown to increase the corrosion resistance of AM Ti64 parts. The coarsening of the α laths

decreases strength while increasing the elongation [101, 397]. Increasing the annealing time

decreases the aspect ratio of the α phase while also inducing a higher amount of precipitation

of secondary α in the retained β phase [98, 193]. This causes an initial spike in strength,

but this decreases as the secondary α coarsens. Increasing aging times decreases the volume

fraction and aspect ratios of primary α laths while increasing the volume fraction of őne

secondary α. Increasing aging time slightly coarsens the secondary α but decreases the width

of the primary α, causing slight increases in the strength and ductility. Aging times over

8h will result in the globularization of the α laths. These precipitates tend to coarsen with

higher subsequent aging temperatures [101]. Heat treatment has shown to reduce hardness

due to grain coarsening and dislocation annihilation [100]. Under dynamic loading, heat

treatment may reduce strain rate sensitivity while increasing the risks of adiabatic shear

localization [98].

2.7.2 Ni Alloys

This section will discuss the heat treatment protocols of both Inconel 718 and Inconel 625.

A summary of the standard heat treatment and corresponding microstructure will be pre-

sented for each material, followed by a tabular summary of the effects of heat treatment on

mechanical performance.

2.7.2.1 Inconel 718

Heat treatments for industrial casting and forging operations of In718 follow solution treat-

ment and age protocol outlined in AMS-5383D [398], and a solution treatment and aging

protocol discussed in AMS-5662M [399], respectively. The high-temperature mechanical

properties of In718 are attributed to the precipitation of the γ”(Ni3Nb) and γ’ (Ni3(Al,Ti)),

which forms in the γ matrix [400, 401]. The elements with large atomic radius are rejected

from the γ phase during solidiőcation. This causes the formation of a Nb-rich laves phase
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((Ni,Cr,Fe)2(Nb,Mo,Ti)) that depletes the γ matrix of Nb, preventing the formation of γ”

and γ’ [402]. This diminishes the ductility, fracture toughness, fatigue, and creep-rupture

properties of the alloy [403]. Thus a proper heat treatment protocol must be followed to

redistribute the Nb and control the cooling rate to maximize the formation of γ” and γ’.

Preforming solid solutionizing alone at 980◦C does not alleviate the Nb segregation in AM

deposits, like that of wrought In718 alloys [158]. The partial dissolution of the laves phase

promotes the formation of acicular δ phase, reducing the formation of γ” and γ’[158].

There are limited publications discussing the effects of different heat treatment protocols on

the microstructure and corresponding mechanical properties of DED additive manufactured

In718. Thus, this is an area of research that requires more investigation. Some of the heat

treatment steps being utilized are homogenization, solutionizing, and aging [158]. Homog-

enization alleviates residual stress, increases grain boundary strengthening, and eliminates

segregation of Nb [119, 122, 404ś407]. Solutionizing results in needle-shaped δ precipitation,

which pins the grain boundaries impeding grain growth [158], while aging is done to precip-

itation harden In718 by forming γ” precipitates [407, 408]. A summary of the mechanical

properties comparing conventional manufacturing methods to AM was presented by Hosseini

et al. and is shown below in Figure 2.21 [409].

2.7.2.2 Inconel 625

The macrostructure of as-built In625 produced by AM is a range between cellular and colum-

nar dendrites, depending on the speciőc thermal history of that region [160, 410]. The

Figure 2.21: A comparison of the mechanical properties (a) yield strength, b) Ultimate
tensitle strength and c) elongation) of heat treated In718 alloys produced by conventional
manufacturing methods (wrought and cast) and AM methods (DLD, DEBD, SLM, and

EBM) [409]
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columnar dendritic structure has been seen to be stable up in heat treatments up to 1000◦C,

which becomes fully equiaxed at 1200◦C [411, 412]. The high solidiőcation rate and tem-

perature gradient achieved during additive manufacturing are problematic for In625 due to

the segregation of Nb and Mo in the interdendritic regions [413]. This causes the formation

of M6C, M23C6, and eutectic γ + Laves phases forming between the primary γ dendrites.

There are also trace amounts of FCC γ’ (Ni3(Nb,Al,Ti)), BCT γ” (Ni3(Nb,Al,Ti)), and or-

thorhombic δ (Ni3(Nb,Mo)) when subject to the rapid solidiőcation conditions experienced

during laser-based AM techniques [414]. Plasma-based techniques have been shown to lead

to course pockets of Laves phases, MC, and larger needle-like δ precipitates in the as-built

condition [34, 222, 415]. Dinda et al found that solutionizing at temperatures above 1000◦C

cause the precipitation of γ” (Ni3Nb) in the γ matrix, increasing the microhardness [411].

Xu et al. found that a solution treatment followed by aging results in partial dissolution of

the Laves eutectic, resulting in the redistribution of Nb for the precipitation of the γ” and

γ’ precipitation improving the tensile and yield properties [415]. Hu et al. found that the

dissolution of the Laves phase is proportional to the solutionizing temperature, causing an

increase in ductility but a decrease in the tensile strength of the alloy [412].

2.7.3 Steels

This section will discuss the post-processing of 316L and 17-4 stainless steel. This will

include the microstructural changes from the as-built condition with heat treatment and the

corresponding changes to the mechanical properties.

2.7.3.1 316L Stainless Steel

AM of 316L typically results in an ultra-őne and cellular columnar dendritic grain structure

due to the rapid cooling rates experienced during the building process [416, 417]. There

have also been reports of large amounts of anisotropic crystal orientations and grain sizes

in 316L deposits from the complex thermal cycling seen in all AM techniques [418, 419].

A common defect is silicide, and oxide inclusions, which is attributed to possible oxygen

contamination in the feedstock, or during the building process [416, 418, 420]. Pores are also

a common defect found in AM deposits of 316L, which are detrimental to the mechanical

properties and corrosion resistance [417, 421]. Saeidi et al. found when using a laser-based
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AM technique that the single-phase FCC austenitic structure seen in the powdered feedstock

is mostly conserved in the as-built condition, with varying amounts of BCC ferrite. Sub-

grain boundaries were found to be enriched in alloying elements such as Ni and Mo [418,

419, 421, 422]. Plasma AM methods typically resulted in columnar structures of austenite

(γ) of varying coarseness depending upon the location with respect to the fusion line. The

inter-columnar area consisted of vermicular δ ferrite and σ (FeCr)intermetallic at the γ/δ

interface [143, 147, 423]. The formation of the σ phase has also been reported in EBM, and

LMD of 316L [422, 424]. The brittle σ phase acts as a crack nucleation site that could lead

to decreased ductility, while both the δ and σ drastically reduce the corrosion resistance of

the part [423, 425, 426]. Thus, heat treatment is typically used to increase the ductility and

decrease the susceptibility to corrosion [427]. The effects of heat treatment of additively

manufactured 316L using DED have not been thoroughly investigated and is an area that

requires further research. It has been seen that heat treatments up to 800◦C provide no

apparent changes in the microstructure, but mechanical properties, such as tensile strength

and hardness, tend to decrease when compared to the as-built deposit [417, 421]. This has

been attributed to dislocation annihilation at the sub-grain boundaries post-heat treatment

[417, 418]. Performing a homogenization heat treatment has been shown to decrease the

amount of BCC δ ferrite and helps eliminate the anisotropic grain structure seen in the as-

built condition [417]. However, exposure to high temperature for a prolonged period increases

the average grain size, which decreases the strength while increasing the elongation of the

deposit [419]. Chen et al. found that the σ phase can be eliminated with heat treatment

of 1100◦C for 1h, while the delta phase can be eliminated at 1200◦C for 4h, resulting in a

decrease in strength and increase in ductility and corrosion resistance [423].

2.7.3.2 17-4 PH Stainless Steel

The industrial standard heat treatment of 17-4 PH hot-rolled and cold-őnished bars and

shapes follows ASTM A564/A564M. This standard outlines a solution treatment of 1040±

15◦C for 30min, followed by several different options for age-hardening treatments [428]. The

goal of the solution treatment is to control the amount of retained austenite due to its higher

solubility of Cu, decreasing the amount of precipitation during the aging process [429, 430].

The solution treatment results in a martensitic phase with a lath-like morphology that is

supersaturated with Cu and Cr [431]. There is also a trace amount of δ ferrite that contains
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some Cu precipitates [432]. The steel is then quenched and aged to cause the precipitation

of Cu in the supersaturated martensitic laths [431]. The peaked age condition (H900 in

ASTM A564/A564M) yields the highest hardness after aging at 480◦C for 1hour, due to the

coherency of the Cu particles and the retention of the large amounts of dislocations found in

the martensite [428, 431, 433]. However, peak age condition is not suitable for all applica-

tions, thus implementing an overaged microstructure (H1100 in ASTM A564/A564M), with

courser copper precipitates and slightly tempered martensite, is more desirable [434, 435].

The as-built structure of 17-4 produced using laser-based AM results in a őne martensitic lath

microstructure, with some retained austenite in the inter-lath regions, due to the re-heating

of previously deposited material during the deposition process [30, 436, 437]. Arc heat

sources result in dendritic martensite, with δ ferrite in the inter-dendritic regions and small

amounts of retained austenite [144, 204]. Solution treatment has been shown to convert the

retained austenite to nearly 100% lath martensite [144]. Any retained austenite is attributed

to the ultraőne austenite grains suppressing the transformation of austenite to martensite

[437, 438]. Peak aging following the solution treatment allows for the formation of őne Cu

precipitates with small amounts of retained austenite, while over aging results in an increase

in the retained austenite concentration. The diffusion of austenite stabilizing elements like

Cu and Ni to form precipitates decreases the martensitic transformation temperature below

room temperature, resulting in an increase in retained austenite [431, 439]. Furthermore,

dissolved nitrogen from the building atmosphere can drastically increase retained austenite,

requiring longer aging times to achieve peak performance [254]. Many researchers have also

found Mn, Si, and O inclusions that form at the grain boundaries [436, 437]. The mechan-

ical properties after solution and aging treatment typically increase in all facets compared

to the as-deposited conditions. It is also found to eliminate the anisotropic properties, typi-

cally seen in the AM deposits [30, 144]. The mechanical properties after solution and aging

heat treatment have been shown to be comparable to conventional manufacturing techniques

[144]. However, there is a need for further investigation on whether this is true for all DED

technologies and whether this statement holds true for fatigue and corrosion properties for

17-4 PH.



Chapter 2 74

2.7.4 Al Alloys

The post-fabrication heat treatment discussed in this section will be limited to the hypo-

eutectic alloy AlSi10Mg, as it is the most studied of the Al alloys. An outline of the standard

heat treatment will be reviewed, followed by the as-built and post heat treatment microstruc-

ture, and the corresponding effect on mechanical properties.

The typical heat treatment for Al-Si alloys is a T6 treatment, which is a solution heat

treatment at 535◦C, quench and artiőcial age hardening protocol at 158◦C for 10h, outlined

in the ASM Metal Handbook vol. 2 [440]. The solution treatment is done close to the eutectic

temperature of the alloy to ensure the dissolution of Mg-containing phases, homogenize the

alloying elements, and create spherical eutectic Si particles. The quench is done to preserve

the vacancy and solute concentration, while aging is done to form a uniform distribution of

particles, increasing the strength [441, 442]. The microstructure of as-built AlSi10Mg can

consist of a columnar or a rod-like dendritic structure, depending on the heat input of the

energy source [114]. However, the cellular structures can vary in coarseness depending on the

spatial thermal history of the sample [112]. LMD of AlSi10Mg has also shown to form cellular

and divergent dendrites [109, 277]. The dendrites are α-Al, while the interdendritic regions

are eutectic Si [109, 110, 114]. There are also cases of Mg2Si precipitates in the interdendritic

regions [110, 112, 114, 443]. Laser-based techniques have shown to result in deposits that

are not fully dense [109, 110, 115] and heat treatment has not been shown to alleviate this

issue [114]. Heat treatment of AlSi10Mg has shown to decrease the solubility of Si in the

primary α dendrites, suggesting that Si is rejected from the primary dendrites to form Mg2Si

[109]. This is due to the supersaturation of α-Al resulting from the rapid solidiőcation and

undercooling of Mg2Si. Increasing the solution temperature or time tends to coarsen the Si

particles while also decreasing the number of particles due to particle coalescence and Oswald

ripening [109, 444]. Lv et al. studied heat treatment of LMD AlSi10Mg and found that the

tensile properties increase with a T6 heat treatment[109]. The formation of a őne cellular

α-Al dendrites supersaturated with Si, and the localization of Mg at the grain boundaries

of the as-built samples, increase the hardness of the primary dendrites. However, the T6

heat treatment allows for the diffusion of Si, which causes a slight reduction in hardness

[109]. Most publications on DED AM of AlSi10Mg use L-DED; thus, more investigation

using other DED methods with AlSi10Mg needs to be done. Furthermore, additional work
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is required to determine the optimal heat treatment protocol for AlSi10Mg using all types

of DED technologies.

2.7.5 Co-Cr Alloys

This section will discuss the heat treatment of AM deposited Co-Cr alloys. The focus will be

on Stellite 21, and Stellite 6 Co-Cr-Mo alloys, as they are the most studied. An outline of the

standard heat treatment will be reviewed, followed by the as-built and post heat treatment

microstructure, and the corresponding effect on mechanical properties.

For cast Co-Cr-Mo alloys complying with ASTM F75, no standard heat treatment is in-

cluded [445]. The as-cast condition of this composition typically consists of FCC γ Co,

a σ intermetallic, and M26C6 interdendritic carbides [446]. The goal of heat treatment is

to homogenize the microstructure, remove cast defects and improve mechanical properties

through precipitation dissolution [447ś449]. The most common treatment consists of a so-

lution treatment at temperatures of approximately 1200◦C for a range of times from 1-4

hours [448, 450, 451]. However, for pin-on-disk and hardness tests, increased performance

has been shown when aging is included in the heat treatment [452, 453]. Laser deposited

Stellite 21 typically consists of a range between columnar and equiaxed dendrites, with a σ

intermetallic, and M26C6 in the interdendritic regions [129]. WAAM of Stellite 6 results in

a dendritic structure with Co-rich FCC γ primary dendrites, and eutectic γ-Co with MyC3

carbides [183]. Porosity has also been found in laser deposited Co-Cr-Mo deposits [454]. For

LENS of Co-Cr-Mo, increasing the solution treatment time leads to decreases in size and

amount of carbides due to improved kinetics for carbide dissolution at higher temperatures.

This is opposite to increasing the aging time, which increases the precipitation concentration,

due to decreases in solid solubility of carbide forming elements at higher temperatures [127].

Depending on the particular application of the part, the resulting microstructure from the

heat treatment will yield different performance results. Longer solutionizing times with no

aging may increase corrosion resistance due to high Cr contents in the matrix [453]. Varia-

tions in temperature and hold times will result in different carbide sizes, morphologies, and

distributions, which will result in a range of properties [127, 455].
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2.7.6 Mg Alloys

The use of Mg alloys for AM has not been explored in as much depth as the other alloys

presented in this work. Thus, no work has been published on the effects of heat treatment

on the microstructure and corresponding properties of Mg deposits.

2.7.7 Copper Alloys

The majority of the work on Cu alloys for DED technologies has been on WAAM of nickel

aluminum bronze. Shen et al. deposited nickel aluminum bronze using WAAM and found

that the as-built microstructure mainly consisted of Widmanstätten α phase and martensitic

β phase [164, 165, 456]. Dharmendra et al found no retained β, but instead found κII−IV

precipitates in the interdendritic regions[457, 458]. Homogenization at 900◦C and quenching

transformed the microstructure to equiaxed and columnar α with some retained β’ and κ

phases. This tends to decrease the strength and hardness but increases the elongation to

failure, which is attributed to the absorption of some of the previously formed κ phases [458].

With post quench tempering, it was found that the equiaxed grains disintegrated to colum-

nar grains, while the already formed columnar grains coarsened. Increasing the tempering

temperature resulted in the elimination of the retained β and κ lamellae, and particles begin

to form [164, 165]. This causes the mechanical properties to increase closer to the as-built

condition. However, the distribution of κ phases becomes more uniform, decreasing the spa-

tial variation in properties [458]. However, further increasing the tempering temperature

results in signiőcant coarsening of the κ phase, causing a decrease in performance [165].

2.7.8 Tungsten Alloys

As mentioned previously, some work has been done on DED of pure W [459], W-Ni alloys

[130], W-Fe alloys [460], and tungsten heavy alloys [15]. However, no work has been con-

ducted on how post-processing affects the microstructure and the corresponding properties.
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2.8 Challenges & future perspectives

This work provides a holistic overview of the current state of the art in large scale robotic

AM, from process planning to the microstructure and performance of the őnal component.

Although the contributions made by the many researchers in progressing this őeld have been

substantial in the last few decades, the technology is still in its infancy. Dr. Hannes Gostner

compared AM to celestial observation at the 2019 Holistic Innovation in Additive Manufac-

turing (HI-AM) conference in Vancouver. He stated that AM is currently in the technological

stage of Galileo’s telescope and that the capabilities have the potential to be as revolution-

ary as the Hubble telescope. However, the boulder has a long way to be pushed before the

innovative pinnacle can be crested. The lack of the őeld’s maturity is also evident from the

lack of őnalized qualiőcation and certiőcation standards (see Table 2.1). The majority of the

standards listed in Table 2.1 are currently still in draft status. Robotic large-scale AM as a

sub-category within AM as a whole is highly interdisciplinaryślike any other groundbreaking

and paradigm-shifting endeavor. The major engineering and science disciplines involved in

large-scale robotic metal AM include computer science, electrical engineering (mechatronics-

, control- and systems engineering), materials engineering, and mechanical engineering. In

addition, each of the process workŕow stages as outlined in Figure 2.3 are also highly cou-

pled. For example, a process plan consisting of a deposition system motion sequence and

parameters generated by the process planning stage will affect the thermal distribution,

which will affect the amount of residual stress and heat accumulation, and microstructure

and corresponding mechanical properties.

Naturally, computer scientists, mechatronics-, control- and systems engineers are predom-

inantly concerned with issues relating to their particular domains and can not necessarily

appreciate the coupled challenges faced by materials-, and mechanical engineers. Therefore,

a close and direct collaboration between diverse research groups is required to progress this

technology further. Extensive collaboration and sharing of information will result in more

holistic studies on, for example, how different path planning strategies affect the surface

roughness and microstructure of an as-built component. This will give rise to new infor-

mation on the different strategies that can be implemented to solve the current challenges,

such as residual stress, porosity, and anisotropic microstructures. This need for collabora-

tion has already been recognized, which has resulted in the creation of networks such as

the NSERC Holistic Innovation in Additive Manufacturing (HI-AM), America Makes, and
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others. However, the lack of research-level fabrication of large-scale parts makes it hard to

fully understand the challenges that will need to be overcome to make this a viable commer-

cial process. It is currently speculated that overcoming the current challenges of fabricating

lab-scale coupons will translate to large-scale parts. The true challenges that lie ahead for

large-scale AM will not be revealed until more researchers begin to fabricate parts outside

of a lab setting.

This section summarizes and discusses the largest knowledge gaps in the topics outlined in

Section 2.3 to Section 2.7, followed by a holistic view of the challenges that must be overcome

to commercialize large scale AM. The subsections will be structured where the challenges of

each topic will be addressed, followed by the authors’ suggestions on the future of research

areas pertaining to the topic.

2.8.1 Process planning

Current path planning methods are generally limited to 2.5 DOF, with few systems avail-

able for 3-5 DOF path planning. 2.5 DOF systems are inherently inefficient due to support

structures, requiring post-processing as well as design limitations. For large-scale parts,

this entails additional manufacturing costs (such as labor and delivery time). 5 DOF path

planning overcomes these challenges to a large extent but has limited industrial integra-

tion. A number of algorithms have been reviewed in this paper. While the algorithms are

fundamentally suitable for metal AM, work is still required on non-planar tool path plan-

ning for metal AM where the generated tool path must satisfy the requirements identiőed

in Section 2.5.2. Adaptive slicing offers an advantage in terms of reducing both the layer

height and variation in material properties. This necessitates a fundamental understanding

of bead deposition geometry, microstructure, and solidiőcation modeling. Combining this

knowledge with adaptive slicing will allow efficient manufacturing of high-quality parts, but

this requires a signiőcant multidisciplinary effort in material science and mechanical and

manufacturing engineering. Path planning, which is a function of part geometry, directly

affects heat transfer and conduction through the part being made. This results in varying

amounts of additional heat in the part at any given time and build location, resulting in

varying solidiőcation rates, thereby affecting the geometry of the build and the resultant mi-

crostructure. Therefore, it is necessary to include heat transfer modeling at an earlier stage

concurrent to the path planning. Current models suffer from long simulation times, inherent
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assumptions to reduce computational time, and a limited set of manufacturing systems and

material system availability which need to be improved through further research.

Incorporation of multi-degree of freedom path planning along with considerations of the

aspects mentioned above will enable in-situ modiőcation of material metallurgy and its

mechanical and geometric properties during deposition. This will truly unleash the potential

freedom of design and complexity that AM processes have to offer.

Prior to fabrication, it is also necessary in many cases to calibrate the workpiece with the fab-

rication platform. This is especially important when the build requires coordinated motion

between the workpiece and deposition systemśas is always the case during multi-directional

deposition. Workpiece calibration can be automated by using a 3D or line scanner mounted

on the deposition head.

2.8.2 Deposition Technologies

An area where considerable research potential can be found in the powder delivery during

multi-axis DED (e.g., using an 8 DOF robotic LDED platform). Currently, the LDED

deposition head must always remain vertical and thus align with the gravity vector to provide

ideal powder delivery. Developing methods to loosen these constraints on the deposition head

orientation is necessary to utilize the full potential of an 8 DOF robotic LDED platform.

Several challenges need to be overcome to enable this, including, but not limited to, modeling

of powder ŕow at different angles to the build surface and the effect of shielding gas dispersion

in the build area at non-vertical angles.

While in contrast to LDED, deposition at varying orientations is intrinsically possible with

fewer limitations using GMAW-based deposition technologies. However, they are at a stage

of lower maturity regarding monitoring the melt pool temperature and geometry and energy

input. Sensing the melt pool in a GMAW-based deposition system is also challenging due

to the rapidly and drastically changing lighting conditions due to the presence of the arc.

Work is also ongoing on the minimization of the energy input during GMAW-based de-

position, where CMT technology plays a signiőcant role. Owing to the highly controlled

CMT process where it is possible to őne-tune the deposition process, signiőcant potential

for the optimization and adaptation to particular material considerations is possible. For
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example, in recent years, Fronius International GmbH has been developing custom synergic

lines to further reduce the heat input during WAAM using CMT technology [L. Hudson

and M. Zablocki, personal email and oral communications, March 2020]. Further potential

for advanced research on optimizing the deposition process exists and should be considered.

This necessitates in-situ and high-speed sensing of the welding current and voltage, provid-

ing important insight into the energy input into the build during fabrication. It can also

provide valuable insight into the process, and the measurements themselves can be used

as feedback for temperature control systems. Moreover, tremendous potential for robust

sensor-fusion-based technologies exists.

2.8.3 In-situ monitoring, modeling, and control

The control algorithms reviewed in Section 2.6.1 for bead geometry control are relatively

basic and have only been developed for and tested with single-track walls. Signiőcant re-

search is required to advance process monitoring and control towards the objective of robust,

adaptive, and intelligent control methods that provide a sufficient degree of autonomy and

robustness to unanticipated conditions during fabrication. Moreover, bead proőle sensing

and feature extraction have only been done for simple beads. The sensing and feature ex-

traction capabilities need to be expanded and combined with modeling to provide accurate

predictions of single beads and overlapping regions of multi-track deposition.

Substantial research potential is also apparent for advancing the area of layer geometry

sensing and tool path re-planning during fabrication. The fact that during fabrication, a

component is built layer by layer provides a unique insight into the current state of the build

through the methods reviewed in Section 2.6.2. Impending catastrophic build failures can be

detected, and the tool path for the following layer can be re-planned to mitigate and correct

potential build failures.

Most work on temperature monitoring, and control has been done for LDED, as is apparent

from Section 2.6.3. Particularly melt pool temperature sensing needs substantial work for

arc-based deposition technologies. Heat accumulation is coupled with the deposition system

travel speed and the material feed rate, which inŕuence the bead and layer geometry. This

means that if the bead geometry is adjusted (which is necessary), the heat input changes,

which can modify the material composition.
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Similarly, as for the layer geometry monitoring, IR cameras can also monitor the overall

surface temperature of the component during the build to adjust dwell times and cooling rate

of the substrate plate. This is especially important for maintaining consistent metallurgical

properties.

2.8.4 Materials

Many challenges still need to be addressed in regards to materials for AM. One of the more

apparent areas of exploration is expanding the number of materials available in AM. This

is clearly highlighted by the chart presented in Figure 2.22 [461]. Although many of the

materials used in conventional manufacturing are ill-suited for AM, there are still important

contributions that can be made through failed experimentation. Increasing the amount

of data on what materials may or may not be compatible with AM, allows for signiőcant

deductions to be made on the essential material properties a material must have to be used

in AM.

Another future avenue of interest is using AM to achieve manufacturing feats that are outside

the realm of possibility with conventional manufacturing. Although metals toughness far

exceeds any other type of material, this comes with a poor strength to weight ratio. However,

with AM, the internal structure can be altered to a lattice type, drastically increasing the

strength to weight ratio. Additionally, polymer-based AM techniques could be used to

fabricate these structures, which can be converted to a mold, and then cast, known as

hybrid investment casting. This allows for the use of well-understood material systems in

the way they were originally designed.

One of the challenges that is starting to be addressed is the current material selection for AM

[462]. The current materials landscape for AM is dominated by materials that were success-

ful with conventional manufacturing techniques. These materials were not designed for the

complex thermal cycling inherent to AM, which result in material defects and anisotropic

microstructures. Thus, the development of new materials created explicitly for AM could

allow for more control over phase transformations, elemental segregation, and the result-

ing microstructure. This is especially crucial for large components, where heat treatment

procedures incur a őnancial cost that make them unfeasible compared to conventional man-

ufacturing. Furthermore, microstructural control will allow for predictions in how the part
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Figure 2.22: The comparison of materials used in conventional manufacturing to the
materials used in AM [461]. (Image source: [461])

will perform when in service, which is imperative for on-site fabrication. Some promising al-

ternative methodologies are being explored to prevent the epitaxial growth of large columnar

grains. The addition of inoculants to aid in the nucleation of equiaxed grains would elimi-

nate anisotropic mechanical properties prevalent in a lot of AM deposits [463]. The addition

of boron to Ti64 has been shown to form TiB, which allows for the nucleation of α-grains,

resulting in an isotropic grain structure [464]. A similar phenomenon has been reported with

the addition of Ti to 5356 Al [281]. Furthermore, the addition of carbon to Ti64’s hypoeu-

tectic composition decreases the solidiőcation temperature, causing grain growth restriction

through constitutional supercooling. Although a different mechanism, a similar isotropic

grain structure occurred[465]. These studies highlight that the development of materials

better suited for AM is going to involve understanding the fundamental material paradigms

involved in grain growth and solidiőcation, and how these can be used to manipulate the

thermodynamics of the system, to mitigate some of the microstructural challenges that re-

searchers are currently faced with. Large amounts of data can be compiled by completing

the aforementioned experiments on increasing the materials being trialed for AM, trying

completely new material compositions, and in-situ grain control, which can then be used

as input for artiőcial neural networks, to synthesize new materials speciőcally for AM. This
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would also incorporate all the data from the published process planning and monitoring and

control strategies, allowing the network to develop the appropriate deposition strategy for the

new material. The seed to the network would be a material of known composition, as-built

microstructure, and mechanical properties. The network would have the ability to simulate

the deposition of the material and then predict its as-built microstructure and mechanical

properties. The model would employ reinforcement learning strategies to iterate over vari-

ous compositions of the material, based on the data acquired from the research, to optimize

the microstructure and mechanical properties based on the part’s speciőcations. This could

completely reinvent how material selection is done and produce materials speciőcally tailored

to the additive manufacturing of that speciőc part.

The materials available for large-scale robotic AM are currently limited to current alloys in

either the welding or coating processes. Material development for various processes used in

AM is in its infancy and will yield signiőcant opportunities as the processes mature.

2.8.5 Post Processing

The complex thermal cycling of AM leads to microstructures that are not found in conven-

tional casting and forging operations. Using design guidelines of traditional heat treatment

protocols can result in poorer mechanical properties in some materials. This is attributed

to the varying degrees of segregation or the novel grain structure that occurs during deposi-

tion [466]. Furthermore, many post-processing operations rely on HIPing to reduce internal

porosity. This is problematic for large-scale AM due to the inherent cost of this procedure

and the size of the processing chamber needed to contain the large part. Thus, developing

techniques to reduce porosity in situ will be an essential future contribution to AM. Fur-

thermore, the poor geometric tolerance obtained from parts manufactured using particular

metal DED systems will need to be improved to reduce the manufacturing costs. This prob-

lem currently necessitates hybrid manufacturing systems or some combination of additive

and subtractive technologies. This requires developing frameworks that unify positioning,

referencing, and planning software to negate the need to detach the part from the build plate

and any post-processing. The framework would also need to include localized heat treatment

and a means to control the whole part’s thermal cycle to ensure the promised mechanical

performance. Thus, it is speculated that the next generation of large-scale AM systems

will appear more similar to traditional manufacturing approaches than powder bed fusion
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systems. There will be some modularity, where the part will be fabricated and machined in

one module and then transferred automatically to a separate heat treatment module, simi-

lar to what is seen in traditional manufacturing. It is clear that an integrated automation

system will increase productivity for this type of manufacturing. However, this manufactur-

ing system would offer the geometrical freedom and the multi-meter scalability that both

traditional and PBF are unable to provide.

The challenge remains to identify the raw materials, process conditions, and process con-

trol to maximize product quality using the AM processes and minimize subsequent post-

processing requirements. The novel solutions will only be met through multidisciplinary and

cross-functional teams closely collaborating. For example, this paper could not have been

written without the close collaboration between mechanical, process control, mechatronics,

electrical, and materials engineers. The future young engineers trained in AM will require

a holistic knowledge base and the ability to work cooperatively with other disciplines in

engineering, sciences, design, and visual arts. This paper has intentionally not addressed

the redesign of components from both an engineering or artistic design approach. However,

the possibilities using AM technologies will reveal new opportunities that are currently not

imaginable.
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Chapter 3

Automated semantic segmentation of

NiCrBSi-WC optical microscopy images

using convolutional neural networks

Published as Rose, D; Forth, J; Henein, H; Wolfe, T; and Qureshi, AJ. Automated se-

mantic segmentation of NiCrBSi-WC optical microscopy images using convolutional neural

networks, Computational Materials Science. Vol. 210 (2022). The goal of this chapter is

to provide an automated methodolgy to quantify the carbide distribution in NiCrBSi - WC

MMCs that were deposited using PTA-AM (thesis objective 1). The carbide distribution

is the microstructural feature that is responsible for the abrasive wear resistance of MMCs.

Garnering an understanding of how the carbide distribution changes with thermal history is

imperative to predicting how the MMC will perform in abrasive wear conditions.

3.1 Abstract

Convolutional neural networks (CNNs) were used for the semantic segmentation of angu-

lar monocrystalline WC from NiCrBSi-WC optical microscopy images. This deep learning

approach was able to emulate the laborious task of manual segmentation effectively, with a

mean intersection over union (IOU) and a mean dice coefficient (DC) of 0.911 and 0.953,

respectively, across the entire test dataset. From the model output, the carbide percent can
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be determined by dividing the area of positively labelled pixels by the total area of the image.

Additionally, the mean free path can be quantiőed using the method described in ASTM

STP 839, and by physically counting the black pixels (CPB) between the particles in the

image. Comparing the models predictions to the ground truth, the carbide percent had an

average difference of 1.2 area %, while the mean free path differed by 15.7 µm for the ASTM

method, and 24.8 µm for the CPB method. The robustness of the model was tested on im-

ages containing both spherical eutectic WC and angular monocrystalline WC to determine

whether the model was capable of accurately predicting the location of objects that were not

part of the training dataset. The U-Net CNN was able to segment the spherical and angular

WC with considerable accuracy. These results show that the application of computer vision

models for microstructural characterization is not limited to complex imaging modalities,

and can be applied to readily available methods such as optical microscopy.

3.2 Introduction

Materials used in the mining and processing of natural resources require the ability to resist

high levels of abrasive and erosive wear caused by direct exposure to various sands, ores,

and rocks. A typical mitigation strategy is the application of a NiCrBSi-WC metal matrix

composite (MMC) overlay, using plasma transferred arc welding (PTAW), to prolong the

service life of the base part[10, 42]. With the estimated cost of wear in the Canadian in-

dustry being $2.5 billion per year[467], there is a constant push to reduce the downtime of

operation by increasing the wear resistance of Ni-WC MMCs. In the conventional manufac-

turing space, some of the ongoing research to extend overlay lifetime involves altering the:

matrix chemistry [10, 13], carbide crystallinity and shape [10, 42], reinforcement/matrix ratio

[468], and coating method [12, 469ś471]. Advances in additive manufacturing have extended

the capabilities of well-known welding techniques to become fully automated manufacturing

processes, where the layer by layer deposition is based on the cross-sectional geometry of a

digitally rendered product. Plasma transferred arc-additive manufacturing (PTA-AM) offers

the ability to build parts using composite materials (NiCrBSi-WC), removing the require-

ment for wear-resistant overlays while theoretically enhancing the service life [35, 36].

The underlying philosophy regarding the use of composite materials is combining the beneőts

of two individual constituents so they may compensate for their individually poor material



Chapter 3 87

properties [472]. In abrasive wear applications, the hardness of the WC reduces material loss

due to micro-cutting [468] while the ductility and toughness of the NiCrBSi matrix allow

for adequate force transfer to the WC particles and signiőcant plastic deformation, adding

resistance to brittle fracture [473ś475]. The wear performance of composite materials is also

greatly affected by the distribution of the reinforcement particles within the metal matrix.

Lack of homogeneity in the distribution of the carbide particles can lead to non-uniform

wear rates and premature failure of the coating[11]. Thus, it is imperative to quantify the

distribution of the reinforcement phase to optimize the wear resistance of MMCs. The mean

free path of the matrix phase has shown a strong inverse correlation to the abrasive wear

resistance of the composite material[10, 13, 476, 477]. The mean free path (MFP) can be

determined using equation 3.1[478].

λMFP =
1− f

NL

(3.1)

The size of the reinforcement particles has also been shown to alter the tribological behavior

of the MMC[3, 479], though particle size is unable to be quantiőed from 2-D projections, as

were gathered for this work.

The carbide characteristics (mean free path, and volume fraction) can be determined us-

ing quantitative metallography on optical microscopy images [478]. This can be achieved by

manually segmenting each carbide particle or semi-autonomously with various image pro-

cessing techniques to threshold out the carbide particles from the image. Image processing

modalities to segment desirable features from an image range from common approaches such

as Otsu’s method [480] and Canny edge detection [481], to more complex unsupervised learn-

ing algorithms like K-means clustering[482]. Image processing methods generally require the

areas of interest to have distinct, non-overlapping pixel distributions, and distinct edges;

However, the nature of optical microscopy induces signiőcant user variance in the quality of

the image attempting to be segmented. Some common technician sources of noise in the pixel

distribution include poor metallographic preparation, and sub-optimal focus and contrast.

There are also features beyond the equipment’s resolution limits (∼0.2 µm [483]), which can

contribute further to noise in the pixel distribution. During image processing, noise in the

pixel distribution leads to type I (false positive) errors, type II (false negative) errors, and

poor edge deőnition. [484ś486]. Figure 3.1a displays a 512x512 pixel optical image of Ni-WC,

and Figure 3.1b shows the ground truth image for the segmentation of the WC particles,
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where the location of the WC particles are highlighted by the white pixels. The segmen-

tation of Figure 3.1a using Otsu’s method [480], Canny edge detection [481], and k-means

clustering [482] can be found in Figure 3.1 c, d, and e, respectively. For Otsu’s method [480]

the scikit-image [487] algorithm selected 170 as the optimal threshold value. Using Canny

edge detection [481] with OpenCV [488], a minimum and maximum gradient value was set

to 15 and 63, respectively, with a sobel kernel size of 3. The k-means clustering was done in

OpenCV [488] using 3 clusters, max iterations of 100, ϵ of 0.1, and the centroids were initial-

ized using the k-means++ method [489]. The parameters for the image processing methods

found in Figure 3.1 were selected through trial and error, and were analyzed visually for

the capability to segment the WC particles. It can be seen that due to the pixel luminance

overlap of the features contained within the WC particles, and the surrounding matrix, poor

segmentation is achieved when compared to the ground truth (Figure 3.1b). Although opti-

mization of the image processing algorithms shown in Figure 3.1 could increase the accuracy

Figure 3.1: a) NiCrBSi-WC optical image, where the dark green particles represent the
WC and the surrounding lighter portion is the Ni matrix, b) the ground truth corresponding
to image a), where the location of the WC particle is shown in white; c) thresholding of
image a) using Otsu’s method [480]; d) thresholding of detectable edges in image a) using
Canny edge detection [481]; e) segmentation of image a) using K-means clustering [482].
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of the segmentation, one set of parameters would not work for all images, making it difficult

to automate without some degree of manual intervention. The aforementioned shortcomings

in traditional image processing, highlighted by Figure 3.1, show these techniques may not

be the best approach for an automated pipeline to segment Ni-WC optical images.

Semantic segmentation is a branch of computer vision that uses machine learning (ML)

models to assign a class label to each pixel in an image with an accuracy that can out per-

form humans in some contexts [490]. Convolutional neural networks (CNNs) use őlters that

are rastered (scanned) over an image to create a feature map [491, 492]. A feature map is a

tensor representing the multiplication of the features in the image, or input feature maps, by

the weights in the kernel of a given layer; this can give insight into the signal that the network

has learned to be important to the task at hand. Each őlter represents a single layer in the

network, and are organized in blocks of multiple layers that have similar spatial dimensions.

After each őlter passes over the image, the feature activation values are passed through an

activation function to account for the nonlinearity of the image pixel data[493]. The last

stage of a convolution block is downsampling, which decreases the (x,y) dimensionality of the

output by reducing a rectangular kernel of pixels to a single value ( typically the max value of

the kernel[494] ). The number of convolutional blocks is based on the depth and architecture

of the model being used. For image classiőcation, the őnal layer from the encoder is ŕattened

to a feature vector, which is then used for the classiőcation stage [179, 495]. On the other

hand, for semantic segmentation, the activations from the őnal layers of the encoder must

be restored to the original size of the image, using a decoder network, to perform pixel-wise

classiőcation while replicating the original dimensionality of the image[496]. Typically these

models are developed to classify: people [497, 498], natural objects [491, 492, 497, 499], and

biomedical phenomena[500]. Semantic segmentation models’ ability to extract features in an

image extends beyond their original intent and can be used for more abstract concepts such

as phase segmentation in microstructural images [501ś506]. The development of easy-to-use

APIs [507, 508], makes the application of computer vision models far easier for researchers

outside the immediate industry.

The present study aims to test state-of-the-art CNNs for the semantic segmentation of Ni-

WC MMCs deposited using PTA-AM. The effect of varying the hyperparameters, as well as

the encoder architecture, will be discussed. Following the segmentation of the carbides, the

quantiőcation of the carbide volume percent, and mean free path (MFP) can be determined.
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The computational uncertainty associated with the quantiőcation of the microstructure and

the carbide characteristics will be disclosed, and the ability for the trained CNN to be able

to segment more complex optical microscopy images is shown.

3.3 Materials and Methods

The framework for the experimental work conducted in this study can be found in Fig-

ure 3.2. Each step in the framework corresponds to a chronological sub-section of Materials

and Methods, where the details of each step will be discussed. A high-level overview of

the section is as follows. The őrst step was image acquisition which included the PTA-

AM deposition of Ni-WC MMC deposits, the sample preparation, and dataset generation

through optical microscopy. The images were pre-processed with non-local means denoising

and pixel mean shift algorithms prior to being passed through the CNN. The CNNs had

to be optimized for the task of semantic segmentation of Ni-WC optical microscopy im-

ages. This included a hyperparameter search, k-fold cross-validation, and receiver operating

characteristic curve analysis. Finally, the predictions from the CNN are subject to various

post-processing methods before the őnal evaluation.

Figure 3.2: Framework for segmentation pipeline used for this study.

3.3.1 Image Acquisition

The Ni-WC samples were deposited using the PTA-AM system developed by Rojas et al.,

consisting of a Kennametal Stellite TM STARWELD 400A PTA and a positioning table ca-

pable of moving 365mm x 170mm x 300mm in the X, Y, and Z plane, respectively [35, 36].

The powdered feedstock used for the samples contained in the training data was 60wt% (45

vol.%) angular monocrystalline WC, with the remaining 40wt% (55 vol.%) being a NiCrBSi
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matrix with a hardness of 30 HRC. Additional samples were deposited to test the trans-

ferability of the trained CNN using a powdered feedstock of 35wt% (∼26 vol.%) angular

monocrystalline WC, 35wt% (∼26 vol.%) spherical eutectic WC, and 30wt% (48 vol. %)

NiBSi. The size distribution for the angular and spherical WC were (-180, +63µm), and

(-180, +125 µm), respectively. The single track multi-layer deposits consisted of 40x0.75mm

layers resulting in sample dimensions of 100mm x 7mm x 30mm for the length, thickness,

and height, respectively. The metallurgical samples were mounted, and polished using 6 and

1 µm diamond, and 0.05 µm colloidal silica suspensions. There was no etching step required

for any of the samples. Following metallographic preparation, the samples were observed

under an Olympus PMG3 optical microscope, and images were captured using an Olympus

Q color 5 camera with Quartz PCI V5 software. The optical microscope used for this work

captured the images with a green hue. Therefore, the model was only trained on images

with a green color distribution, and further normalization may need to be done prior to

using the model. An example of a larger sample image taken at 50x magniőcation can be

seen in Figure 3.3. From the larger images, 256x256 pixel crops were taken to increase the

size of the dataset to a total of 229 images. The difference in density between Ni (8.9 gcm−3)

and WC (15.6 gcm−3) caused there to be settling of the WC particles, which is evident in

Figure 3.3. The settling of the WC caused the class balance of the images to vary depending

on where the cropped image originated in the sample. When the images were split into

training and test sets, it was ensured that the class balance was as close to the same as

possible. The images were all taken at the same magniőcation, as the magniőcation would

effect the resolution of features in the images, impacting the őnal results.

The ground truth for each image was made by manually tracing each carbide in the im-

ages using the labelme [509] python package and exporting the recorded vertices to a binary

image. An example of a cropped image and its corresponding ground truth can be seen in

Figure 3.1a and Figure 3.1b, respectively. Pores, cracks, and defects were counted as being

part of the background class to simplify the problem, constraining it to binary segmentation.

During the initial experimentation, it was evident that the increased computational com-

plexity of a multi-class system was too much of an out-of-discipline leap. The end goal was to

quantify the WC distribution in the composite, providing a metallurgical justiőcation for the

improved wear resistance, with an automated pipeline with base level complexity, that can

be built upon with future iterations. Including the defects as part of the background made

the labelling of ground truth images more challenging, since the labelme [509] exports the
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Figure 3.3: An example of a large optical microscopy image used to compile the training
and test datasets. The above image is 9138W x 3322H pixels, meaning that 468 256x256

pixel crops can be taken from one image.

edge coordinates of the object, and internal structures cannot be removed from the object.

To remove the defects from the WC, the particles had to be broken up into multiple parts;

this reduced the pixel wise accuracy of the defects, adding some user error. Additionally,

the complex morphology of the WC made it difficult to perfectly trace the outside of the

particles, resulting in shadowing around the WC to be included in the mask, further con-

tributing to user error. From a metallurgical standpoint, the error of including the boundary

or defect is insigniőcant and the occasional inclusion makes little difference to the overall

quantiőcation of the WC distribution; however, the effects of this decision from a machine

learning perspective were unknown at the time. The lessons learned from the above ground

truth decisions are important part of out-of-discipline experimentation.

3.3.2 Pre-processing

A pixel-wise non-local means őlter [510] was the őrst pre-processing step that was done to

reduce the noise induced by the phase structure of the Ni matrix material, and reduce the

variability in the pixel intensities belonging to the WC. This has been shown to decrease the

generalization error, and may allow the user to reduce the depth of the model required to

perform the task [511]. A pixel-wise non-local means őlter attempts to reduce the variance

between similar rectangular kernels found throughout the image. An example of the results

of the non-local means őlter on a Ni-WC optical micrscopy image is shown in Figure 3.4,

where the black square represents the kernel containing the pixel p being adjusted, and the

red and purple squares are examples of kernels that would be used to adjust p. The pixel
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values provided in Figure 3.4 are samples of the pixel intensities from the green color channel

for each region, and the red pixel represents the pixel p, while the green pixel is the pixel q.

The őrst step is determining the squared Euclidean distance between the like patches, shown

in equation 3.2. An exponential kernel, shown in equation 3.3, is then used to calculate the

per pixel weight factor. Due to the exponential nature of the weight, distance values less than

2σ2 result in a value of 1, while more signiőcant variances between the patches are adjusted

exponentially[510]. The weights are then used in equation 3.4 to adjust the value of the pixel

p. Referring back to Figure 3.4a the euclidean distance between the pixels belonging to the

black kernel and purple kernel, will be smaller than the red kernel, which agrees with the

metallurgical context of them being the same phase; this means the purple kernel will have

a larger inŕuence on the pixel value of p. Following the adjustment, the center of the kernel

is moved the adjacent pixel, and the process is repeated until the entire image has been

analyzed. Figure 3.4b shows Figure 3.4a after being processed with a non-local means őlter,

and the black kernel reŕects the reduced variance in pixel intensity. The decision to use the

non-local means őlter coincided with the use of image augmentation in the early stages of the

model development, preventing the isolation of the contribution from the non-local means

pre-processing. However, convergence was unable to be achieved prior to the implementation

of these pre-processing methods.

d2(B(p, r), B(q, r)) =
1

3(2r + 1)2

3
∑

i=1

∑

j∈B(0,r)

(ui(p + j) − ui(q + j))2 (3.2)

w(p, q) = e−
max(d2−2σ2,0.0)

h2 (3.3)

ûi(p) =
1

∑

q∈B(p,r)

w(p, q)

∑

q∈B(p,r)

ui(q)w(p, q) (3.4)

Following the denoising, the mean and standard deviation of any outlier input image was

adjusted to match the pixel distribution of the training data. If the mean of any of the color

channels of the input image were greater than 20 away from the mean of the same channel in

the training set, all channels of the input image were normalized to match the distribution

of the training data. The model only has the capability to generalize features based on the

data available during training. The small dataset used during training limited the variability
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Figure 3.4: a) The input image before non-local means őltering and b) post non-local
means őltering. The black square is the kernel surrounding the pixel p that is being ad-
justed, which is shown in red. The red and purple kernels are used to calculate the weight
by which p will be adjusted, with the green pixel denoting the center q. The euclidean
distance between the pixels belonging to the purple kernel is lower than that of the red

kernel, causing the purple kernel to have a larger weight than that of the red kernel.

of the features belonging to the carbide class. Normalizing the outlying images increased the

mean IOU by 5%.

Image augmentation was employed to expand the size of the dataset used during training in

order to increase the model’s ability to generalize across the range of features that belong to

the carbide class, and reduce the chances of overőtting to the training data[512]. Prior to be

fed into the CNN, the images were randomly augmented with either a horizontal or vertical

shift by 51 pixels, a horizontal or vertical shearing of the image by 5◦, a rotation by 25◦ both

clockwise and counterclockwise, a brightness shift by 0.8-1.2, and a shift in the intensity of

one of the three color channels by 10 (4%). Augmentations were chosen to account for user

errors that occur during the procurement of images using an optical microscope.

3.3.3 Optimization

This section of the paper will outline the process taken to optimize the CNN for the semantic

segmentation of WC particles in Ni-WC optical images, which includes: Neural network

selection, hyperparameter search, and k-fold cross-validation.
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3.3.3.1 Neural Network Selection

The primary convolutional neural network architecture used for this work is the U-net de-

veloped by Ronneberger et al. [500], which was originally developed for the segmentation of

cell structure images for biomedical applications. A visual depiction of the U-Net is shown

in Figure 3.5. The selection of this architecture was primarily due to the similarity in the

features between cell structures and microstructural images, since both contain areas of in-

terest surrounded by background pixels with a similar pixel distribution. Additionally, the

U-Net was developed for optimal performance with limited data (30 training images [500])

available for training. Architecturally, the U-net has a symmetrical encoder and decoder. In

the context of CNNs, the encoder creates low resolution feature maps from the input image,

and the decoder increases the resolution of the feature maps to perform pixelwise classiő-

cation [513]; both the encoder and decoder use trained parameters. The encoder consists

of a repeated sequence of two 3x3 unpadded convolutions rastered across images and their

derived feature maps, each followed by an activation function (eg. ReLU[514]), and then

downsampled using a 2x2 max pooling with a stride of 2. The convolutional and pooling

layers are illustrated in Figure 3.5 by the purple, and blue rectangles, respectively. Following

each downsampling step, the amount of feature maps is doubled to increase the models’ abil-

ity to learn complex structures. The increase in depth and decrease in the size of the output

increases the model’s ability to extract features from the image but sacriőces the spatial

context of these features. Thus, to expand the dimensionality of the output to contain pre-

cise pixel-wise predictions, the model requires a symmetric decoder path. Each upsampling

block begins with a transpose convolution, causing a reduction in the depth of the output

while increasing the size, shown by the red rectangles in Figure 3.5. The upsampled fea-

ture map is concatenated with the feature maps from the encoder block of the same depth,

increasing the spatial precision of the predictions. Similar to the encoder, the combined fea-

ture maps and transposed convolution is passed through two 3x3 convolutional layers, each

followed by a ReLU. The őnal layer contains a 1x1 convolutional layer, which maps the ő-

nal feature vector to the corresponding number of classes [500], shown in green in Figure 3.5.

LinkNet, developed by Chaurasia et al.[515] and shown in Figure 3.6, was also used for

the segmentation of WC particles from Ni-WC optical images and compared with the results

from the U-net. Convolutional layers used in this architecture are all followed by batch nor-

malization, where the activations are rescaled to have a mean of 0 and a standard deviation
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Figure 3.5: The U-Net CNN architecture proposed by Ronneberger et al. [500]. The
depth of the output for each layer is shown at the bottom; However, magnitude of these
values reŕect the current study. The blue arrows indicate where the feature maps from the

encoder are added to the decoder.

of 1 [516], and a ReLU activation function. The convolutional layers are shown in green, and

the ReLU is shown in purple in Figure 3.6. The encoder begins with a 7x7 convolutional

layer, followed by a 3x3 max pooling with a stride of 2. This output enters four consecutive

residual blocks [517], each containing two sets of 3x3 convolutional layers. Every two con-

volutional layers are followed by a skip-connection, where the input and output of the two

convolutional layers are combined to reduce the likelihood of a vanishing gradient without

impacting the model’s performance. The residual connections are highlighted by the combi-

nation of the blue arrows, and purple spheres in Figure 3.6. Furthermore, the depth of the

model can be increased without sacriőcing its ability to learn identity-like mappings [517].

The decoder path includes four blocks containing two 1x1 convolutional layers, with a 3x3

transpose convolutional layer in between. The output of each decoder block is combined with

the input from the corresponding encoder block to recover the spatial knowledge that was

lost during feature extraction; these are illustrated by the red arrows in Figure 3.6. Before

localization, the output of the decoder is passed through two more transpose convolutional

layers, with a 3x3 convolutional layer in between [515].

Along with the original architectures the encoders from VGG16[492], resnet50[517], and

mobilenet[518] were also tested. The corresponding decoders were designed to conserve the

original U-net and LinkNet structure. The őnal layer activation was achieved using the sig-

moid activation function, which outputs the class probabilities between 0 and 1, shown in
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Figure 3.6: The LinkNet CNN architecture created by Chaurasia et al.[515]. The depth
of the output from each layer are shown at the bottom, and these values are the same as the
original architecture. The blue arrows indicate the residual connections in the encoder, and
the red arrows indicate where the feature maps from the encoder and decoder are added.

equation 3.5 [519]. The sigmoid activation was used for all models analyzed in this work.

f(x) =

(

1

1 + exp−x

)

(3.5)

Keras[520], and Tensorŕow [508] were used as the machine learning API for all the models in

this work. The python/Keras version of the models was written by Yakubovskiy et al., and

provided in the Segmentation Models Github repository [521]. Computing resources were

provided by Industry Sandbox and AI Computing (ISAIC) at the University of Alberta,

which included 2 16GB NVidia Tesla V100 GPUs.

3.3.3.2 Performance Metrics

The two performance metrics used in this work were the Jaccard index [522], also known as

intersection over union (IOU), and the dice coefficient[523](DC), shown in equations 3.6 and

3.7, respectively.

IOU =
TP

TP + FP + FN
(3.6)

DC =
2TP

2TP + FP + FN
(3.7)

Although their formulation is similar and the metrics are positively correlated, there are

some differences when the evaluation is across many instances. Though both the IOU and

dice coefficient metrics are positively correlated, it is of note that the IOU is more sensitive

to poorly performing outliers than the dice coefficient and, therefore, their relative values
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will differ depending on the dataset. One disadvantage both the IOU and the dice coefficient

share is that the lower the percentage of true positive pixels compared to background pixels,

the higher the penalty for having any type I or type II errors; though as discussed previously

it will likely be exacerbated for the IOU. Thus, it is essential to consider the imbalances in

the dataset during the evaluation[524].

The receiver operating characteristic (ROC) curve measures the model’s ability to correctly

predict the features belonging to a particular class. The use of the sigmoid activation func-

tion causes the output of the CNN to be pixel-wise probabilities of that pixel belonging to

the carbide class. Thus, the ROC curve allows for the selection of the optimal probability

threshold to maximize the predictive ability of the model. This is done by plotting the true

positive rate (TPR a.k.a. sensitivity) against the false positive rate (FPR), which are shown

in equations 3.8, and 3.9, respectively.

TPR(Sensitivity) =
TP

TP + FN
(3.8)

FPR = 1− Specificity =
FP

TN + FP
(3.9)

The closer the area under the ROC curve (AUC-ROC) is to unity, the higher the probability

that the model will correctly classify each pixel to the correct class. Since different probability

thresholds will give rise to varying TPRs and FPRs, it is important to determine the area

under the ROC curve for a range of values. This can be seen in Figure 3.7, where the ROC

curve for fold 1 of the U-net is plotted for various threshold values. For this particular model,

the optimal threshold value was 0.77, where values higher and lower had reduced area under

the ROC curve. During the training of the models in this work, 50 threshold values between

0 and 1 were tested to őnd the best possible threshold value. For the hyperparameter search,

predictions were based on the validation set, and for k-fold cross-validation, the predictions

were from the test set.

3.3.3.3 Hyperparameter Optimization

Machine learning models attempt to deőne the features in a given dataset using a non-linear

function. This is achieved by using affine transformations that are dictated using learned

parameters and non-linear activation functions, such as the ReLU. The model parameters
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Figure 3.7: The ROC curve for fold 1 of the U-net used in this work at varying thresholds.
The threshold value for each line is given in the legend, along with the corresponding area
under the ROC curve. The dashed line represents the lowest possible denomination of the

ROC curve.

are internal coefficients that are updated using a gradient-based optimization algorithm to

produce the smallest possible error on the dataset. Hyperparameters are conőgurational

arguments that are speciőed by the user to help facilitate the training process and tailor a

model’s performance to a particular dataset. Typically, the general effect each hyperparam-

eter has on the models functionality is known. However, the various hyperparameters may

have non-linear interactions, resulting in drastic differences in performance.

The hyperparameters tested and their range of values for the U-net are shown in Table 3.1,

and the alternative backbones for the U-net and LinkNet are shown in Table 3.2. As men-

tioned above, batch normalization refers to rescaling all of the activations from the hidden

layers to be between 0 and 1 [516]. Batch size is the number of training images that are
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Table 3.1: The hyperparameters and their corresponding value ranges used for the hy-
perparameter optimization of the U-net. Note that for SGD, momentum was set to the
default of 0 and for Adam β1 and β2 were set to the recommended values of 0.9 and 0.999
respectively [525]. Larger incremental ranges are shown in brackets (start,őnish,increment)

Hyperparameter Value Range
Batch Normalization True, False

Batch Size 2, 4, 6, 8

Learning Rate 0.00001, 0.0001, 0.001, 0.01, 0.1

Learning Rate Decay 0, 0.25, 0.5, 0.75, 0.99

Dropout Rate (0, 1, 0.1)

L2 Regularization term 0, 0.0001, 0.001, 0.01, 0.1

Kernel Size 2, 3, 4, 5

Number of Filters 16, 32

Activation ReLU [514], ELU [526]

Loss Function
binary cross entropy (BCE)[527],

dice coefficient loss (DL)[528],
BCE plus dice coefficient loss (BCE+DL)[529]

Optimizer
stochastic gradient decent (SGD)[530][531],

RMSprop[532],
Adam[525]

used to estimate the expected value of the gradient for a particular loss function over the

entire dataset[533]. Smaller batch sizes have been shown to improve the model’s ability to

generalize features [534ś536], while reducing the memory footprint during training. The

learning rate controls the magnitude the weight parameters of the model are updated per

epoch [537]. Decaying the value of the learning rate during training has been shown to

improve the model’s ability to learn complex patterns and reduces the chance of the model

being stuck in a local minima[538]. The decay patience is the number of epochs, with no

improvement to the validation loss, it takes for the learning rate to decrease by the speciőed

decay rate. The value for the learning rate decay refers to the amount in which the learning
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Table 3.2: The hyperparameters and their corresponding value ranges used for the hyper-
parameter optimization of the U-net and LinkNet for the different backbones. These ranges
are the same for all of the different backbones trialed. Note that for SGD, momentum was
set to the default of 0 and for Adam β1 and β2 were set to the recommended values 0.9 and

0.999 respectively. [525]

Hyperparameter Value Range
Batch Normalization True, False

Batch Size 2, 4, 6, 8

Learning Rate 0.00001, 0.0001, 0.001, 0.01, 0.1

Learning Rate Decay 0, 0.25, 0.5, 0.75, 0.99

Decay Patience 5, 10, 20, 30

Decoder Block Type
nearest-neighbor (nn) upsampling,

transpose convolution

Encoder Weights he normal, ImageNet

Freeze Encoder True, False

Loss Function
binary cross entropy (BCE)[527],

dice coefficient loss[528],
BCE plus dice coefficient loss[529]

Optimizer
stochastic gradient decent (SGD)[530][531],

RMSprop[532],
Adam[525]

rate drops after there has been no improvement in validation loss after the epochs speciőed

by the patience. Dropout is a regularization technique that temporarily removes neurons

and their connections from the network based on the probability deőned by the dropout rate

to help reduce overőtting[539]. L2 regularization adds a λ
p
∑

j=1

β2
j to the objective function to

reduce the value of the weights to be closer to zero. Kernel size is the size of the convolution

window that is used during the convolutional layers, while the number of őlters increases the

depth of the convolutional layers. Kernel weights were initialized from a truncated normal

distribution, with a mean of 0 and a standard deviation of
√

2/n, where n is the number of

input units in the weight tensor [540]. ReLU [514] and ELU [526], shown in equations 3.10
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and 3.11, are non-linear activation functions that follow each convolutional layer, to account

for the complex nature of the pixel data.

R(z) =







z z > 0

0 z <= 0
(3.10)

R(z) =







z z > 0

α(ez − 1) z <= 0
(3.11)

In deep learning, the objective function that is used to quantify the model’s ability to perform

a particular task is called the loss function. The cumulative error associated with the entirety

of the model is distilled down to a single value, where a reduction in this value indicates

improvement in the model’s performance. The loss functions tested in this work are pixelwise

binary cross entropy[527], the dice coefficient loss[528], and a combination of the two[529],

shown in equations 3.12, 3.13, and 3.14 respectively.

LBCE(y, p̂) = −(ylog(p̂) + (1− y)log(1− p̂)) (3.12)

LDL(y, p̂) = 1−
2yp̂+ 1

y + p̂+ 1
(3.13)

LBCE,DL = βLBCE − (1− β)LDL (3.14)

Parameters of the model are updated after each batch through gradient descent using an

optimization algorithm. The optimizers trialed were stochastic gradient decent (SGD)[530],

RMSprop[532], and Adam [525].

Different hyperparameters were able to be analyzed for the different backbones based on

the input arguments speciőed by Yakubovskiy’s Github repo [521], which include chang-

ing the encoder weights, freezing the encoder weights, and altering the decoder block type.

Transfer learning [541] using an encoder that was pre-trained on the ImageNet dataset[542]

was used to take advantage of the model’s ability to generalize and extract features. Other-

wise, the weights were initialized from a truncated normal distribution [540]. These weights

from ImageNet could be frozen and prevented from being adjusted during training, resulting

in only the decoder parameters being updated. The decision to include freezing the weights

was made so the large gradient from the new dataset doesn’t override the ImageNet weights,
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eliminating the feature extraction beneőts of the pre-trained encoder, potentially causing

the entire model to be trained from scratch. The decoder block type was also altered be-

tween nearest-neighbor upsampling, which does not use learned parameters, or a transpose

convolution.

Hyperparameter optimization was done using the Talos python package [543], using a ran-

dom search method. The training was stopped after 50 epochs with no improvement to the

validation loss, with a max of 500 epochs, and only the top-performing model was evaluated.

The dataset was manually split into training (80%) and validation (20%) to conserve class

balance between the datasets and to ensure comparable results across the experiments. The

metrics used to evaluate the raw output were IOU (equation 3.6) and the dice coefficient

(equation 3.7), averaged across the entire validation set.

3.3.3.4 K-fold Cross Validation

Once the optimal hyperparameters were determined for each model, the evaluation was done

using k-fold cross-validation. This is a widely used technique for model evaluation since it

improves the models ability to generalize by using all of the available data for training and

validation [544]. A value of k=5 was selected to reduce the computational load, while being

large enough to reduce the bias and variance of the model’s performance[545]. The total

229 training images were split into a training set (192 images) and a test set (37 images),

where the test set was selected to closely match the class distribution of the training set.

During training, the training set is split into őve folds, one fold being used as the validation

set and four folds being used for training, as shown in Figure 3.8. The model is trained for

500 epochs, with the goal being to minimize the loss associated with the validation set as

a representation of how the model performs on new data. Following training, the test set

is passed through the model, and the mean IOU and dice coefficient are determined across

the entire test set. This process is repeated őve times, and the ultimate performance of the

model is the averaged performance across the folds.
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Figure 3.8: A visual representation of the k-fold cross validation procedure.

3.3.4 Post-processing

The overall model performance was determined before and after post-processing, using mor-

phological operations, of the CNN predictions. Morphological operations use a structuring

element that is rastered over the image to adjust the arrangement of features in an image.

For this work, the chosen structuring element was a square, with the origin being at the

center. Two morphological operations were used for post-processing of the binary images,

erosion, and dilation. Erosion eliminates all pixels (reduces value from 1 to 0) within a

structuring element except for the origin, where that structuring element őts within an ob-

ject (all pixel values of the structuring element are 1). Dilation increases the dimensions

of objects by changing the value of the origin of the structuring element from 0 to 1 if any

part of the structuring element contacts a pixel with a value of 1 [546]. A visual depiction

of erosion and dilution of an arbitrary object by a 3x3 square structuring element can be

seen in Figure 3.9a and Figure 3.9b, respectively. Opening is erosion followed by dilation,

which removes noisy patches and spurs from the image while maintaining the original shape

and size of the objects. Closing is dilation followed by erosion which helps in őlling small

gaps found in the objects in the image[546]. The sequence of morphological operations that

yielded the best results was: erosion, opening, closing, and erosion. All morphological trans-

formations were performed using the python package OpenCV [488]. For each morphological
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Figure 3.9: The a) erosion and b) dilation morphological transformations used in the post
processing of the CNN output. For both processes the structuring element is a 3x3 square.

step, the structuring element size was iterated between 1x1 and 100x100, and the size that

yielded the greatest improvement to the IOU for that particular image was chosen.

3.4 Results

3.4.1 Hyperparameter Optimization

The raw output from the top 5 hyperparameter conőgurations for the segmentation of WC

in Ni-WC optical microscopy images using the vanilla U-Net CNN are shown in Table 3.3.

The top model had an area under the ROC curve (AUC-ROC) of 0.944, a mean IOU of

0.87, and a mean dice coefficient of 0.929. Although the hyperparameter values listed in the

table are similar in magnitude, the range in conőgurations between the models is signiőcant.

One hyperparameter that was consistent across the top 5 models was the SGD optimization
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function. It is important to note that during the hyperparameter optimization, only vanilla

SGD (i.e. no momentum) was tested. There is no conclusive evidence to show that one opti-

mization function performs best across all types of data; however, for the samples analyzed

in this paper, SGD had the best performance as shown in Table 3.3 [547]. Even exclusively

using SGD as the optimizer, model architectures varied enormously, and resulted in large

differences in performance. These differences in performance are expected since each model

differs in the way it extracts features from the data [548]. Ultimately, it is the symphony of

hyperparameters and model architecture that dictate the performance. SGD’s positive per-

formance is possibly due to the fact that it has been shown to generalize features better than

adaptive optimization methods (e.g. Adam) [549, 550]. One known disadvantage of SGD is

the potential to get stuck in local minima, due to the gradient being small in all directions.

Using momentum, which incorporates a velocity vector of past gradients to SGD, can help

propel backpropagation through problematic areas and towards the global minima [551]. To

determine momentum’s effect on the top model’s performance, a second hyperparameter

search was done with momentum ranging from 0 to 1, in 0.1 increments. Incorporating a

momentum of 0.8 increased the mean IOU to 0.882 with a mean dice coefficient of 0.937.

The results for the hyperparameter optimization of the various backbones tested for both

the U-Net and LinkNet are shown in Table 3.4; These values are the raw outputs from the

models with no post-processing. No post-processing was done during the hyperparameter

search to ensure efficient use of the computational resources provided by ISAIC. The best

backbone for the U-Net used the mobilenet encoder achieving an AUC-ROC of 0.939, a mean

IOU of 0.855, and a mean dice coefficient of 0.922, which is slightly worse than the original

U-Net architecture (IOU of 0.882 and DC of 0.937). Comparatively, the top backbone for

LinkNet was the resnet50 encoder, which had slightly better performance than the U-Net

with an AUC-ROC of 0.945, a mean IOU of 0.879, and a mean dice coefficient of 0.935. The

resnet50 encoder maintains the original residual block structure of the encoder of LinkNet,

only slightly deeper [515]. All of the models utilized BCE as part of the loss function. BCE

is a common loss function for binary classiőcation as it mimics using maximum likelihood

estimation to őt the model. It also pairs well with the sigmoid activation function during

backpropagation since the sigmoid function outputs values between 0 and 1, which are the

required range for p̂ in equation 3.12[552].

The only instance where transfer learning outperformed training a model from scratch is
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Table 3.3: The hyperparameters and their corresponding value for the top 5 vanilla
U-net models trained during the hyperparameter optimization. Note that for SGD that

momentum was set to the default of 0.

Hyperparameter 1 2 3 4 5
Batch Normalization True True True True True

Batch Size 2 2 2 6 6

Learning Rate 0.01 0.001 0.01 0.001 0.1

Learning Rate Decay 0.5 0.75 0.25 0.25 0.75

Dropout Rate 0.8 0.5 0.5 0.2 0.1

L2 Regularization term 0 0 0.0001 0.01 0.001

Kernel Size 4 3 5 3 2

Number of Filters 16 16 16 32 16

Activation elu elu elu relu elu

Loss Function DL BCE BCE + DL DL BCE

Optimizer SGD SGD SGD SGD SGD
AUC-ROC 0.944 0.942 0.942 0.936 0.935

Mean IOU 0.870 0.864 0.863 0.849 0.848

Mean DC 0.929 0.926 0.925 0.917 0.916

the U-net using the VGG16 encoder, Here the encoder weights from training the model on

the ImageNet dataset [542] were unchanged during training. Thus, the model’s learned abil-

ity to generalize and extract features was able to be transferred to the Ni-WC optical images

used in this work. The success of transfer learning highlights the power of a large dataset

(e.g. ImageNet [542]), and the models trained on it, to generalize to a variety of problems.

Even though there is a stark difference between the features belonging to natural images

compared to microstructures, the model was still able to achieve a mean IOU of 0.851. Due

to time and resource constraints, őne-tuning the ImageNet weights was not able to be done;

however, this could potentially increase the accuracy of the predictions.
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Table 3.4: The hyperparameters and their corresponding value used for the training of
the top performing model for each backbone and model architecture. Note that for SGD
that momentum was set to the default of 0 and for Adam β1 and β2 were set to 0.9 and

0.999 respectively.

Hyperparameter
Model Architecture

Unet LinkNet
mobilenet renet50 vgg16 mobilenet resnet50

Batch Normalization True True True True False

Batch Size 2 4 4 2 4

Learning Rate 0.1 0.01 0.001 0.01 0.01

Learning Rate Decay 0.75 0.75 0.99 0.25 0.75

Decay Patience 5 5 10 20 30

Decoder Block Type nn upsampling transpose nn upsampling transpose transpose

Encoder Weights he normal he normal ImageNet he normal he normal

Freeze Encoder False False True False False

Loss Function BCE+DL BCE BCE+DL BCE+DL BCE

Optimizer SGD Adam RMSprop SGD RMSprop
AUC-ROC 0.939 0.927 0.937 0.939 0.945

mean IOU 0.855 0.834 0.851 0.859 0.879

mean DC 0.922 0.903 0.918 0.923 0.935

3.4.2 K-fold Cross Validation

The results from the 5-fold cross-validation experiments on the test dataset are shown in

Table 3.5. The values shown are after post-processing to illustrate the best performance

that can be achieved with an automated pipeline. In the őnal column, the mean of the raw

outputs are shown in brackets. The average increase in performance with post-processing is

0.02 - 0.07 across all metrics. When comparing the raw outputs from k-fold cross validation

with the hyperparameter search, the generalization error increased for all models. A slight

decrease in performance of the U-Net was achieved compared to the results of the top model
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Table 3.5: The 5-fold cross validation performance of each model on the Ni-WC test
dataset. The őnal column shows the mean performance across all of the folds, with the raw

output values in brackets.

Model Metric
Value for each for each fold

Mean
1 2 3 4 5

U-Net
AUC-ROC 0.968 0.962 0.964 0.967 0.966 0.965 (0.935)
Mean IOU 0.918 0.904 0.909 0.914 0.911 0.911 (0.841)
Mean DC 0.957 0.949 0.952 0.955 0.953 0.953 (0.913)

U-Net/mobilenet
AUC-ROC 0.889 0.902 0.947 0.857 0.854 0.890 (0.871)
Mean IOU 0.769 0.782 0.872 0.711 0.702 0.767 (0.741)
Mean DC 0.868 0.876 0.829 0.932 0.824 0.866 (0.848)

U-Net/resnet50
AUC-ROC 0.926 0.925 0.941 0.926 0.936 0.931 (0.910)
Mean IOU 0.831 0.829 0.864 0.833 0.854 0.843 (0.814)
Mean DC 0.907 0.906 0.927 0.908 0.921 0.914 (0.896)

U-Net/VGG16
AUC-ROC 0.941 0.951 0.900 0.951 0.959 0.940 (0.913)
Mean IOU 0.870 0.874 0.782 0.878 0.900 0.860 (0.808)
Mean DC 0.930 0.932 0.876 0.935 0.945 0.924 (0.892)

LinkNet/mobilenet
AUC-ROC 0.955 0.947 0.946 0.952 0.947 0.950 (0.910)
Mean IOU 0.890 0.871 0.894 0.881 0.869 0.876 (0.803)
Mean DC 0.941 0.931 0.931 0.936 0.929 0.934 (0.889)

LinkNet/resnet50
AUC-ROC 0.945 0.937 0.937 0.935 0.938 0.939 (0.911)
Mean IOU 0.867 0.861 0.855 0.850 0.855 0.858 (0.814)
Mean DC 0.928 0.925 0.921 0.918 0.921 0.922 (0.898)

during the hyperparameter optimization shown in Table 3.3. Since the test set is unseen

by the model it is used to showcase the model’s classiőcation ability; the minimal increase

in error on the test set compared to the validation set during the hyperparameter search

highlights the model’s ability to perform on unseen data. Similar results were found when

comparing the cross-validated and hyperparameter search results for the different model ar-

chitectures of the U-Net and LinkNet, with the exception of the U-Net with a mobilenet

encoder. This could be due to this model being biased towards the validation set during the

hyperparameter search, giving a false sense of the model’s ability to perform on unseen data.

The CNN struggled to properly classify the various defects that can be formed during
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deposition. These problems were consistent across all models used in this work. Thus, to

reduce redundancy, only the output of the U-Net will be explicitly discussed. One speciőc

instance is cracking in the sample, which can be found at the bottom of the input image

shown in Figure 3.10a. Although this crack is classiőed as part of the background, as seen

in the ground truth in Figure 3.10b, the CNN falsely classiőed it as part of the carbide class,

shown in Figure 3.10c. The type I error still remained after post-processing which can be

seen in Figure 3.10d. Similar results were also found with pores in the carbides, where the

model preferred to classify them as part of the carbide. This is expected given that both

show similar pixel intensity values under optical microscopy. During the grinding and pol-

ishing stage of metallurgical sample perperation, the softer Ni matrix is preferentially worn,

resulting in the WC particles being elevated in the sample. This is characterized by the

dark outline that is found around each particle, that share a similar pixel distribution as the

pores and cracks. During the ground truth labelling there were instances where the dark

outline was included in the mask of the carbide. Therefore, the model was being trained to

recognize the distribution of pixels that belong to the pores and cracks as belonging to the

Figure 3.10: Visual depiction of the segmentation results where a) and e) show the input
images into the CNN; b) and f) show the corresponding ground truth for images a) and e)
respectively; c) and g) show the raw outputs of the CNN; d) and h) show the post-processed
output. For all images the white pixels show the true positives, the black pixels show the
true negatives, the magenta pixels show the false positives, and the teal pixels show the

false negatives.
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carbide particle, contributing to the type I errors found in the predictions.

Thermal degradation of the WC particles was another defect that was largely falsely classiőed

by the CNN. Dissolution of WC in NiCrBSi has been shown to form W-Ni-Cr intermetallics

along the particle boundary during PTA deposition [10]. A large dissolution zone can be

seen at the bottom of Figure 3.10a that resulted in a false positive error due to the similarity

in the pixel distributions between these regions and the WC particles, relative to the matrix.

The model also performed poorly at accurately determining the edge of the WC particles,

shown by the ring of type I errors surrounding the particles in Figure 3.10c and Figure 3.10g.

Downsampling is important for CNNs to reduce the dimensionality of the image data, to

reduce the chance of overőtting, and to allow the network to learn larger spatial context. The

trade-off to this methodology is the model reduces its ability to distinguish high-frequency

details, reducing the accuracy of classifying object boundaries[553]. Therefore, the coupling

of the dissolution of W and C surrounding the WC particles, and the poor edge deőnition

of the model’s output, resulted in poor resolution when classifying WC particles exhibiting

thermal degradation. In the development of the U-Net, Ronneberger et al. integrated an

energy function into the loss function that increased the cost associated with the incorrect

classiőcation of border pixels around HeLa cells [500]. The additional cost forced the model

to learn the boundaries around cells and could also be used to improve the boundary de-

tection of WC particles. This may reduce the error caused by the poor classiőcation of the

thermal degradation of WC.

Similar to the inability to consistently characterize carbide that experience thermal degrada-

tion, the model also struggled to separate the carbides that had boundaries close together.

Instead, the CNN tends to connect these areas reducing the individual particle count found

in each image. This tends to be exacerbated by post-processing, as seen in the bottom

right of Figure 3.10g and h, where type I errors are introduced after post-processing. The

post-processing pipeline only accepts changes to the image that will result in an increase in

the IOU of the image. Although new type I errors are introduced, the objective outcome

does improve. Using simple non-local morphological transformations may not be the opti-

mal choice for the post-processing of CNN output. Other post-processing methods such as

conditional random őelds [554], and localized adaptive methods [555] may improve the end

results.
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3.4.3 Model Uncertainty

For this work, the model’s uncertainty was not quantiőed. Quantiőcation of the carbide

characteristics in Ni-WC microstructures in the context of PTA-AM will be used as a tool

for maximizing the retention of WC during deposition. In a research context, the amount

of data pertaining to a single sample is minimal, and the bottleneck for creating samples

lies in the time required for sample preparation prior to optical microscopy. The size of the

features is large enough to visually determine whether the model’s prediction is correct, and

the risk associated with uncertain predictions is low. Thus, the computational expense for

quantifying the model’s uncertainty outweighed the potential risk.

3.5 Calculating Carbide Percent and Mean Free Path

The carbide percent and the mean free path were determined for the entire test dataset and

compared with the values from the ground truth images as seen in Table 3.6. The carbide

percent and mean free path from the image shown in Figure 3.1a using both the CNN, and

the image processing techniques [480, 489] are shown in Table 3.7. The CNN predictions

were much closer to the actual measurements than those determined using image processing

techniques. The carbide percent was calculated by determining the area of the white pixels

over the total area of the image. Mean free path was quantiőed using two different meth-

ods. One of the methods uses equation 3.1, where NL is determined by drawing 25 lines

horizontally across the image, and counting the number of carbide intercepts, as described

in ASTM STP 839 [478]. The location of these lines is randomly generated to try and mimic

the manual calculation described in the ASTM standard. This process is repeated 15 times

to have a valid statistical representation of the range of possible values for the mean free

path. A problem with automating this process is that a carbide/matrix intercept of a bi-

nary image is when the pixels change from back to white or vise versa. The transition in

pixel value is not always indicative of a carbide/matrix intercept. For example, the model

tends to incorrectly classify pores and cracks as belonging to the carbide class, which would

underestimate the mean free path. The second method used for calculating the mean free

path was by simply scanning the image horizontally and counting the number of black pixels

in between white pixels. This method operates under the assumption that all black pixels
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belong to the matrix, which is not always correct. Pores, cracks, and false negatives incurred

during the model’s prediction are all cases that reject this assumption.

Table 3.6: The carbide percent and mean free path calculated over the entire testing
dataset. The values stated are the mean ± the standard deviation for the test set. Mean
free path (ASTM) refers to the methods described in ASTM STP 839 [478], and mean free
path (CBP) refers to the method of counting the number of black pixels between areas of

white pixels.

Measurement Ground Truth Model Prediction
Carbide Percent (Area %) 40 ± 11 41 ± 11

Mean Free Path (ASTM) (µm) 64.4 ± 30 79.9 ± 40
Mean Free Path (CBP) (µm) 89.7 ± 29.4 115 ± 35

Table 3.7: The carbide percent and mean free path calculated for the image shown in
Figure 3.1a. The values stated are the mean ± the standard deviation for the test set.
Mean free path (ASTM) refers to the methods described in ASTM STP 839 [478], and
mean free path (CBP) refers to the method of counting the number of black pixels between

areas of white pixels.

Measurement Ground Truth Model Prediction Otsu’s Method [480] K-means Clustering [489]
Carbide Percent (Area %) 22 30 18 54

Mean Free Path (ASTM) (µm) 41.2 ± 7.8 37.3 ± 9.6 32.3 ± 26.6 16.3 ± 7.2
Mean Free Path (CBP) (µm) 52.8 ± 44 49.9 ± 42.8 48.6 ± 39.1 25.8 ± 26.1

A minor discrepancy can be seen between the values of the carbide percent for the ground

truth images and the model’s predictions, even though the model’s predictions contain type

I errors. During the post-processing step, the elimination of a large portion of type I errors

also tend to incorporate more type II errors due to the global application of the morphologi-

cal operations. The addition of type II errors offsets some of the type I errors in images that

the model predicted poorer on, resulting in the carbide percentage being closer to that of the

ground truth. Both the ground truth and the predictions had similar standard deviations

in carbide percentages. These results empirically show that the carbide percent determined

from the model’s predictions are reŕective of what is contained in the optical image.

The difference of mean free path values for the ground truth using the ASTM calculation and

the counting black pixels (CBP) method are within 25 microns of the model’s predictions.

A difference of 25 microns in the mean free path could drastically effect the MMCs ability

to resist abrasive wear depending on the size distribution on the abrasive [13]. One major
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contributing factor to the large difference is including defects in the background class of the

ground truth images, highlighted in Figure 3.10f. Since these areas are represented by small

areas of black in the ground truth images, they will be falsely included in the quantiőcation

of the mean free path for the ground truth; this will drastically decrease the average value.

The models predictions typically included defects as being part of the carbide class, thus

not including them in the mean free path. Also, the intricate details of the carbides are

smoothed out in the models predictions, omitting them from the mean free path calculation.

Therefore, the lower value for mean free path from the ground truth images may be inaccu-

rate, and the higher values from the models predictions may be a closer estimation of the

mean free path.

Another important thing to note from Table 3.6 is the large standard deviation in the MFP

values for both the models predictions and the ground truth. It is evident in Figure 3.3 that

the physical phenomena of particle settling could be a large contributing factor, since there

would be large discrepancy in the MFP depending on where the test image originated in

the sample. The impact the depth where the image was taken from on the MFP is shown

in Table 3.8, and a visual representation of the data for the CPB method can be seen in

Figure 3.11. All points shown are from test images taken from the same sample, and the

distance values reported are from the bottom of the sample. The mean free path tends to

be smaller when comparing the bottom and the top of the sample; the middle contains a

range of values. When the effects of particle settling are removed, the mean and standard

deviation of the mean free path for the predictions and the ground truth, as well as the gen-

eral trend of the values, are similar. The large overlap in the mean free path highlights the

accuracy of the predictions. However, images that were taken at similar depths in the sample

still display large deviations in the mean free path. Therefore, the stochastic nature of the

particle settling that occurs during deposition creates local deviations in the mean free path,

based on the particle shape, size, and orientation in the melt. The local differences in mean

free path are also exacerbated by taking 256x256 pixel crops during the image acquisition

process. Therefore, analyzing the mean free path from 256x256 crops of random portions of

the image may not be representative of the entire image, and stitching the images together

prior to determining the mean free path may help reduce the deviation. Image stitching

could not be done in the current study, due to the sparseness of the crops used for the test

set meaning a stitched image would not be metallurgically representative of the sample and

result in a poor comparison.
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Figure 3.11: The mean free path as a function of depth in the sample. All points are
the mean free path of test images that were taken from the same sample. The depth is

measured from the bottom of the sample.

When comparing the ASTM and the CBP methods for determining the mean free path,

the CBP method tends to have higher values for the predictions, and ground truth. The

difference in the mean free path between the ground truth and the models predictions is also

greater for the CPB method. A key distinction between the two methods is the represen-

tation of the mean free path. The ASTM method is an estimation of the average distance

between the particles, since it uses multiple horizontal lines to sample the image to estimate

the number of carbide particles per length. The CBP method is a direct quantiőcation of the

mean free path and accounts for all of the data provided by the image. In the context of digi-

tal images, counting the number of carbide intercepts is rudimentary compared to physically

measuring the distance between particles over the entire image. Additionally, performing

the physical measurements is computationally inexpensive. Therefore, for computationally

determining MFP, the methods described in ASTM STP 839 may be outdated and may need

to be improved to reŕect the current state-of-the-art.
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Table 3.8: The mean free path calculated at different depths in the sample. The values
stated are the mean ± the standard deviation for the speciőc depth. Mean free path
(ASTM) refers to the methods described in ASTM STP 839 [478], and mean free path
(CBP) refers to the method of counting the number of black pixels between areas of white

pixels. Note that depth is measured from the bottom of the sample.

Depth Ground Truth (ASTM) Model Prediction (ASTM) Ground Truth (CBP) Model Prediction (CBP)
300 46.9 ± 12.2 55.5 ± 12.4 71.4 ± 15.6 90 ± 17.8
1200 79.2 ± 30.6 106.2 ± 36.1 103.9 ± 27.2 147.6 ± 38.9
1300 69.3 ± 10.9 67.5 ± 7.6 81.1 ± 16.6 106.4 ± 6.8
1500 60.5 ± 16.8 76.8 ± 21.2 88.4 ± 21.8 114.7 ± 31
1750 60 ± 13.6 72.4 ± 12.3 87.6 ± 17.1 105.5 ± 16.3
2100 52 ± 4.9 65.4 ± 6.9 77.6 ± 4.1 108 ± 6.4
2300 140.9 ± 27 175.1 ± 49.3 158.7 ± 16.3 184.3 ± 22.5

3.5.1 Uncertainty of Measuring Carbide Characteristics

The uncertainty of measuring carbide percentage and the mean free path is an extension

of the epistemic and aleatoric uncertainty from the model. This is due to the calculations

of the carbide percent and mean free path being direct quantiőcations of models output.

Therefore, without the quantiőcation of the uncertainty of the model, the calculations of

carbide percent and mean free path should be taken as qualitative evidence.

3.6 Discussion

3.6.1 Reduction in Processing Time

Although the predictions made by the model are not as accurate as those achieved by man-

ually labeling the image, the average mean free path and carbide percent are within 25 µm

and 1%, respectively. The largest difference between the two methods is in the processing

time. Manually segmenting images from a sample that has a height of 30mm and a length

of 100mm would take on the order of hours, whereas the model can semantically segment

that sample in less than a minute. In the context of PTA-AM, the lower processing time

could drastically reduce the time to optimize the deposition strategy to maximize the carbide

percent and minimize the mean free path for the context of abrasive wear resistance.
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3.6.2 CNN Transferability

As mentioned above, the training set only contained images of monocrystalline WC in a

NiCrBSi matrix. Spherical eutectic WC is also used in industrial applications as they have

been shown to have improved wear resistance under high-stress conditions compared to

monocrystalline WC, warranted to the combination of high hardness and toughness [10].

Creating a ground truth for spherical WC has proven to be a difficult task, as many of

the carbides undergo considerable dissolution during deposition. Degraded carbides have a

fractured appearance, as seen in Figure 3.12a, making them challenging to accurately hand

label. However, since spherical eutectic WC are still prevalent in the industry, it would be

beneőcial for the model to have the capability to segment them from optical images.

Figure 3.12: a) Image of a PTA-AM sample containing monocrystalline angular WC and
spherical eutectic WC. The scale bar size is increased for reader clarity. b) The raw output

from the U-Net on image a).

To test whether a U-Net only trained on angular monocrystalline WC has the robustness to

also predict on spherical WC, the image shown in Figure 3.12a was cropped into 256x256

sections, totalling 48 images. The images were passed through the same post-processing

pipeline prior to being passed through the model. Only the top fold from the original U-Net

architecture was tested, and the classiőcation threshold that performed best for the test set

was also used for these images. No ground truths were made for these images due to the

morphological complexity of the spherical carbides induced by the thermal degradation. No

post-processing was done due to the inability to optimize the IOU against the ground truth.

Manual application of morphological operations could have been used to improve the results,

but the goal of this section was to show what is capable in an automated process that can be

applied to any image. Additionally, no evaluation of the carbide percent or mean free path
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was done since there was no ground truth images to compare the results to.

The raw predictions made by the model can be seen in Figure 3.12b. There are some

sources of errors and uncertainty that became apparent during this experiment. One of

those being bevelling of the corners of the sample, illustrated by the shadowing seen in the

top left of Figure 3.12b, resulting in type I errors. Another source of error is artifacts left

behind from polishing that resulted in additional type I errors. The model’s predictions also

tended to vary based on the other features contained within the cropped images that aren’t

representative of the sample as a whole; this was typically a source of type II errors in the

prediction. An area where the U-Net seemed to improve on over images with just angular

WC is the ability to correctly label the thermal degradation of the WC. The model was

also better at separating particles that were close together. Even though it is apparent that

many errors are present in the predictions, a visual comparison between the0 input image

and the model predictions, the U-Net is capable of segmenting the spherical eutectic WC. It

is speculated that signiőcant improvement would be made if some data containing spherical

eutectic carbides were added to the training dataset, and the model optimization process

was repeated with the new dataset.

3.6.3 Machine Learning in Materials Science

The results of this study show that CNNs are capable of extracting the carbide percent and

mean free path from optical images. Extrapolating these results to other materials systems,

the equivalents of these measurements would be phase fraction and secondary dendrite arm

spacing; both of which involve signiőcant manual intervention to determine. Based on the

ability of a U-Net trained only on angular WC to be able to also segment spherical WC, it

can be speculated that if a dataset of optical microstructural images with the same intraclass

feature variance as the ImageNet [542] dataset was developed, the model’s ability to gener-

alize features contained in microstructures would be able to be transferred to a multitude of

metallic systems. The model’s ability to extract information from images could be coupled

with compositional data from energy-dispersive x-ray spectroscopy (EDX) and phase data

from x-ray diffraction to create an automated phase-detection pipeline. This could reduce

the need for using advanced characterization methods to extract microstructural information

from material systems and allow for the same information to be gathered by using simpler,
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more cost-effective methods. With the rapid advancement of new manufacturing technologies

like additive manufacturing, reducing the need for advanced imaging techniques to properly

characterize microstructures would decrease the time to optimize the deposition strategy for

new materials. Compiling a dataset of this caliber would require signiőcant collaboration

across the materials science research community. However, such an effort would allow ma-

terials scientists to be able to fully exploit the capabilities of machine learning models, and

revolutionize the way that materials research is done.

3.7 Conclusion

The effectiveness of semantically segmenting optical images of NiCrBSi-WC metal matrix

composites using an automated convolutional neural network (CNN) pipeline has been

demonstrated. The methodology described in this work is capable of more accurate seg-

mentation of WC particles when compared with conventional image processing methods

discussed in section 1. From the output of the U-Net CNN, the mean free path and car-

bide percent can be quantiőed as an effective empirical estimation of what is present in

the sample. There is a signiőcant reduction in the required user time to perform quanti-

tative metallography on Ni-WC optical images. This may allow for better optimization of

deposition strategies for maximum carbide retention and correlations between the carbide

distribution and wear resistance that may not have been made previously. The robustness

of the U-Net was also tested by applying the best-performing model to images that con-

tained spherical eutectic WC that were not present in any of the training data. The model

was able to segment the spherical WC with considerable accuracy. These results show that

the applications of computer vision for materials science are not limited to complex imaging

modalities and can be applied to more accessible methods like optical microscopy. Continued

development of computer vision models will likely lead to CNNs replacing humans for the

task of microstructure quantiőcation.
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3.8 Data Availability

The raw data required to reproduce these őndings are available to download from DOI:

10.17632/2wmbc95xy9.1. The processed data required to reproduce these őndings are avail-

able to download from DOI: 10.17632/2wmbc95xy9.1.
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Chapter 4

Microstructural Characterization and

Wear Resistance of 60 and 70wt% WC -

NiCrBSi Thin Walls Deposited Using

Plasma Transferred Arc Additive

Manufacturing.

To be submitted as Dylan Rose, Tonya Wolfe, and Hani Henein, Microstructural Charac-

terization and Wear Resistance of 60 and 70wt% WC - NiCrBSi Thin Walls Deposited Using

Plasma Transferred Arc Additive Manufacturing., JOM, 2023. The goal of this chapter is to

address thesis objective 2 by changing the WC content from 60wt% to 70 and 80wt% WC

in a NiCrBSi matrix.

4.1 Abstract

Plasma transferred arc additive manufacturing (PTA-AM) was used to deposit 60, 70, and

80wt% WC - NiCrBSi metal matrix composites. The 60 wt% samples had a homogeneous

distribution of WC particles. At 70 and 80wt%, two defects were found in the microstructure:

areas completely void of WC, termed denuded regions, and large pores. The microstructure
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of the 60wt% sample consisted of blocky complex carbides ((Ni4W2Cr2Si)C3), γ-Ni cellular

dendrites, a halo around the primary dendrites, and a lamellar eutectic of Ni3Si/Ni3B. There

is increased thermal degradation of WC at 70wt% WC, causing a wider array of complex

carbides, and higher W contents in the γ-Ni dendrites and the halo. Thermo-calc software

was used to model the solidiőcation of NiCrBSi and NiCrBSi with 10wt% W to determine the

effect that W addition has on the solidiőcation of the Ni alloy, and the results were compared

to the 60 and 70wt% WC - NiCrBSi PTA-AM deposits. The abrasive wear resistance and

the impact resistance of 60, 70, and 80wt% WC deposited with PTA-AM were comparable

to a 60wt% WC - NiCrBSi PTA overlay.

4.2 Introduction

Industries ranging from agriculture [1ś3] to pipelines [4ś6] and mining [7ś9] encounter abra-

sive wear provoking environments. The Canadian Energy Sector incurs losses in the billions

of dollars annually due to the replacement of damaged components that have failed due

to abrasive wear [10]. To mitigate the issue, traditional methods such as material substi-

tution, surface treatments, and overlaying equipment with a hard metal or some form of

metal matrix composite (MMC) are used. An MMC consists of a tough metal matrix with

a homogenous distribution of a hard reinforcement phase, usually in the form of chromium

(eg. Cr3C2) [556ś558] or tungsten carbide (WC) [13, 41, 559]. Currently, NiCrBSi embedded

with 65wt% WC overlayed using plasma transfer arc (PTA) offers the best wear resistance

in mining applications with severe abrasion and impact wear [11, 559]. In PTA, a plasma

arc is struck between a substrate and a tungsten electrode, and the material is mechanically

fed into the arc and deposited onto the substrate material. Under conventional PTA condi-

tions, the Ni matrix solidiőes as primary γ-Ni dendrites, with Ni/Ni3B eutectic [10, 11, 41].

The high heat input from conventional PTA causes convective mass transfer of W and C

from the WC particles, reducing the erosion and corrosion resistance of the overlay [40ś42].

The introduction of W and C into the matrix causes the formation of high W containing

intermetallics throughout the Ni matrix, including Cr3C2, Cr7C3, and Ni2W4C or W2C (β)

polymorphs and α-WC [10, 11, 42, 43].

Plasma Transferred Arc Additive Manufacturing (PTA-AM) is an advanced metal additive

manufacturing technology that uses a plasma arc as a heat source to deposit material in a
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layer-by-layer fashion. It is a variant of the more commonly known method of PTA welding,

but with the added capability of building up complex shapes in three dimensions. PTA-AM

has been used for the deposition of Ni-based superalloys [26, 229], stainless steel [30, 560],

tool steel [31], and titanium alloys [28, 561]. There has been limited research done on PTA-

AM of WC-NiCrBSi MMCs. Mercado Rojas et al. [36] altered the operating parameters

during PTA-AM of a 60wt%WC - NiCrBSi MMC, and found that the overall microstructure

contained WC, γ-Ni, Ni3Si, Ni3B, and Cr23C6. The phases present in the microstructure do

not suggest the degree of carbide dissolution that is experienced during PTA-AM; this could

be attributed to the low heat input. However, no compositional analysis was done on the

various phases of the microstructure to conőrm the extent of the dissolved W in the matrix.

The present study aims to investigate how increasing the WC content from 60 to 70 and

80wt% in WC-Ni MMCs affects the distribution of carbides, formation of complex carbides,

solidiőcation structure of the matrix, and resistance to abrasive wear. The solidiőcation of

the MMC was modeled using Thermo-calc’s Scheil solidiőcation simulation, which was com-

pared to the microstructure from the PTA-AM deposits. The effects of varying levels of W

in the matrix on the solidiőcation sequence of the microstructure is discussed. Additionally,

the abrasive wear resistance and impact resistance of 60, 70, and 80wt% WC - NiCrBSi

PTA-AM deposit are compared with a 60wt% WC - NiCrBSi PTA overlay.

4.3 Materials and Methods

4.3.1 Thermodynamics of WC-NiCrBSi

To understand the solidiőcation sequence of the phases present in the microstructure of

the PTA-AM of WC-NiCrBSi, Thermo-calc (v2022b, TCNI12 database) thermodynamic

software was used. Thermo-calc results provide a framework for the thermodynamic and mi-

crostructural literature available for the WC-NiCrBSi system. The solidiőcation simulations

were done on the nominal composition of the Ni matrix (Table 4.1), and the Ni matrix with

the addition of 10wt% W, to provide an understanding of how the addition of W affects the

microstructure of the NiCrBSi matrix. It should be noted that the average overall W content
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Table 4.1: Composition and size of the matrix material used in this work.

Composition (wt%)
Matrix Material Ni Cr B Si C Fe Size Range (µm)
WOKA Durit 6030 Bal. 5.0 - 6.5 0.8 - 1.2 3.8 - 4.3 0.2 - 0.5 < 1.5 +63 -180

found in the Ni-matrix from the PTA-AM of 70wt% WC-NiCrBSi was ≈7.7wt% (≈2.0at%),

and that no carbon was included in the thermodynamic calculations due to the low solubility

(2.8 at%) of C in Ni [562]. Additionally, with the addition of C in the Scheil calculation

Thermo-calc always forms WC. Removing C would force W to be in a solid solution with

Ni, and the W in the matrix phases could be compared with PTA-AM. Scheil solidiőcation

was chosen as it is one of the limiting conditions in solidiőcation. The concentration of the

solute can be determined using Equation 4.1, where Cs is the concentration of the solid, k

is the partition coefficient, Vs is the volume fraction of solid that has formed, and C is the

nominal composition of the alloy.

Cs = kC(1− Vs)
(k−1) (4.1)

4.3.2 Plasma Transferred Arc Additive Manufacturing

The PTA-AM experiments were carried out using a Stellite Starweld 300M constant current

power source with a Stellite Excalibur PTA torch. The PTA gantry system and torch can be

seen in Figure 4.1. A 4.8 mm thoriated-tungsten electrode with a 4 mm setback was used, as

recommended by the manufacturer. The electrode tip angle was maintained between 10 to

20 degrees. The operating parameters are shown in Table 4.2. For comparison, the operating

parameters used for conventional PTA overlays are presented. It should be noted that the

current is set based on the PTA controller dial, which is analog and was calibrated within

the range of 100-200A. The values used in this experiment were lower than the calibrated

region, and a linear extrapolation may not be valid. The energy density was calculated by

dividing the power (current x voltage) by the powder feed rate. The contrast in the energy

density (6.9 kJ/g for overlays and 1.6 kJ/g for AM) would create different thermodynamic

conditions and resultant microstructure between the two methods. This reinforces the need

for a complete microstructural analysis of the WC-Ni system under AM conditions. The
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Figure 4.1: The PTA gantry system (A), and PTA torch (B) used for this work.

powder used for deposition was a blend of WOKA Durit 6030 and Kennametal SCNC070

monocrystalline WC, whose composition and size range is shown in Table 4.1 and Table 4.3,

respectively. To build the single-track, multi-layer walls, the torch oscillated using the built-

in gantry system with a width of 27mm, and the height was adjusted manually to maintain

a constant voltage. At the end of each layer, a dwell time of 0.4s was used to ensure an even

layer height. The Ni-WC MMC was deposited onto sand-blasted 12.7 mm (1/2") thick mild

steel substrates with no pre-heat.
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Table 4.2: The operating parameters used for the Stellite Starweld 300M PTA.

Operating Parameters PTA-Conventional PTA-AM
Current (A) 130 37
Voltage (V) 24 20
Travel Speed (mm/min) 230 600
Powder Feed Rate (g/min) 27 27
Energy Density (kJ/g) 6.9 1.6

Table 4.3: The composition and size WC powder used in this work.

Composition (wt%)
WC Powders Powder Morphology W C Size Range (µm)
Kennametal SCNC070 Monocrystalline Angular 93.6 6.4 +63 -180

4.3.3 Infrared Imaging

A Mikron M7640 infrared camera was used to monitor the build’s temperature to determine

the effects of balling on the part’s thermal history. The infrared camera has a temperature

range of 0 to 2000°C, and is equipped with a 640x480 focal plane array microbolometer with

a spectral bandwidth of 8-14 µm. The emissivity was not measured during the deposition,

and during the experiment, the emissivity was set to 1. Therefore, the infrared results were

used as qualitative observations to compare the heat build-up. LumaSpec™Offline Analyzer

5.0 software was used to set the range of temperatures recorded to be from 200-700◦C to

reduce the saturation of the images.

4.3.4 Characterization

An in-depth characterization of the microstructure of 60, 70, and 80wt% WC in a NiCrBSi

matrix was conducted. The optical microscopy images were taken using an Olympus PMG3

optical microscope, and images were captured using an Olympus Q color 5 camera with

Quartz PCI V5 software. Scanning electron microscopy was used to characterize the so-

lidiőcation structure of the PTA-AM deposits. The SEM used in this work was a Tescan

Vega 3 equipped with a thermal emission source. The microstructure was imaged using an

accelerating voltage of 20keV, and a working distance of 15mm. The SEM also contains an

Oxford election dispersive spectroscopy system which was used to acquire semi-quantitative

compositional data of all of the phases in the microstructure. All compositional data in this
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section is an average of 10 data points. The phase distribution was determined using a Zeiss

Sigma őeld emission SEM (FESEM) equipped with an AZtechSynergy electron backscatter

diffraction detector.

4.3.5 Wear and Impact Testing

The abrasive wear, and impact resistance of the 60, 70, and 80wt% WC-NiCrBSi PTA-AM

samples were tested and compared with a conventional overlay. Testing the performance was

a means of determining if adding more WC would lead to superior properties. Wear perfor-

mance was determined using a dry sand, rubber wheel abrasion test, following procedure A

in the ASTM G65-16 standard. The sand in the Athabasca oil sands are generally angular

quartz particles, 95% of which are less than 150µm [563]. The sand particles ranged from

50 to 70 mesh (297 to 210 µm), and the size of the test coupon was 25.4mm x 76.2mm x

12.7mm. Procedure A, which is a 6000-revolution test as outlined in the ASTM standard,

was done twice per sample. The őrst test is to remove any of the softer surface matrix

material and expose the carbides underneath. The second test is performed on the scar from

the őrst test to mimic steady-state wear conditions. The impact test is a non-standardized

test developed by Fisher et al. for testing the impact resistance of overlays for oilsands

applications [564]. The test coupon is 25.4 x 69.9 x 12.7mm and is struck by an S2 tool steel

hammer at 150rpm, creating an impact of approximately 8J. The test is run for 3-minute

intervals, and the coupon is weighed before and after each interval, for 24 minutes or until

failure. A rotary impact test was chosen to understand the material’s resistance to repeated

low-energy impacts and is a routine test for characterizing overlays in the oil sands mining

sector.

4.4 Results

4.4.1 Thermodynamic Evaluation of WC-NiCrBSi

The Scheil solidiőcation simulation done in Thermo-calc for the NiCrBSi matrix is shown in

Figure 4.2, and the composition of the phases can be found in Table 4.4. The őrst phase to

form is γ-Ni solid solution at just below 1300°C, containing high amounts of Si and Cr, with
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Table 4.4: The composition of the different phases from the Scheil solidiőcation of the
NiCrBSi matrix shown in Figure 4.2 using Thermo-calc.

at%
Phase Ni Si Cr Fe B
γ-Ni 85.8 - 80.2 7.4 - 14.1 6.0 - 5.3 0.7 - 0.2 0.1 - 0.2
Ni3B 68.4 - 65.0 - 5.1 - 8.5 1.5 25.0
Ni3Si 75.2 - 74.9 24.3 - 24.9 0.5 - 0.2 - -

traces of Fe and B. The next phase to form is Ni3B at ≈1050°C, with the highest amounts

of Cr and Fe, while γ-Ni continues to form. As the primary phase grows the Si content in-

creases, while the Cr content decreases. After solidiőcation of γ-Ni ceases, a eutectic between

Ni3B and Ni3Si is formed at ≈950°C. The Ni3Si did not contain any other alloying elements.

A Scheil solidiőcation simulation was also done for NiCrBSi matrix with 10 wt% W (Fig-

ure 4.3), and the composition of the different phases are found in Table 4.5. Primary solidiő-

cation begins with γ-Ni solid solution at a slightly lower temperature (≈1220°C), containing

W and higher levels of Si, Cr, and Fe than the matrix without W (Figure 4.2). Since the

TCNI12 database only contains binary and ternary thermodynamic data, the decrease in the

melting point could be due to error in the extrapolation to a 6-element system. The equi-

librium partition coefficient for W, Cr, and Fe in the presence of Ni and Si are 2.0, 1.1, and

1.1, respectively [565]. The reduction in W, Cr, and Fe in γ-Ni as solidiőcation progresses

follows the values of the partition coefficients [565]. One major difference when adding W

to the Scheil simulation is the formation of Ni3Si instead of Ni3B before the formation of

the Ni3Si/Ni3B eutectic. The Ni3Si phase had trace amounts of Cr and Fe, while the Ni3B

phase contained the highest amounts of Cr, Fe, and B. Additionally, there is the formation

of WB during the solidiőcation of Ni3Si/Ni3B, which was not present in the Sheil simulation

with no W.

4.4.2 PTA-AM: Comparison between 60, 70, and 80wt% WC

The as-built samples for the 60, 70, and 80wt% monocrystalline WC are shown in Figure 4.4,

and the sample dimensions are 90mm x 27mm x 6mm, 75mm x 27mm x 8mm, and 65mm

x 27mm x 9mm for the height, length, and thickness, respectively. Comparing the builds

in Figure 4.4, the higher loading of WC increased the surface roughness of the wall. The
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Liquid + γ−Ni

Liquid + γ−Ni + Ni3B

Liquid + Ni3Si + Ni3B

Figure 4.2: Scheil solidiőcation simulation of Durit 6030 NiCrBSi matrix. The composi-
tions for the different phases are provided in Table 4.4.

60 wt% WC wall had more slumping during the deposition, denoted by the inconsistent

layer geometry (red arrows in Figure 4.4A). The red square at the bottom of the samples in

Figure 4.4 shows that the őrst few layers have a slightly different texture and layer geometry.

Instead of being a uniform stringer bead, the őrst layer was discontinuous balls; this is known

as the "balling effect" and is a common defect in AM [566ś568]. The balling effect is due

to insufficient wetting [568ś570] of the MMC with the substrate due to the lack of substrate

pre-heat, and low heat input from the plasma. Once sufficient heat had been supplied, the

MMC was uniformly deposited. The balling effect is exacerbated by the increased carbide
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Equilibrium

Liquid

Liquid + γ-Ni

Liquid + γ-Ni + Ni3Si

Liquid + Ni3Si + Ni3B

Liquid + Ni3Si + Ni3B + WB

Figure 4.3: Scheil solidiőcation simulation of Durit 6030 NiCrBSi matrix with 10wt% W.
The compositions for the different phases are provided in Table 4.5.

content, which could be due to the reduced ŕowability of the melt [571], and an increase in

the effective viscosity [572]. The balling effect can cause discontinuities in the build in each

subsequent layer[36]. In some cases, the space between the balling is őlled in by the liquid,

but in others, the error cascades through the rest of the build. The observation of balling

is also a sign of poor bonding with the substrate, which would decrease the heat transfer

efficiency between the substrate and the part.

An infrared camera was used to monitor the heat accumulation during the PTA-AM build
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Table 4.5: The composition of the different phases shown in Figure 4.3 using Thermo-
calc. The range of values highlights the difference in composition as solidiőcation progresses,
where the őrst and last numbers are the composition at the beginning and end of solidiő-

cation, respectively. If no range is given the composition was constant.

at%
Phase Ni W Si Cr Fe B
γ-Ni 81.5 - 80.2 1.4 - 0.5 10.0 - 13.0 6.3 - 5.7 0.8 - 0.6 -
Ni3Si 75.4 - 23.5 0.9 0.2 -
Ni3B 63.1 - 64.2 - - 9.0 - 8.5 2.9 - 2.3 25.0
WB - 51.8 - 55.7 - - - 48.2 - 44.3

A

10 mm

B

10 mm

C

10 mm

Figure 4.4: PTA-AM samples containing 60(A), 70(B), and 80(C) wt% monocrystalline
WC in a Durit 6030 NiCrBSi matrix. The sample dimensions for A, B, and C are 90mm x

30mm x 6mm, 75mm x 27mm x 8mm, and 65mm x 27mm x 9mm, respectively

process, and are shown in Figure 4.5. Note that these walls differ from those shown in Fig-

ure 4.4. The samples shown in Figure 4.5A and Figure 4.5C use the same operating parame-

ters shown in Table 4.2. Increasing the energy density has been previously shown to increase
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A B

C D

Figure 4.5: A) 60wt% WC with constant 37A current, B) 60wt% starting at 95A current,
then dropping to 37A after 5 layers, C) 70wt% WC with constant 37A current, and D)
70wt% starting at 95A current, then dropping to 37A after 5 layers. The sample dimen-
sions for A, B, C, and D, are 100 x 26mm, 100 x 25mm, 100 x 26mm, and 100 x 35mm,

respectively. Note that the torch oscillates back and forth from left to right.

the wetting of the newly deposited material and decrease the balling effect [566, 573, 574].

For Figure 4.5B and Figure 4.5D, the current was increased to 95A for the őrst 5 layers, and

then decreased to 37A. Samples A and C could be removed manually with ease, while the

higher current samples were metallurgically bonded. Comparing the thermal proőle from

Figure 4.5A and Figure 4.5B, as well as Figure 4.5C and Figure 4.5D, it can be seen that the

bonding with the substrate drastically changes the amount of heat that is retained during

printing. For the 60wt% sample, the average temperature in the sample decreased, and

signiőcantly more heat was transferred to the substrate based on the increase in substrate

temperature. The effects of adding 10wt% more WC on the thermal history is plainly shown

when comparing Figure 4.5A and Figure 4.5B with Figure 4.5C and Figure 4.5D. The 70wt%

samples had more heat accumulation than the 60wt% samples, which could be attributed

to the difference in thermal properties between the two deposits. The heat capacity for Ni

and WC at 200 - 700°C is 7.8 - 8.0 J/molK [575] and 27.6 - 36.0 J/molK [576], respectively.
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Additionally, the thermal conductivity of Ni is 90 [577] and WC is 110 [578] W/mK. With

the heat capacity and thermal conductivity of WC being higher than Ni, the more WC con-

tent in the sample, the more heat that will be accumulated in the sample. The signiőcant

amount of porosity in the sample (Figure 4.6) would lead to poor heat transfer through the

wall, which could attribute to the higher amounts of heat accumulation.

4.4.3 Microstructural Characterization

4.4.3.1 Macrostructural Comparison of 60, 70, and 80wt% WC in NiCrBSi

The macrostructure of 60, 70, and 80 wt% WC in a NiCrBSi matrix are shown in Figure 4.6A,

Figure 4.6B, and Figure 4.6C, respectively. The 60wt% sample had a homogeneous distri-

bution of WC particles with very little porosity. With an additional 10 and 20 wt% WC,

two defects dominate the macrostructure: areas void of WC, termed denuded regions [11]

(labeled in Figure 4.6C), and large pores. Due to the undesirable microstructure obtained

from both 70 and 80wt% WC, 80wt% WC was not considered for further analysis for this

thesis work. The large pores were speculated to be a result of different mechanisms. The

A B

C

Spherical

Porosity

Ni Matrix

Denuded 

Region

WC

Irregular

Porosity

Figure 4.6: The microstructures from the samples shown in Figure 4.4, where A is 60wt%
WC, B is 70wt% WC, and C is 80wt% WC. The light green is the Durit 6030 matrix, the

dark green particles are WC, and the black regions within the sample are pores.
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large irregular shaped pores could be manufacturing defects resulting from sub-optimal de-

position parameters, and poor ŕowability of the melt pool from increased apparent viscosity

[572]. There has not been any conőrmed mechanism that causes denuded region formation.

Sundaramoorthy et al. proposed that denuded regions could be from liquid Ni forming in

the plasma not mixing with the remainder of the melt pool due to surface tension [10]. Wolfe

et al. suggests that W vapor formed in the plasma may diffuse into Ni droplets and enter

the pool as a mushy phase [11]. The mushy spheres would then retain their spherical shape

during solidiőcation. Denuded region formation is discussed more in Chapter 5.

4.4.3.2 Characterization of 60wt% WC in NiCrBSi

Backscatter SEM was used to observe the microstructure of 60wt% monocrystalline WC in

NiCrBSi matrix, shown in Figure 4.7. Higher magniőcation images can be found in Fig-

ure 4.8 to Figure 4.10. The monocrystalline WC are the large white angular particles. There

were three primary morphologies of secondary carbides that formed during solidiőcation,

which include blocky carbide (A), small blocky carbides (B), and ring carbides (C), shown in

Figure 4.8. The Ni matrix formed a cellular dendritic structure (D), most of which contained

a halo (E) surrounding the dendrite shown in Figure 4.9. The interdendritic region contains

a lamellar eutectic (F). Previous literature states that the eutectic of 60wt% WC in NiCrBSi

consists of γ-Ni and Ni3B [10, 18, 43]. Using a laser heat source, the eutectic structure is

lamellar [579, 580]. The red box in Figure 4.10 show instances where the eutectic structure

may be too őne to be resolved with SEM. A phase with a ring-like morphology (G) can also

be found throughout the microstructure, and based on the cracks seen as the black lines in

the red square in Figure 4.11, this phase is likely brittle. The cracks form when the ring

phase is in close proximity to a WC particle, and could be due to thermal residual stresses

during solidiőcation [581, 582].

The composition of the different phases are located in Table 4.6. Since no W is found in the

matrix alloy, one of the mechanisms that could introduce W to the microstructure is convec-

tive mass transfer from the WC during the PTA-AM deposition process. Convective mass

transfer from WC during PTA is a common phenomenon [10, 11, 13, 42, 43]. The brighter

phases have a higher molecular weight, highlighting the distribution of W throughout the mi-

crostructure. Convective mass transfer of W and C resulted in three different morphologies of
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secondary complex carbide particles (A, B, and C) containing varying amounts of alloying el-

ements. The larger blocky carbides (A) had higher W, C, and Cr content ((Ni4W2Cr2Si)C3),

while the smaller (B) ones had a higher Ni and Si content ((Ni3WCrSi)C2). The ring carbides

(C) tend to have the highest Ni, and lowest W content ((Ni8W4Cr3Si2)C6) out of all of the

carbides.

The primary phase (D) is a Ni solid solution containing W, Si, Cr, and Fe. The halo

200 µm

1

2

Figure 4.7: Backscatter SEM image of 60wt% WC. The heavier elements are shown as
brighter, highlighting the distribution of W throughout the sample. The dashed red square

(1) and the red square (2) is where Figure 4.8 and Figure 4.9 were taken respectively.
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50 µm

A

B
C

Figure 4.8: Backscatter SEM image from the dashed red square (1) in Figure 4.7 of
60wt% WC - NiCrBSi. The phases with a higher molecular weight are shown as brighter.

The letters correspond to the compositions presented in Table4.6.

(E) around the primary phase contains no W, less Cr and Fe, and more Si. The equilibrium

partition coefficient for W, Cr, and Fe in the presence of Ni and Si are 2.0, 1.1, and 1.1,

respectively [565]. In contrast, the partition coefficient for Si is around 0.5. It should be

noted that the equilibrium partition coefficient would be affected by the interaction between

the alloying elements, and by the change in the solidiőcation temperature caused by the

alloying additions [565]. However, the distribution of the alloying elements in the Ni matrix

is supported by the ternary equilibrium partition coefficients [565]. The primary phase that
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20 µm

D

E

F

Figure 4.9: Backscatter SEM image from the red square (2) in Figure 4.7 of 60wt% WC
- NiCrBSi. The phases with a higher molecular weight are shown as brighter. The letters

correspond to the compositions presented in Table4.6.

solidiőes őrst has higher concentrations of W, Cr, and Fe than phases that form later in the

solidiőcation process (from the remaining liquid after forming the primary phase). The light

phase in the lamellar eutectic (F) has less Si, and slightly higher levels of Cr compared to the

dark phase. The lamellar spacing is 1.04 µm, and the interaction volume for the emission

of characteristic x-rays in iron is approximately 1µm3 [583]. Therefore, it is possible that

some of the detected characteristic x-rays from the dark phase of the eutectic are included

in the signal from the light phase of the eutectic, and vice versa. This would mean that the
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10 µm

Figure 4.10: Backscatter SEM image of 60wt% WC - NiCrBSi. The phases with a
higher molecular weight are shown as brighter. The letters correspond to the compositions

presented in Table4.6.

Si content in the light phase, and the Cr content in the dark phase could be overestimated.

The ring phase (G ((Ni4WCr13Si)C10)) contained all of the alloying elements except for Fe.

4.4.3.3 Characterization of 70wt% WC in NiCrBSi

A low magniőcation backscatter SEM image mainly of a denuded region in a 70wt% angular

monocrystalline WC in NiCrBSi is shown in Figure 4.12. Higher magniőcation images of the
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20 µm 

G

Figure 4.11: Backscatter SEM image of 60wt% WC - NiCrBSi. The phases with a
higher molecular weight are shown as brighter. The letters correspond to the compositions

presented in Table4.6.

microstructure are presented in Figures 4.13 to 4.17. The monocrystalline WC are the large

white angular particles. The convective mass transfer of W and C from the WC is evident

by the abundance of secondary W phases growing on the monocrystalline WC, shown in

Figure 4.13 [18, 19, 584, 585]. The W and C dissolved in the Ni matrix resulted in different

morphologies of secondary carbide phases, such as star carbides (A), needle carbides (B), and

blocky carbides (C). The Ni matrix contains a primary dendritic phase (D), most with halos

(E) around the primary phase, similar to what is found at 60wt% WC. The interdendritic
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region contains a lighter grey phase (F), and a darker grey phase (G). There are regions

where there is eutectic growth (H and I). Additionally, there is a ring-shaped carbide (J)

found in the interdendritic regions.

The composition of the different phases are shown in Table 4.7. The secondary carbide

phases all contained varying amounts of W, C, and Cr, with the star morphology (A) contain-

ing the most W ((NiW3Cr6)C6), and the ring phase (J) having the most Cr ((Ni2WCr9)C9).

The blocky carbide phase (C) had small amounts of Si detected (Ni4W2Cr2Si)C3). The W

Table 4.6: The composition of the different phases shown in Figure 4.8 to Figure 4.10
using EDX. Note that the composition provided are averaged from multiple point, and may

not sum to 100%.

at%
Letter Description Ni W Si C Cr Fe

A Blocky Carbide 31.2 17.7 8.2 22.3 20.6 -
B Small Blocky Carbide 37.8 18.3 13.3 30.0 15.3 -
C Ring Carbide 42.9 21.4 11.0 17.4 17.3 -
D Primary Phase 82.1 2.4 6.7 - 6.2 2.6
E Halo Around Primary Phase 85.5 - 10.2 - 4.2 2.1

F
Eutectic: Light Phase 85.7 - 9.9 - 3.0 1.3
Eutectic: Dark Phase 80.7 - 16.8 - 2.0 1.2

G Ring Phase 11.2 3.6 3.8 38.8 45.8 -

Table 4.7: The composition of the different phases shown in Figure 4.12 to Figure 4.17
using EDX. For the eutectic NL stands for non-lamellar and L stands for lamellar.

at%
Letter Description Ni W Si C Cr Fe

A Star Carbide 6.1 19.5 - 35.9 38.5 -
B Needle Carbide 13.2 14.2 - 35.9 36.7 -
C Blocky Carbide 31.0 18.8 7.9 22.7 19.6 -
D Primary Phase 83.5 3.3 6.1 - 7.2 3.0
E Halo Around Primary Phase 81.1 1.8 8.3 - 6.0 2.9
F Eutectic: Light Phase (NL) 91.5 - 3.8 - 4.6 1.7
G Eutectic: Dark Phase (NL) 77.7 - 17.8 - 3.1 1.3
H Eutectic: Light Phase (L) 82.4 - 12.3 - 3.7 1.6
I Eutectic: Dark Phase (L) 78.8 - 17.4 - 2.9 1.0
J Ring Phase 7.8 4.8 - 44.3 43.1 -
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200 µm

A

Figure 4.12: Backscatter SEM image of 70wt% WC. The heavier elements are shown as
brighter highlighting the distribution of W throughout the sample. The letters correspond
to the compositions presented in Table 4.7. The red square is where Figure 4.14 is taken.

primary M characteristic x-ray, and Si primary Kα have an energy of 1.774 and 1.739keV,

respectively. The similar magnitude of characteristic x-rays makes them difficult to distin-

guish during EDX analysis, as seen in the EDX spectrum presented in Figure 4.18. In the

presence of Si, W’s Lα peak of 8.396 keV helps to distinguish between the two. Si only has

the single Lα peak that is detectable with EDX; therefore, the Si content could be inŕuenced

by the presence of W. The primary phase (D) of the Ni matrix had a higher W and Cr con-

tent, but lower Si content than the halo (E) surrounding the primary phase. Having higher
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20 µm

B

Figure 4.13: Backscatter SEM image of 70wt% WC. The heavier elements are shown as
brighter highlighting the distribution of W throughout the sample. The letters correspond

to the compositions presented in Table 4.7.

concentrations of Cr and W in the primary phase is supported by the equilibrium partition

coefficient being greater than unity in the presence of Si[565]. In the interdendritic region,

the phases contained higher levels of Si, and lower levels of Cr and Fe. The composition of

the light interdendritic phase in the non-lamellar (F) and lamellar (H) structures are slightly

different, due to the elevated Si content in the lamellar structure. The average lamellar

spacing is 1.02 µm for 70wt% WC - NiCrBSi, and the interaction volume for the emission of

characteristic x-rays in iron is approximately 1µm3 [583]. Therefore, it is possible that some
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20 µm

C

D

E

F

G

Figure 4.14: Backscatter SEM image of 70wt% WC. The heavier elements are shown as
brighter highlighting the distribution of W throughout the sample. The letters correspond

to the compositions presented in Table 4.7.

of the detected characteristic x-rays from phase I was included in the signal from phase H

causing elevated levels of Si, and reduced levels of Cr and Fe. Based on the EDX composi-

tional data, it is possible that the light (F and H) dark phases (G and I) are the same phase.

EBSD was used to determine the phase distribution in 70wt% monocrystalline WC in

NiCrBSi, as seen in Figure 4.19. The image is 200x200 pixels with a step size of 1 µm.

The blue phase is γ-Ni, the red phase is Ni3B, the yellow phase is WC, and the teal phase is
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20 µm

H

I

Figure 4.15: Backscatter SEM image of 70wt% WC. The heavier elements are shown as
brighter highlighting the distribution of W throughout the sample. The letters correspond

to the compositions presented in Table 4.7.

W2C. All of the black pixels were unable to be classiőed. Ni3W3C was included in the phase

database during data collection, but was not contained within the sample. Ni3Si was also

included, but due to the similarity in cell spacing between Ni (0.345 nm) and Ni3Si (0.351

nm), Ni3Si was unable to be distinguished from Ni. It was found that the halo around with

primary phase was also γ-Ni. The interdendritic regions contained mostly Ni3B, and γ-Ni.

The large step size of 1 µm would not be able to resolve the eutectic, resulting in just γ-Ni

or Ni3B being detected. Additionally, the needle phase (B) was found to be W2C, which
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100 µm

C

B

Figure 4.16: Backscatter SEM image of 70wt% WC. The heavier elements are shown as
brighter highlighting the distribution of W throughout the sample. The letters correspond

to the compositions presented in Table 4.7.

forms in the interdendritic regions and around the edge of the primary WC. Although the

composition of the needle phase measured with EDX (B in Table 4.7) contains Cr, and Ni,

the EBSD results are based on crystal structure, and not composition. Additionally, Cr has

been shown to be substitutional with W in the W2C crystal structure. [586]
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20 µm

J

Figure 4.17: Backscatter SEM image of 70wt% WC. The heavier elements are shown as
brighter highlighting the distribution of W throughout the sample. The letters correspond

to the compositions presented in Table 4.7.

4.5 Discussion

4.5.1 Solidiőcation of WC-NiCrBSi

4.5.1.1 60wt% WC-NiCrBSi

From the SEM images, the solidiőcation sequence for 60wt% WC - NiCrBSi can be hypothe-

sized. Due to their high W content, the őrst phases to form are likely the secondary carbide
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Figure 4.18: EDX spectrum from point F in Figure 4.16 highlighting the overlap of the
primary Si and W peaks.

phases (Table 4.6 A-C). Additionally, CrC’s (Table 4.6 G) found in the interdendritic re-

gions likely form prior to γ-Ni since the melting point of Cr3C2 is 1900°C [587]. Following

the formation of the high W phases, the primary γ-Ni phase (Table 4.6 D) forms. Dendrite

coring could cause there to be microsegregation in the dendrites as they grow, resulting in a

difference in composition during the primary solidiőcation. The higher levels of W, Cr, and

Fe in the primary phase are supported by the partition coefficients being higher than unity

[565]. Therefore, it could be that the formation of the halo (D in Table 4.6) is due to dendrite

coring. The continued growth of the primary phase would then bring the composition of the

liquid to the eutectic composition, after which there is eutectic growth of Ni and Ni3B (Table

4.6 F).

4.5.1.2 70wt% WC-NiCrBSi

The SEM, EDX, and EBSD data can be used to estimate the solidiőcation sequence for

70wt% WC - NiCrBSi. Due to their high W content, the őrst phases to form are the

different varieties of secondary carbide phases (Table 4.7 A-C) found in the microstructure.

Based on the composition, it is difficult to determine the order the secondary carbides form

due to their similarities in W content. The next phase that forms could be the CrC (Table

4.7 J) since the melting point of Cr3C2 is 1900°C [587]. After the carbides have formed,

the őrst Ni phase to form would be the primary dendritic phase (Table 4.7 D). The halo

surrounding the primary dendrites (Table 4.7 E) could be due to dendrite coring during



Chapter 4 148

Ni Ni3B W2C WC

100 µm

Figure 4.19: Phases detected using EBSD, where blue is Ni, red is Ni3B, yellow is WC,
and teal is W2C. The grid is 200x200 pixels with a step size of 1 µm.

primary solidiőcation. After the formation of the halo, the next phase to form is the eutectic

solidiőcation of Ni3B, and a Ni-Si solid solution.

4.5.2 Comparing Thermo-calc to PTA-AM

A comparison of the compositions from the Thermo-calc (Figure 4.3) simulations and the

PTA-AM of 60 (Figure 4.7) and 70wt% WC (Figure 4.12) are shown in Table 4.8. The solidiő-

cation sequence proposed by the Sheil solidiőcation simulation from Thermo-calc (Figure 4.3)
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does have some resemblance to what is experienced during PTA-AM. In Thermo-calc and

PTA-AM, the solidiőcation of the matrix begins with the primary solidiőcation of a γ-Ni

solid solution. In the Scheil simulation, the composition of the alloying elements varies as

solidiőcation progresses. This doesn’t happen in the PTA-AM samples, as the composition

of the phases tends to have a constant composition during the entire solidiőcation process.

The composition of the alloying elements in the primary phase for the 60 and 70wt% WC

samples under PTA-AM are outside of the compositional ranges simulated by Thermo-calc.

The Cr, W, and Fe contents are higher, while the Si content is lower in PTA-AM compared

to Scheil solidiőcation.

Where Thermo-calc deviates from PTA-AM is not including the solidiőcation of the halo.

In the 60wt% (Figure 4.9) and 70wt% WC (Figure 4.14), there is generally a distinct line

between the primary phase and the halo. It is likely that the halo is the continued growth

of the primary phase at a different composition. In the Scheil solidiőcation simulation, the

formation of the halo should be a separate phase that is formed after γ-Ni solidiőcation.

The lack of halo formation would contribute to the compositional differences of the other

phases between PTA-AM and Scheil (Table 4.8). The Ni3Si formation prior to the formation

of the eutectic is also not representative of PTA-AM. The solidiőcation of the Ni3Si/Ni3B

is in agreement with what is found in PTA-AM, although the compositions are different.

The last phase to form is WB in the Scheil solidiőcation, which could be the tiny white

spherical spots in the eutectic in Figure 4.10 and Figure 4.14. TEM could be done on the

eutectic to conőrm whether the white points in the eutectic are WB. The Scheil solidiőcation

simulations are a good tool for attempting to understand the solidiőcation sequence of the

NiCrBSi matrix in PTA-AM, but the rapid solidiőcation conditions of PTA-AM are different

than Scheil resulting in major microstructural differences. Additionally, since the TCNI12

database only contains binary and ternary thermodynamic data, the extrapolations that are

made to a 6 element system could be incorrect, and result in a difference in the composition

of the predicted phases.
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4.5.3 Microstructural Comparison Between 60 and 70wt% WC in

NiCrBSi

From the compositional data gathered using EDX (Table 4.6 and Table 4.7), increasing the

WC content from 60 to 70wt% appears to increase the amount of thermal degradation of

WC. The secondary dendrite arm spacing (SDAS) was measured to estimate the cooling rate

for 60 and 70wt% WC. It was found that the locations in the sample shown in Figure 4.7

(60wt%) and Figure 4.12 (70wt%) had a SDAS of 11.5 ± 2.0 and 12.7 ± 2.4 µm, respectively.

With the signiőcant overlap of the standard deviations, it was assumed that the cooling rates

at these two locations were similar. The area fraction of secondary carbides were compared

between Figure 4.7 and Figure 4.12, and it was found that the 60wt% sample had a sec-

ondary carbide area fraction of 2.9% while the 70wt% samples was 4.28%. Additionally, a

comparison between the composition of the phases presented in Figure 4.7, and Figure 4.12

are presented in Table 4.8. The semi-quantitative EDX measurements show that there is

more W in the primary phase of the 70wt% sample, and W present in the halo around the

primary phase. No W exists in the halo around the primary phase in the 60wt% WC sample.

Therefore, with a higher volume fraction of secondary carbide phases and higher levels of W

in the Ni matrix, it is deduced that the 70wt% WC did have higher levels of convective mass

transfer of W. Comparing the microstructure of 60 and 70wt% WC is thus determining the

effect W has on the microstructure of rapidly solidiőed NiCrBSi.

Adding more dissolved W in the matrix causes signiőcant changes to the overall microstruc-

ture. The 70wt% samples had a wider array of secondary carbides that formed, as opposed to

the 60wt% samples that contained mainly the large blocky morphology ((Ni4W2Cr2Si)C3).

The large blocky morphology ((Ni4W2Cr2Si)C3) was still present in the 70wt% sample, illus-

trated in Figure 4.16, with similar composition. However, the ring carbide (C ((Ni8W4Cr3Si2)C6))

in Figure 4.8) was not found in the 70wt% sample. In the 70wt% samples, the secondary

carbides are őner plates in a needle ((NiWCr3)C3) or star ((NiW3Cr6)C6) morphology, with

higher concentrations of Cr. The difference in the secondary carbide morphology may be

attributed to the increase in the dissolved W and C in the Ni matrix from the increased

convective mass transfer. Additionally, the carbides in the 70wt% samples tended to have

more W, and Cr than those found in the 60wt% sample. Both samples formed a high Cr

(CrC) ring phase that is typically found in close proximity to the WC particles. This could
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be due to the convective mass transfer of C from the WC particles reacting with the Cr in

the Ni solution to form the high Cr carbides.

One of the signiőcant differences between the 60 and 70wt% WC samples was the struc-

ture of the Ni matrix. The 70wt% sample showed more obvious dendritic structure, than

the 60wt% sample. The primary γ-Ni dendrites in the 70wt% sample had more dissolved W

(9.9 wt%) than those found in the 60wt% sample (7.5 wt%). The difference in W content

is due to the increased thermal degradation of WC in the 70wt% sample. The higher W

content in Ni could result in a őner Ni structure. Both samples had halos that formed around

the primary γ-Ni dendrites. The halo in 60wt% WC has no W, while the halo for 70wt%

WC had 5.9 wt% W. The increased convective mass transfer of W caused W to be rejected

from the primary phase into the liquid, which is then retained in the halo phase. Although

in EDX, the W could be mistaken as Si for 60wt%, based on the EDX spectrum shown in

Figure 4.20, none of the secondary W peaks (Lα = 8.396 keV) are present (as seen in the

EDX spectrum for the halo in 70wt% in Figure 4.21). Additionally, the contrast of the halo

compared to the primary dendrite in Figure 4.9 supports that W is likely not present in

the halo in the 60wt% sample. The halo for the 70wt% sample has more Cr and Fe, and

less Si. There have been no studies on the effect of W on the partitioning of Cr, and Fe in

Ni. In ternary Ni-5Si-3W alloys, W does not affect the partition coefficient of Si compared

to Ni-5Si [565]. However, this may change with higher W content. The halo formation in

both the 60 and 70wt% samples is postulated to be from dendrite coring causing continued

growth of the primary phase at a different composition.

Table 4.8: Comparison between the matrix phases in 60wt% WC - (Figure 4.7) and
70wt% WC (Figure 4.12) - NiCrBSi. Note that the composition provided are averaged

from multiple point, and may not sum to 100%.

PTA-AM (at%) Thermo-calc 10wt%W (at%)
WC Content Description Ni W Si C Cr Fe Ni W Si Cr Fe B

60wt% WC

Primary Phase 82.1 2.4 6.4 - 6.5 2.6 81.5 - 80.2 1.4 - 0.5 10.0 - 13.0 6.3 - 5.7 0.8 - 0.6 -
Halo 84.4 - 10.3 - 3.2 2.0 - - - - - -

Light Eutectic 87.0 - 9.7 - 2.3 1.0 63.1 - 64.2 - - 9.0 - 8.5 2.9 - 2.3 25.0
Dark Eutectic 80.4 - 18.2 - 1.4 - 75.4 - 23.5 0.9 0.2 -

70wt% WC

Primary Phase 84.0 3.5 5.8 - 7.2 3.0 81.5 - 80.2 1.4 - 0.5 10.0 - 13.0 6.3 - 5.7 0.8 - 0.6 -
Halo 81.0 1.9 8.3 - 6.0 2.9 - - - - - -

Light Eutectic (NL) 92.9 - 1.3 - 4.8 1.6 63.1 - 64.2 - - 9.0 - 8.5 2.9 - 2.3 25.0
Dark Eutectic (NL) 75.0 - 22.4 - 1.8 0.7 75.4 - 23.5 0.9 0.2 -
Light Eutectic(L) 80.4 - 15.6 - 2.9 1.1 63.1 - 64.2 - - 9.0 - 8.5 2.9 - 2.3 25.0
Dark Eutectic (L) 78.6 - 18.1 - 2.4 0.9 75.4 - 23.5 0.9 0.2 -
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The interdendritic regions for 60wt% have a higher tendency to be a lamellar eutectic.

In 70wt% WC, the increased W content appears to reduce the amount of lamellar eutectic

found. However, drawing any conclusions from a 2-D cross-section of the microstructure is

Figure 4.20: EDX spectrum of halo in 60wt% WC - NiCrBSi.

Figure 4.21: EDX spectrum of halo in 70wt% WC - NiCrBSi.
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difficult. Additionally, the eutectic structure could be too őne to be resolved using SEM, and

may require higher magniőcation techniques like TEM. A better understanding of the differ-

ences in the eutectic structure could be established using serial sectioning using a focused ion

beam SEM (FIBSEM). Using FIBSEM, a 3-D rendering of the entire microstructure could

be created, and a more thorough comparison of the microstructure between 60 and 70wt%

WC could be conducted.

4.5.4 Wear and Impact Testing

The results from the ASTM G65 tests are shown in Figure 4.22A. The lower őrst scar mass

loss from the higher WC samples is likely due to the higher amount of WC on the surface

of the sample, shown by the rough surface in Figure 4.4. Based on the second scar mass

loss, the AM samples had comparable abrasive wear resistance under the test conditions.

Additionally, the AM samples performed slightly better in the repeated rotary impacts, as

presented in Figure 4.22B. For the case of 70 and 80wt%, even with the manufacturing

defects and denuded regions, the abrasive wear and impact resistance were similar to 60wt%

overlays. This implies that with the removal of these defects, the performance may surpass

conventional overlays. However, the displayed results are from a single sample, and more

tests would be required to deőnitively compare the performance of AM and conventional

WC-Ni MMCs.
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Figure 4.22: A) and B) The results comparing the samples shown in Figure 4.4 and a
60wt% overlay for ASTM G65 and rotary impact test, respectively.
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4.6 Conclusion

PTA-AM was used to deposit thin walls of a 60, 70, and 80wt% WC - NiCrBSi metal

matrix composite. Increasing the WC content from 60 to 70 wt% caused large irregular and

spherical-shaped pores and denuded regions. The increased WC content also caused more

thermal degradation of the WC, causing more W and C to be dissolved in the Ni matrix.

Having more W dissolved in the Ni matrix caused precipitation of more complex carbides,

higher levels of W in the Ni dendrites and halo. The Scheil solidiőcation simulations did

not include the solidiőcation of the halo around the primary phase. The difference between

the Scheil simulations and PTA-AM samples highlights the need for more thermodynamic

and microstructural characterization data that need to be generated for the NiCrBSi-WC

system. The abrasive and impact resistance are comparable between the 60, 70, and 80wt%

PTA-AM samples, and the 60wt% overlay, showing that the superior abrasive wear resistance

of WC-NiCrBSi overlays could be applied to additively manufactured parts.
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Chapter 5

Microstructural Characterization of

70wt% WC-NiBSi Deposited by

PTA-AM

To be submitted as Rose, D, Tonya Wolfe, and Hani Henein Microstructural Character-

ization of 70wt% WC-NiBSi Deposited by PTA-AM, Additive Manufacturing, 2023. This

chapter satisőes thesis objective 3 by developing a relationship among the cooling rate dur-

ing solidiőcation, deposition height, degree of thermal degradation experienced by WC par-

ticles, and the resulting microstructure of 70wt% WC-NiBSi MMCs produced through the

PTA-AM method. It should be noted that section 5.5.4 is not part of the to be published

document.

5.1 Abstract

Plasma transferred arc additive manufacturing (PTA-AM) was used to deposit a cylinder

composed of 70wt% WC - NiBSi metal matrix composites. Two defects dominated the

microstructure: areas completely void of WC termed denuded regions and large pores. These

defects reduced the overall carbide mass percent below 70wt%. Electromagnetic levitation

(EML) was used to correlate the secondary dendrite arm spacing to the solidiőcation cooling

rate in order to estimate the solidiőcation cooling rate of the PTA-AM sample throughout
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the entire cylinder build. The solidiőcation cooling rate differed by two orders of magnitude

between the őrst and last layers of the sample, resulting in coarsening of the dendritic

microstructure. An inverse correlation was found between the convective mass transfer of

W and C from WC and the solidiőcation cooling rate, where slower cooling rates resulted in

upwards of 28wt% W within the γ-Ni dendrites. Thermo-calc software was used to model

70wt% WC - NiBSi under Scheil solidiőcation conditions, and were compared with the

rapidly solidiőed microstructure from PTA-AM. A possible mechanism for denuded regions

is exceeding the maximum packing of angular WC (62wt%), causing localized pools of matrix

material.

5.2 Introduction

Environmental conditions that induce abrasive wear on metallic components are common

across a wide range of industrial processes, including agriculture [3], pipelines [588], and min-

ing [43]. A common approach to prevent abrasive wear is the application of a metal matrix

composite (MMC) coating to prolong the component’s service life. Typical matrix materi-

als are Ni alloys [10, 13], Co alloys [589ś592], Fe alloys [593, 594] and Al alloys [595, 596],

while reinforcement particles include B4C [597, 598], SiC [599, 600], TiC [601, 602], and WC

[603, 604]. Plasma transferred arc (PTA) is industrially used to deposit MMC composite

coatings at loadings of 60-65wt% carbide. An illustration of the PTA process can be found

in Figure 5.1. In PTA, an arc is struck between a tungsten electrode and a substrate, and

powder is fed co-axially into the plasma, where it is melted and deposited onto the sub-

strate. An MMC with optimal properties to combat abrasive wear environments is WC in a

NiCrBSi matrix [605]. The microstructure of the matrix typically consists of γ-Ni dendrites,

with a γ-Ni/Ni3B eutectic [10]. Dissolution of the WC can cause the formation of brittle

intermetallics such as Ni2W4C, Cr2B, Cr3C2, and Cr7C3 [10, 43]. The inclusion of Cr in the

matrix increases the dissolution of WC during the deposition process, which increases the

mean free path between carbides and decreases the abrasive wear resistance [606]. Therefore,

the NiBSi alloy could be an alternative matrix material that would reduce the dissolution of

WC [13].

Direct energy deposition (DED) is an additive manufacturing (AM) technique that is com-

patible with a wide range of material compositions, including functionally graded materials
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Figure 5.1: A cross-section of the water cooled copper PTA nozzle. A plasma arc is
struck between a tungsten electrode and a substrate. WC-Ni powder is fed co-axially into
the plasma where it is melted and deposited on to the substrate. The entire process is

protected using an inert shielding gas.
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[607] and metal matrix composites [608]. The feedstock is either powder or wire that is

fed into the heat source, where it is melted and deposited onto the substrate material. The

deposition modalities for DED include: wire and arc additive manufacturing (WAAM), laser-

based DED, electron beam, and PTA [609]. Mercado Rojas et al. [36] performed a Taguchi

L18 design of experiments (DOE) to determine the effects of different operating parameters

on the build geometry when depositing NiCrBSi-WC MMCs using plasma transferred arc

additive manufacturing (PTA-AM). Through x-ray diffraction (XRD), they found that the

microstructure consisted of γ-Ni, Ni3Si, Ni3B, and Cr23C6. Liu et al. [190] used electron beam

melting (EBM) to deposit 55 mm × 20 mm × 30 mm samples out of NiBSi - 65wt%WCp

powder and found that the microstructure contained dendritic γ-Ni with precipitation of

Ni3B and Ni3Si. The dissolution of WC during EBM caused the formation of secondary

carbides throughout the matrix. Zhao et. al.[580] deposited a NiBSiFe - WC tubular wire

using laser wire deposition and found that the dissolution of WC during deposition caused

the microstructure to be composed of a (Ni, Fe) solid solution, Ni3B, Ni2W4C, and Fe3W3C.

Although these studies identify the phases present across the sample surface, no research

has been done to understand how the microstructure and composition change through the

entire height of the build. Understanding how the composition, more speciőcally W content,

changes under different processing conditions will allow for the AM process to be optimized

to maximize the retention of WC. One challenge when using PTA is obtaining an accurate

thermal history of the deposit due to the emission of ultraviolet radiation and reŕection

from the arc on the deposit’s surface[11]. Obtaining an accurate thermal history is critical

to understand the microstructural evolution that occurs during PTA deposition.

Electromagnetic levitation (EML) is a containerless method for melting metallic samples.

EML uses two coaxial coils with high-frequency alternating current in opposition that in-

duces eddy currents in the same direction within the metal specimen resting between them.

The interaction between the generated eddy currents and the nonuniform magnetic őeld

from the coils generates a Lorentz force that can overcome the gravitational force acting on

the metal sample, causing levitation [610]. The eddy currents also heat the sample through

Joule heating beyond the liquidus temperature and induce convection in the melt to ho-

mogenize the sample composition [611, 612]. During the cooling stage, the current to the

coils is reduced to only what is required for levitation, and the sample is cooled with jets of

inert gas; the power remains active until complete solidiőcation [613]. EML, coupled with
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various diagnostic equipment such as a pyrometer and a high-speed camera, allows the so-

lidiőcation process to be analyzed under various thermal conditions. Some of the observable

solidiőcation characteristics that can be observed using EML are growth front velocity [614],

macrosegregation [615], dendrite growth morphology [616], thermophysical properties [617ś

619], and liquid phase separation [620, 621].

The present study uses PTA-AM to deposit 70wt% WC in a NiBSi matrix. EML was

used to analyze the evolution of the microstructure as a function of the thermal history.

The challenges faced when performing EML on a WC-Ni MMC will be outlined, and overall

phase distribution and composition will be compared with PTA-AM. The effects of heat in-

put on carbide dissolution, the eutectic structure, and the mechanism behind denuded region

formation will be discussed.

5.3 Materials and Methods

5.3.1 Thermodynamic Modelling

Thermo-calc software (version 2022b) equipped with the TCNI12 database was used to

model the solidiőcation and resulting microstructure of the matrix of 70wt%WC - NiBSi.

To model the solidiőcation a Scheil solidiőcation simulation was done in Thermo-calc on two

different compositions. One is the nominal matrix composition presented in Table 5.1, and

the next is the average matrix composition found throughout the cross-section of the PTA-

AM sample, shown in Table 5.2. The Scheil solidiőcation experiments provide a foundation

of what the current literature predicts the solidiőcation of WC-NiBSi could be. Under

Scheil, the concentration of the solute can be determined using Equation 5.1, where Cs is

the concentration of the solid, k is the partition coefficient, Vs is the volume fraction of solid

that has formed, and C is the nominal composition of the alloy.

Cs = kC(1− Vs)
(k−1) (5.1)
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5.3.2 Plasma Transferred Arc - Additive Manufacturing

The PTA system used to deposit the WC-Ni MMCs was a Kennametal StelliteTM STAR-

WELD 400A, with an Excaliber II torch. A 2% thoriated-tungsten electrode ground to an

angle of 20◦ was placed 4mm above the edge of the plasma borehole in the nozzle. A mild

steel substrate was placed on a Gullco GP-200 H-B automated welder positioner that rotates

horizontally to give the desired cylindrical shape. Ar gas (99% purity) was used to protect

the melt from oxidation, a carrier gas for the powder, and plasma ionization. The operating

parameters for the system can be found in Table 5.3. It should be noted that for the current

and voltage, a range of values was used during the experiment. The current and voltage

started at 100A and 25V, respectively, to ensure adequate bonding with the substrate. Af-

ter 5 layers, the current was decreased by 1 A/s until 65A was reached; at this point, the

voltage was dropped to 23 V. The lower heat input was used to reduce the risk of slumping

of material between layers and to reduce the amount of carbide dissolution. The voltage is

maintained during the build using the arc length control (ALC) functionality of the PTA

system.

The matrix material used for the PTA-AM experiments was Höganäs 1538-40 NiBSi powder,

whose composition can be seen in Table 5.4. A backscatter scanning electron microscope

Table 5.1: The composition of NiBSi used for the Thermo-calc analysis.

Component Mole Fraction Mass Fraction
Ni 0.84 0.946
B 0.101 0.021
Si 0.056 0.03
Fe 0.003 0.003

Table 5.2: The average matrix composition used for the Thermo-calc analysis.

Component Mole Fraction Mass Fraction
Ni 0.785 0.864
B 0.104 0.021
Si 0.058 0.03
Fe 0.003 0.003
W 0.022 0.077
C 0.028 0.005
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(SEM) image of the powder can be seen Figure 5.2A. The size range is +53 -180 µm, and

it can be seen in Figure 5.2A the morphology of the powder is spherical. There is some

evidence of satellites, non-spherical powder, and porosity in the powder, which are common

defects found in gas atomized powder [622]. Defects in the powder feedstock have been

shown to reduce the quality of PTA-AM deposits [623]. The reinforcement particles in the

MMC are Oerlikon Metco WOKA 50115 monocrystalline WC. The monocrystalline WC

has an angular morphology and a size range between +63 -180 µm. An SEM image of the

monocrystalline WC powder is shown in Figure 5.2B. Prior to deposition, the powder is

combined at a ratio of 30 wt% NiBSi, and 70wt% WC and is mechanically mixed for 1 hour

to ensure a homogeneous blend of the materials.

5.3.3 Electromagentic Levitation

The electromagnetic levitation experiments were conducted at Institut für Materialphysik

im Weltraum, Deutsches Zentrum für Luft-und Raumfahrt (DLR) in Köln, Germany. A

schematic of the EML experiment can be seen in Figure 5.3 [624]. EML uses a radiofre-

quency magnetic őeld generated by water-cooled copper coils connected to a high-frequency

generator that operates close to 400kHz. The coils are arranged in a conical shape, with 7

windings below the sample, and 4 counter windings above the sample, produces a strong elec-

tromagnetic őeld in opposition to the gravity vector. The sample size for EML is roughly 1g

of material; these samples were made by sectioning already deposited PTA-AM samples with

the composition shown in Table 5.4. The sample is placed in an alumina crucible and placed

Table 5.3: The operating parameters that were used for PTA-AM deposition. It should
be noted that for current and voltage, a range is given. The current and voltage are higher

at the beginning of the experiment, to achieve bonding with the substrate.

Operating Parameter Parameter Value
Current 100 - 65A
Voltage 25 - 23V

Travel Speed 600 mm/min
Powder Flow Rate 27 g/min

Plasma Gas Flow Rate 1.5 SLM
Powder Gas Flow Rate 1.5 SLM

Shielding Gas Flow Rate 12 SLM
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A

200 µm

B

200 µm

Figure 5.2: a) A backscatter electron SEM image of the Höganäs 1538-40 NiBSi powder
feedstock; b) An SEM image of the angular monocrystalline WC powder used in this work.
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Table 5.4: Composition of the powder feedstock used for PTA-AM deposition. The total
material wt% refers to the proportion of that material that was placed in the powder feeder

of the PTA.

Composition (wt%) Composition (wt%)
Reinforcement Type W C Matrix Type Ni B Si Fe

angular monocrystalline WC 93.8 6.2 NiBSi Bal. 1.8 - 2.4 2.5 - 3.5 <0.5

within the coils. Oxidation is prevented by reducing the pressure in the chamber to 10−5

Pa and then backőlled with 99.9999% He to 50 kPa. The temperature of the experiments

was monitored using an infrared pyrometer operating at 100Hz, with an emissivity set to 1.

The generated temperature proőles were required to be calibrated with the transformation

temperatures measured using differential scanning calorimetry (DSC). The experiment was

captured using a high-speed camera recording at 75000 frames per second. Typically, the

sample is cooled using a stream of He gas while the sample remains levitated, which allows

for complete control over cooling rates. The high volume loading of WC in the samples re-

quired a higher magnetic őeld to maintain the levitation of the sample. Since the strength of

the magnetic őeld is also responsible for heating the sample, the stream of He gas could not

cool the sample below the liquidus temperature of the alloy (1055◦C). To cool the sample,

the power to the coils was terminated, and the sample was cooled through contact with the

alumina crucible, which acts as a heterogeneous nucleation site for the onset of solidiőcation.

5.3.4 Differential Scanning Calorimetry

The DSC was done using a Linseis HDSC PT1600 thermogravimetric analyzer. The samples

were prepared by sectioning 40-50mg from the EML samples to ensure that the composition

remained the same. The samples were processed at heating/cooling rates of 5 and 10 °C/min,

and the liquidus temperature was reported as the offset of the endothermic peak upon

heating. A linear interpolation to 0 °C/min was used to determine the liquidus temperature

at equilibrium [625].
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Figure 5.3: A schematic of the EML process at DLR. The black arrows show the direction
of the magnetic őeld induced by the coils. Ic denotes the current that is generated from the
coils magnetic őeld. FL and Fg are the levitation force and gravitation force, respectively.

5.3.5 Advanced Imaging

The SEM used for this work was a Tescan Vega 3, which uses a thermal emission source.

The images were taken at an accelerating voltage of 20keV, and a working distance of 15mm.

Semi-quantitative compositional data was acquired using an Oxford electron dispersive spec-

troscopy (EDS) system, calibrated for 20 keV. Electron backscatter diffraction (EBSD) was

done using a Zeiss Sigma őeld emission SEM (FESEM), equipped with an AZtechSynergy

acquisition system.
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5.4 Results

5.4.1 Thermodynamic Modelling

5.4.1.1 Scheil Solidiőcation: Matrix Composition

The Scheil solidiőcation plot for the nominal matrix composition (Table 5.1) is shown in

Figure 5.4, and the composition of the different phases are shown in Table 5.5. Where a

range of compositions is given, the őrst and last numbers represent the composition at the

Equilibrium

Liquid

Liquid + γ-Ni

Liquid + γ-Ni + Ni3B

Liquid + Ni3Si + Ni3B

Figure 5.4: Scheil solidiőcation diagram for the composition shown in Table 5.1. The
average composition of the different phases are shown in Table 5.5.
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Table 5.5: The composition of the different phases shown in Figure 5.4 using Thermo-
calc. The range of values highlights the difference in composition as solidiőcation progresses,
where the őrst and last numbers are the composition at the beginning and end of solidiő-

cation, respectively. If no range is given the composition was constant.

at%
Phase Ni Si Fe B
γ-Ni 92.4 - 85.6 7.2 - 14.1 0.2 - 0.1 0.2 - 0.3
Ni3B 75.0 - - 25.0
Ni3Si 75.0 25.0 - -

start and end of solidiőcation, respectively. The őrst phase to form is γ-Ni solid solution

at just above ≈1225°C. The γ-Ni phase consists mostly of Ni and Si, with some traces of

B, and Fe. The rejection of Si to the liquid is similar to what is found for Ni-Si-W ternary

alloys [565]. After forming primary Ni, Ni3B forms just above 1100°C while continuing to

form WC and γ-Ni. Just below 1000°C, a eutectic of Ni3Si and Ni3B forms.

5.4.1.2 Scheil Solidiőcation: Matrix Composition with added W

To study the effect of adding W and C on the solidiőcation sequence of the Ni matrix, a

Scheil solidiőcation simulation was done using the average matrix composition (Table 5.2)

through the entire height of the build, which is shown in Figure 5.5. The composition of

all the phases are found in Table 5.6. The solidiőcation starts with γ-Ni solid solution at

≈1180°C containing low W, C, and Fe, and high Si content. A W2FeB2 phase forms at

≈1025°C containing high amounts of W and Fe, followed by the nucleation and growth of

Ni3B just above 1000°C. The Ni3B phase is alloyed with small amounts of Fe. At ≈930°C

an FCC phase of WC forms, which could be FCC γ-WC(1−x) since it is stable between 37.1

and 50 at% C. However, the starting temperature of the γ-WC(1−x) (930°C) is far below

the stable temperature range for γ-WC(1−x) (2216-2755°C) [626, 627]. The next phase forms

at just above 900°C and is Ni3Si. Solidiőcation continues from 900 to ≈700°C, with small

amounts of the aforementioned phases solidifying. The last to form is B19C, which forms at

≈750°C.

Adding W and C to the Ni matrix drastically changed the Scheil solidiőcation simulation.

For both compositions, the őrst phase to form was a γ-Ni solid solution with similar amounts

of Si, Fe, and B. The solidiőcation start temperature for γ-Ni was slightly lower with the
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W and C addition. A majority of the W and C was used in forming W2FeB2, γ-WC(1−x),

and B19C. The solidiőcation start temperature of Ni3B and Ni3Si were both lower with the

added W and C, but the composition was not affected. The matrix with added W and C

also solidiőed until ≈725°C, where just the matrix őnishes solidifying at ≈875°C.

5.4.2 PTA-AM of 70wt%WC - NiBSi

A cylinder made from 70wt% WC - NiBSi is shown in Figure 5.6, with dimensions of

50x40x1.5mm for the height, diameter, and layer width, respectively. The average layer

height was 1.67mm, totaling 30 layers for this build. A 1.67mm layer height is much larger

Equilibrium

Liquid

Liquid + γ-Ni

Liquid + γ-Ni + W2FeB2

Liquid + γ-Ni + W2FeB2 + Ni3B

Liquid + γ-Ni + W2FeB2 + Ni3B + γ-WC1-x

Liquid + Ni3Si + Ni3B + γ-WC1-x

Liquid + Ni3Si + W2FeB2 + Ni3B + γ-WC1-x

Liquid + Ni3Si + W2FeB2 + γ-WC1-x

Liquid + B19C + Ni3Si + W2FeB2 + γ-WC1-x

Figure 5.5: The Scheil solidiőcation diagram from the composition shown in Table 5.2.
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Table 5.6: The composition of the different phases shown in Figure 5.5 using Thermo-
calc. The range of values highlights the difference in composition as solidiőcation progresses,
where the őrst and last numbers are the composition at the beginning and end of solidiő-

cation, respectively. If no range is given the composition was constant.

at%
Phase Ni W Si C Fe B
γ-Ni 89.2 - 85.1 1.2 - 0.4 8.6 - 13.3 0.6 - 1.1 0.3 - 0.0 0.2

W2FeB2 1.8 38.2 - - 20.0 40.0
Ni3B 74.7 - 74.9 - - - 0.3 - 0.1 25.0

γ-WC1−x - 55.4 - 44.6 - -
Ni3Si 75.0 - 25.0 - - -
B19C - - - 5.0 - 95.0

than laser DED [628], slightly lower than wire and arc additive manufacturing (WAAM)

[629], and is more than double PTA-AM of 60wt%WC - NiCrBSi[36]. There is a signiőcant

amount of surface roughness from the high loading of WC and not having sufficient matrix

material to create a smooth őnish. Although there is high surface roughness, the individual

layers can not be observed on the proőle of the cylinder, which is typical for large layer

heights like those found in WAAM [118, 156, 628], and PTA-AM of 17-4 PH [623]. One

signiőcant perturbation on the surface can be seen near the bottom of the sample, likely

caused by the gradient of operating parameters that occurs after the őrst 5 layers.

5.4.2.1 Defects in the Microstructure

Low magniőcation backscatter SEM images of the deposit shown in Figure 5.6 are shown

in Figure 5.7, where the WC particles are shown in white, and the black holes within the

sample are porosity. The left of Figure 5.7a shows the sample bonded to the steel substrate.

The carbides are homogeneously distributed in the NiBSi matrix for the őrst layer, with

very little porosity. Signiőcant secondary WC phases are also present, illustrated by the

abundance of brighter constituents in the matrix shown in Figure 5.8. No W is present in

the matrix alloy prior to PTA-AM deposition. The formation of secondary phases containing

high amounts of W is evidence that the WC undergoes some dissolution during the PTA-AM

process. The dilution of the substrate in the őrst layer causes a surplus of Fe and C dissolved

in the matrix, which bonds with the W and C from the dissolution of WC particles to form

carbide phases. In subsequent layers, two defects dominate the microstructure; the őrst are

areas void of WC, termed denuded regions [11], and the second is porosity. Denuded regions
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10mm

Figure 5.6: An example of a PTA-AM build of 70wt% angular monocrystalline WC in a
NiBSi matrix. The sample is 50mm tall, and has a diameter of 40mm.
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are industrially recognized defects for the high loading of reinforcement particles in metal

matrix composites across different deposition methods. The mechanism that causes denuded

region formation is unreported.

The porosity that is found falls under two morphological categories, one being large ir-

regular shapes and the other being spherical pores. The large irregular-shaped pores are

likely manufacturing defects. For the PTA, the voltage is governed by the arc length or

the distance from the tip of the electrode to the substrate. During the deposition, the arc

length controller (ALC) attempts to maintain the stand-off distance to keep the voltage con-

stant. However, there is a response time for the voltage sensor to communicate the voltage

change and for the torch’s height to be adjusted, resulting in instances where the voltage

drops below 23V. A stand-off distance that is too low will result in two individual tracks of

material being deposited, one from each of the co-axial nozzles. The decreased volume of

the matrix material, and low heat input results in a weld pool with poor ŕowability. This

would lead to regions of no WC as well as regions with no matrix leading to irregular pores.

It is suggested that the two individual tracks could be one of the causes of the formation of

the irregularly shaped pores. Another possible mechanism is increasing the carbide content

beyond the packing limit of angular WC [630].

The formation of the spherical porosity could be due to the formation of CO/CO2 gas

during the deposition. The generation of CO/CO2 has been reported previously in laser

cladding of WC-Ni [631, 632]. Additionally, inadequate shielding has been observed to cause

porosity in the PTA-AM of 17-4PH stainless steel[623]. The dissolution of WC results in

dissolved carbon and inadequate shielding from the atmosphere, as well as the oxide layer on

the surface of the powder results in dissolved oxygen. The dissolved carbon and oxygen react

to form CO/CO2, which is trapped due to rapid solidiőcation. Note that this was observed

through the microstructural characterization.

5.4.2.2 WC and Pore Area Percent

The carbide and porosity area percent were tracked through the entire height of the build

from micrographs, shown in Figure 5.9. It is assumed that area% is equal to the volume% of

WC. The black, red, and blue line correspond to the porosity, carbide, and theoretical area
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Figure 5.7: Low magniőcation Backscatter SEM of the bottom (a) and middle (b) of the
PTA-AM build shown in Figure 5.6. The WC particles are shown in white. Two defects
dominate the microstructure, large pores (black circles) and areas void of WC termed
denuded regions. The white patches inside the pores and outside of the sample are artifacts

from the SEM imaging. The red square represent where Figure 5.8 was taken.
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20 µm

Substrate

Figure 5.8: A 2000x backscatter SEM image showing the effects of substrate dilution on
the microstructure.

percent for 70wt% WC (57 area%), respectively. It was also found that the maximum packing

of angular WC with a d50 of 112µm is 47vol%, shown as the green line [630]. From the plot, it

can be deduced that the porosity and carbide percent are inversely correlated. After 30mm,

the ŕuctuations in the carbide area% decrease, which could point to the retention of WC

reaching a steady state. Experiments, where the build height is higher than 48mm, would

be required to conőrm if the carbide area% reaches a steady state. At no point through

the cross-section does the volume loading of WC in the sample reach the theoretical volume

loading for 70wt% WC (57 area%). This is likely due 70wt% (57 area%) being higher than
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the maximum packing of WC at the current size range (47 area% or 62wt%). However, with

a small amount of porosity, the carbide retention falls to values closer to or exceeding the

maximum packing (47 area%). Where the WC content surpasses the maximum packing of

WC is likely due to the discrepancy between area and volume percent. The plot in Figure 5.9

highlights that adding more WC should theoretically increase the carbide retention in the

sample; in practice, this is not the case. The reduction in matrix material to bind the

WC particles together may not allow for higher retention of carbides, especially when the

solidiőcation rate is increased from the lower heat input.
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Figure 5.9: The carbide (red circles) and porosity (black squares) area percent as a
function of height in the PTA-AM build shown in Figure 5.6. The blue line shows what the
theoretical area percent is for 70wt% WC-NiBSi. The green line corresponds to the max

packing of WC with a D50 of 112 µm [630].
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5.4.2.3 Microstructural Comparison Between Interparticle and Denuded Re-

gions

There has not been any conőrmed mechanism explaining the presence of denuded regions.

According to a study by Sundaramoorthy et. al., denuded regions in the solidiőed mi-

crostructure of alloys may be caused by the formation of liquid nickel droplets in the plasma

during PTA. These droplets may not completely mix with the surrounding melt pool due to

surface tension. In contrast, Wolfe et. al. proposed an alternative explanation for denuded

regions. They suggested that tungsten vapor formed in the plasma during PTA processing

may diffuse into nickel droplets and enter the melt pool as a mushy phase, which is a mixture

of solid and liquid phases. This mushy phase could then solidify to form the denuded re-

gions. Both of the above mechanisms suggest a difference in the composition of the denuded

regions compared to the interparticle regions. To test the proposed theories, the composi-

tion (Table 5.7) and microstructure (Figure 5.10) of the denuded and interparticle regions

were compared. Looking at the microstructure, both regions contain small blocky W-rich

phases (A). In both cases, the microstructure is dendritic with signiőcant solubility of W in

the primary phase (B). The dendrites are surrounded by a halo (C), and the interdendritic

regions contain two phases: one of Ni (D), and another being a Ni solid solution of Si and

Table 5.7: The composition of the phases in the denuded region (D) and interparticle
region (I). The letters correspond to the letters in Figure 5.10. Carbon was ignored for

these measurements.

at%
Region Description Ni W Si Fe

Interparticle

A 51.4 48.6 ś ś
B 89.8 10.2 ś ś
C 89.0 4.9 4.9 1.2
D 100 ś ś ś
E 85.5 ś 13.5 1.0

Overall 89.0 2.4 8.0 0.9

Denuded

A 47.3 52.7 ś ś
B 89.7 10.3 ś ś
C 88.3 4.8 5.7 1.1
D 100 ś ś ś
E 84.5 ś 14.6 0.9

Overall 90.5 2.3 6.6 0.6
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Fe. The overall composition of the two regions is also similar. Based on the microstructural

and compositional evidence, it is likely that the previously mentioned mechanisms of un-

mixed or un-melted Ni are likely not the cause of denuded regions, and another mechanism

is responsible for the formation of these defects. Therefore, the microstructure of only the

denuded regions will be discussed, as it is representative of the microstructure of the entire

sample at a given height.

5.4.2.4 Microstructure of a denuded region in PTA-AM 70wt%WC - NiBSi

The microstructure using backscatter mode on the SEM is shown in Figure 5.11. Each image

corresponds to a different height in the sample, where Figure 5.11A is at the lowest location,

and Figure 5.11D is at the highest location. The images are all denuded regions due to the

large concentration of matrix material, and there is no WC to hinder the dendritic growth of

the microstructure. From Figure 5.11, it can be seen that the microstructure in the denuded

zones is dendritic at all heights in the build. The dendritic microstructure becomes coarser

as the build progresses.
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Figure 5.10: High magniőciation backscatter SEM images showing matrix microstructure
of the interparticle regions (A) and the denuded regions (B). The labels correspond to the

compositions shown in Table 5.7.
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C

50 µm

D

50 µm

Figure 5.11: Backscatter SEM images of the PTA-AM build shown in Figure 5.6 taken
at different heights; a) is taken at 0.924mm; b) is taken at 8.75mm; c) is taken at 19.81mm;

d) is taken at 41.86mm.
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Higher magniőcation SEM images are shown in Figure 5.12. All the images are taken at

the same magniőcation to highlight the coarsening of the dendritic structure. Throughout

the microstructure are small plate-like secondary W particles (A). The Ni microstructure

consists of primary dendrites (B), most of which have a halo (C) surrounding the primary

phase. At lower points in the sample, the halo around the primary phase is less prominent

than at higher points. There are many instances throughout the sample where a phase with

the same composition/contrast as the halo is found in the interdendritic regions, as seen in

Figure 5.12B. The interdendritic regions are dominated by phase D, with seams of a slightly

darker phase E. Phase E is found more frequently at lower points in the sample, and is almost

completely eliminated halfway up the sample (19.81mm) as the dendritic structure coarsens.

To quantify the coarsening of the microstructure, the secondary dendrite arm spacing (SDAS)

was measured at differing heights throughout the build, as shown in Figure 5.13. The coars-

ening of the microstructure and the increase in SDAS indicates that the solidiőcation cooling

rate of the sample decreases as the number of layers increases. In the beginning layers, the

steel substrate acts as a heat sink causing much higher solidiőcation rates, since there is no

substrate pre-heat [633, 634]. At higher layers, the solidiőcation cooling rate decreases due

to heat accumulation in the sample [635, 636]. The higher amount of heat accumulation also

appears to have coarsened the secondary carbide phase (A). The area fraction of secondary

carbides is plotted as a function of height shown in Figure 5.14. As the height increases,

the area fraction of secondary carbides increases. The őrst point on the plot is taken at

the bottom of the sample, and dilution with the substrate caused a higher area fraction of

secondary W phases (Figure 5.8).
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Figure 5.12: Backscatter SEM images of the PTA-AM build shown in Figure 5.6 taken
at different heights; a) is taken at 0.924mm; b) is taken at 8.75mm; c) is taken at 19.81mm;

d) is taken at 41.86mm.
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Figure 5.13: The change in secondary dendrite arm spacing as a function of height for
the PTA-AM deposit.

The composition of the different phases of the microstructure at each height shown in Figure

5.11 are found in Table 5.8. Additionally, the composition of the primary phase (A) and

the halo (B) around the Ni phase, as a function of height, are shown in Figure 5.15A and

Figure 5.15B, respectively. The secondary WC phases present have an average composition

of 75wt% W and 25wt% Ni; likely, carbon is also present but undetected with EDX. The

composition of the primary phase (Figure 5.15A) faces greater ŕuctuations as the build pro-

gresses. The use of backscatter mode highlights the distribution of W from the dissolution

of the WC particles, with the higher concentration being in the primary phase formed dur-

ing solidiőcation. The partition coefficient of W is larger than unity (2.0) in Ni [565, 637],

meaning that during solidiőcation, W tends to segregate in the dendritic core. There is slight

solubility of Fe and Si in the primary phase in the beginning layers, but they are no longer

present after 15mm. The high levels of Fe in the őrst layers are likely from dilution with

the steel substrate. The primary characteristic x-ray for Si (Lα) is 1.739, and for W (M)

is 1.774, as seen in Figure 5.16. Therefore, the Si content could be a measuring error from

the EDX. As the height increases, the W content in the primary phase also increases, which

signiőes there could be more carbide dissolution as the build progresses. Referring back to

the microstructures shown in Figure 5.11, it can be seen in the area marked by the red square
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Figure 5.14: The area fraction of secondary carbides as a function of height.

that in Figure 5.11C and Figure 5.11D, there is more thermal degradation of the WC com-

pared to Figure 5.11A and Figure 5.11B, leading to the increased W content in the matrix,

and higher area fractions of secondary carbide phases (Figure 5.14). The őrst 3 data points,

where the W content is the lowest, correspond to where the heat input and the solidiőcation

cooling rate are the highest. For conventional PTA, as the heat input increases, the cooling

rate decreases, and the amount of carbide dissolution increases [11, 13, 471]. Therefore, for

both conventional PTA and PTA-AM, the solidiőcation cooling rate plays a signiőcant role

in dictating the amount of carbide dissolution.

The Ni halo had a fairly consistent composition, besides the introduction of W at around

10mm, which lines up with the W content in the primary phase surpassing 20wt%. Ac-

cording to the Ni-W phase diagram [638], 20wt% is lower than the solubility of W in Ni.

Additionally, the high Fe and C content in the Ni halo in the őrst layer is due to the dilution

of the steel substrate. It is interesting that the Fe was rejected more into the liquid and not

retained in the primary phase since the partition coefficient of Fe in Ni-Si-Fe ternary alloys

is above unity [565]. Fe being rejected into the liquid highlights the inŕuence composition,

and solidiőcation cooling rate has on the partition coefficient of different elements.
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Figure 5.15: a) shows the composition of the primary phase as a function of height; b)
shows the composition of the Ni halo around the primary phase as a function of height. It
should be noted that the Ni content is the remainder of the composition and is not shown

on the plot.
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Table 5.8: The composition of the different phases shown in Figure 5.12 for the 70wt%
WC - NiBSi PTA-AM sample. The average compositions from the Scheil simulations are

provided for comparison.

PTA-AM (at%) Thermo-calc (at%)
Phase Height (mm) Ni W Si C Fe Ni W Si C Fe B

A

0.924 54.3 45.7 ś ś ś

2.0 38.0 ś ś 20.0 40.0
8.75 46.9 53.1 ś ś ś
19.81 48.6 51.4 ś ś ś
41.86 43.4 56.6 ś ś ś

B

0.924 83.9 2.7 4.7 ś 8.8

87.2 0.7 11.0 0.8 0.1 0.2
8.75 91.1 7.5 ś ś 1.4
19.81 90.9 9.1 ś ś ś
41.86 89.0 11.0 ś ś ś

C

0.924 60.4 ś 4.3 19.3 16.0

ś ś ś ś ś ś
8.75 86.9 4.5 7.3 ś 1.3
19.81 88.9 5.3 4.5 ś 1.3
41.86 89.0 5.1 4.7 ś 1.2

D

0.924 100 ś ś ś ś

74.8 ś ś ś 0.2 25.0
8.75 100 ś ś ś ś
19.81 97.0 ś 3.0 ś ś
41.86 100 ś ś ś ś

E
0.924 78.9 ś 15.1 ś 6.0

75.0 ś 25.0 ś ś ś8.75 84.6 ś 15.4 ś ś
19.81 84.3 ś 14.9 ś 0.8

In the interdendritic regions, phase D is typically 100% Ni. It could be that this phase

is Ni3B[10, 36, 190], since boron is undetectable using EDX. Phase E in the interdendritic

regions had high Si content and some instances of dissolved Fe. The high Fe content in the

őrst 1mm is likely from dilution with the substrate. Based on the atomic fraction of Ni to

Si, it could be that this phase is Ni3Si, which has been detected using x-ray diffraction on

60wt% WC - NiCrBSi deposited using PTA-AM [36]. The characteristic x-rays from phase

E could contain signal from phase D since the interaction volume for characteristic x-rays in

Fe is 1µm3. The small volumes of phase E (Figure 5.12C) could cause some of the Ni from

phase D to be detected, reducing the detected Si content. The phase fraction of phase E

tends to decrease as the height increases, and it is no longer found at the uppermost layers

(Figure 5.12D).
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Figure 5.16: EDX spectrum from a primary dendrite in Figure 5.12A to highlight the
overlapping EDX peaks of W and Si.

5.4.2.5 Comparing Thermo-calc with PTA-AM

The composition of the Scheil calculations for the average matrix composition (Figure 5.5) is

compared with PTA-AM in Table 5.8. During the Scheil simulation, W2FeB2 formed instead

of the NiW (A) phase that likely formed during PTA-AM. No W2FeB2 was found in the PTA-

AM microstructure. The W content in the primary phase (B) was much higher (2-10x) than

what was predicted by Scheil. The Scheil simulation also predicted much higher levels of

Si in the primary phase than what was detected. The halo (C) was not formed during the

Scheil simulation. Thermo-calc was able to predict the formation of Ni3B, however, it forms

in conjunction with the continued growth of γ-Ni, instead of after. After γ-Ni solidiőcation,

Ni3Si formed, which is reŕective of the PTA-AM build. No γ-WC1−x or B19C likely formed

during PTA-AM. The major discrepancies between Thermo-calc and PTA-AM highlights the

need for more thermodynamic and microstructural data to be generated for the WC-NiBSi

system.
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5.4.3 EML of 70wt% WC - NiBSi

5.4.3.1 Temperature Calibration

The goal of the EML tests was to be able to track the thermal history of the composite

powders and relate it to the microstructure of the solidiőed EML powders. The thermal his-

tory during the EML experiments was recorded using an infrared pyrometer. The DSC was

used to calibrate the IR pyrometer data from the EML experiments. The heat ŕow (black

line), and temperature (red line) proőles from the 5 °C/min run is shown in Figure 5.17.

The rise in heat ŕow upon cooling corresponds to the exothermic reaction that occurs when

transitioning from a liquid to a solid phase. The őrst exothermic peak likely corresponds

to the solidiőcation of the primary phase, while the second peak corresponds to the eutec-

tic solidiőcation. From the heat ŕow plot, the liquidus was taken as the onset of the őrst

exothermic peak. For the 10 °C/min sample, the average liquidus was 1027°C, while at 5

°C/min, the liquidus was recorded to be 1041°C. Extrapolating the data to 0 °C/min, the

Figure 5.17: Heat ŕow, and temperature plot taken from the 5 °C/min DSC run of 70wt%
WC in NiBSi. The őrst exothermic peak is likely the solidiőcation of the primary phase,
while the second peak corresponds to the eutectic. The black line corresponds to the heat

ŕow and the red line is the temperature proőle.
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liquidus temperature at equilibrium was determined to be 1055°C. The eutectic temperature

was calculated to be 976°C.

The temperatures recorded using the infrared pyrometer were adjusted using Equation 5.2,

where Tpyr is the temperature recorded by the infrared pyrometer, TDSC
e is the eutectic

temperature measured by the DSC, and T pyr
e is the eutectic temperature measured by the

pyrometer.

T =
( 1

Tpyr

+
1

TDSC
e

−
1

T pyr
e

)

−1

(5.2)

The calibrated thermal history is shown in Figure 5.18. The eutectic temperature was chosen

due to an initial change in slope on cooling at point A, which is likely the onset of primary

solidiőcation. There is likely heterogeneous nucleation of the primary phase on WC. Each

sample experienced some eutectic undercooling followed by recalescence. The temperature

at the end of recalescence (C) is close to the equilibrium eutectic temperature [639]. The

solidiőcation cooling rate prior to eutectic nucleation (B) multiplied by the recalescence

time was added to the recalescence temperature (C) to determine T pyr
e , to offset any energy

absorbed by the droplet [640].

5.4.3.2 EML Microstructure

A low magniőcation backscatter SEM image of one of the EML samples of 70 wt% WC

in NiBSi is shown in Figure 5.19, and its corresponding thermal history was shown in Fig-

ure 5.18. All the EML samples had a signiőcant amount of porosity. Since the EML samples

were previously deposited PTA-AM samples, it is unknown whether the porosity was formed

during EML or remained from the PTA-AM deposition. Signiőcant care is taken to elim-

inate oxygen from the EML chamber, and the morphology of the pores is non-spherical.

It is speculated that the porosity was likely retained from PTA-AM deposition or due to

insufficient stirring of the liquid due to the high volume fraction of WC. Regardless of the

thermal history, denuded regions are found in all EML samples.

Higher magniőcation backscatter SEM images of a denuded region’s microstructure are

shown in Figure 5.20. The microstructure for all EML samples is dendritic. Additionally, all

of the EML samples contained varying degrees of a halo (B) around the primary dendrites.

The interdendritic regions contains three phases. The phase that creates the halo (B) around
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Figure 5.18: Thermal history from one of the EML samples.

the primary dendrite can also be found in the interdendritic regions, based on the composi-

tion of the lighter grey regions (Figure 5.20A). The majority of the interdendritic region is

taken up by a phase with a slightly darker contrast (C) than that of phase B. Between some

of the patches of phase C, is small pockets of a dark phase (D). Interdendritic porosity (also

seen in Figure 5.11A) was found throughout the EML samples. During solidiőcation, the

material volumetrically contracts while the already formed dendritic network coarsens; this

prevents liquid from őlling in the pores left from the contracting material[641]. The result

is solidiőcation porosity as seen in the red square Figure 5.20B.
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1 mm

Figure 5.19: Low mag Backscatter SEM of the bottom of one of the EML samples with
the composition show in Table 5.4, where the WC particles are shown in white, and pores

in black;
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Figure 5.20: A) Backscatter image showing the different phases present in the microstruc-
ture in the EML samples; B) Backscatter SEM image showing an example of a microstruc-

ture of an EML sample
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5.4.3.3 EML Secondary Dendrite Arm Spacing

The secondary dendrite arm spacing as a function of solidiőcation cooling rate for the EML

experiments was plotted, as seen in Figure 5.21. There does not appear to be much of a

difference in the SDAS above 50°C/s. Only one sample could be cooled using the He gas

streams, causing a slower solidiőcation cooling rate. The relation between SDAS (λS) and

solidiőcation cooling rate is shown in Equation 5.3, where λo is a material constant, R is the

solidiőcation cooling rate, and n should be close to 0.33 [642].

λS = λo(R)−n (5.3)

Figure 5.21: The SDAS from the 70wt% WC-Ni EML samples as a function of the
solidiőcation cooling rate. The red points are from 70wt% WC in NiBSi, and the black

points are from 70wt% WC - NiCrBSi.
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The developed correlation had an exponent of 0.35, and an R2 of 0.91. The EML samples

varied in compositions with respect to each other. The red and black points in the Figure

5.21 correspond to 70wt% WC in a NiBSi and NiCrBSi matrix, respectively. The difference

in composition does not appear to have an impact on the relationship between SDAS and

solidiőcation cooling rate.

5.5 Discussion

5.5.1 Carbide Dissolution

When using PTA to deposit WC - Ni overlays, the higher heat input leads to more car-

bide dissolution [14ś18]. It should be noted that there are limited studies done on Cr-free

WC-Ni metal matrix composites. The higher heat input increases the peak temperature

and reduces the cooling rate for single-pass welds and overlays. Higher peak temperatures

and slower cooling rates create favorable conditions for convective mass transfer causing WC

breakdown. The higher peak temperatures cause more breakdown of the WC, increasing

the free W and C atoms for diffusion with NiBSi [643]. Additionally, slower cooling rates

increase the time for diffusion. Convective mass transfer is often characterized by a reaction

layer and heterogeneous microstructure around the WC particles [20, 585]. This is supported

by the W-C phase diagram presented by Kurlov et. al. [626]. Although some secondary

WC phases surround the primary carbides, there was no interaction layer or heterogeneous

microstructure around the particles.

Additive manufacturing has drastically different thermal cycling than overlaying. The mate-

rial was continuously deposited for the cylinder shown in Figure 5.6. Constantly re-heating

the same results in a large amount of heat accumulation; this increases the amount of ma-

terial that remelts and drastically reduces the cooling rate. Using the SDAS measurements

found in Figure 5.13, and the relationship between SDAS and solidiőcation cooling rate (Fig-

ure 5.21), the solidiőcation cooling rate as a function of height for the PTA-AM samples can

be estimated and is displayed in Figure 5.22A. It can be seen that the solidiőcation cooling

rate changes by 2 orders of magnitude when comparing the bottom to the top of the sample.

Even though the heat input is higher for the őrst 6mm, the solidiőcation cooling rate is also
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higher due to the steel substrate acting as a heat sink. The effectiveness of the steel substrate

acting as a heat sink decreases as the build progresses due to the entire system’s temperature

increasing and the newly deposited material’s proximity to the substrate. The relationship

between the solidiőcation cooling rate and the amount of W in the primary phase can be

seen in Figure 5.22B. The plot strongly suggests that the cooling rate of the PTA-AM de-

posit is directly correlated to the amount of W found in the Ni matrix. Additionally, the

amount of W in the primary phase seems to plateau at 27wt% which is close to the low

temperature solubility limit of W in Ni (26.5wt% at 500°C)[626]. From Figure 5.14, the

amount of secondary carbide phases also increases with height (decreases with cooling rate).

Therefore, it is likely that the amount of carbide dissolution increases as the cooling rate

decreases for PTA-AM of WC - NiBSi deposits. Higher amounts of convective mass transfer

would increase the mean free path between particles. This conclusion is also supported by

Figure 3.11 in Chapter 3, where the mean free path between the WC particles also increased

as the height increased.

5.5.2 Microstructure Evolution During Solidiőcation

EBSD was done to understand the localized phase distribution and is shown in Figure 5.23.

The primary phase detected was γ-Ni (A), and the eutectic phase was γ-Ni(B)/Ni3B(C),

which aligns with previous studies [10]. Ni3Si was also included in the analysis and was not

detected due to the similarity in the lattice parameters between γ-Ni (3.45 Å) and Ni3Si

(3.51 Å). It could be that the Ni found in the interdendritic regions is Ni3Si based on the

composition shown in Table 5.8.

For the solidiőcation of the matrix of 70wt% WC - NiBSi, the őrst phase to solidify could be

the secondary WC phases (phase A in Figure 5.12). The next phase to solidify would be the

primary γ-Ni dendrites (phase B in Figure 5.12) with high solubility of W. The effect of the

solidiőcation cooling rate on the dendritic structure’s coarseness can be seen in Figure 5.11.

As the temperature decreases, the γ-Ni phase continues to grow around the dendrites (phase

C in Figure 5.12), with lower W content than the dendrites. After the primary solidiőcation

(B and C), eutectic solidiőcation begins forming phases Ni3B (D) and (Ni,Si) solid solu-

tion(E). The eutectic structure also experiences signiőcant coarsening as the solidiőcation

cooling rate decrease. With two dimensional cross-sections, and the limited resolution of the
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Figure 5.22: a) The estimated solidiőcation cooling rates as a function of height for the
PTA-AM b) shows the effect of the solidiőcation cooling rate on the W content of the

primary phase from the PTA-AM samples.
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Figure 5.23: a) Phase map taken from the EBSD, with a step size of 0.2µm and a őeld
of view of 40x40µm; b) FESEM image corresponding to the phase map shown in a).
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SEM, the eutectic structure could not be resolved. Higher resolution characterization meth-

ods such as TEM could be used to resolve the eutectic structure. Additionally, Bridgman

solidiőcation experiments could offer controlled solidiőcation experiments to determine how

the eutectic structure changes with solidiőcation cooling rate.

5.5.3 Denuded Regions

Previous literature [10, 11] suggests that denuded regions have a different composition than

the surrounding material. In section 5.4.2.3 it was discovered that there is likely no difference

in composition between the denuded and interparticle regions. A possible mechanism of

denuded region formation could be due to surpassing the maximum packing of angular

WC. With a D50 of 112µm, angular WC can achieve a maximum packing of 62wt% [630].

During the PTA-AM, the high loading of WC could cause particles to become interlocked,

preventing the movement of WC in the meltpool. The interlocked particles could create

localized pools of matrix material that solidify as denuded regions. The research to verify

the above mechanism of denuded region formation is still ongoing.

5.5.4 Removing Cr from the matrix

This section compares the microstructure from the 70wt% WC - NiCrBSi samples from

Chapter 4 with the 70wt% WC - NiBSi samples presented in this chapter. It is important to

note the compositional differences between the matrix materials, seen in Table 5.9. Apart

from Cr, the NiCrBSi sample has lower B and higher Si and Fe content than the NiBSi ma-

trix material. In addition to differences in matrix composition, the solidiőcation rate plays a

signiőcant role in the amount of WC dissolution (Figure 5.22B). To compare the composition

(Table 5.8) of 70wt% WC - NiBSi (Figure 5.12) with 70 wt% WC - NiCrBSi (Table 4.7, Fig-

ure 4.12) similar solidiőcation conditions should be compared. The average SDAS of 70wt%

Table 5.9: Composition of the matrix materials used in this work.

Composition (wt%)
Matrix Material Ni Cr B Si C Fe Size Range (µm)
WOKA Durit 6030 Bal. 5.0 - 6.5 0.8 - 1.2 3.8 - 4.3 0.2 - 0.5 < 1.5 +63 -180
Höganäs 1538-40 Bal. - 1.8 - 2.4 2.5 - 3.5 - < 0.5 +53 -180
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WC - NiCrBSi of the sample location presented in Chapter 4 was 11.2 µm. At 19.81mm in

the 70wt% WC - NiBSi sample, the SDAS was measured to be 10.8 µm. Therefore, the com-

position data presented in Table 4.7 will be compared to the 19.81mm compositional data

presented in Table 5.8. The compositions are listed again in Table 5.10 for easy comparison.

The star (A Figure 4.12) and needle (B Figure 4.13) carbide morphology were only found

in the 70wt% WC - NiCrBSi, and not in the NiBSi sample. The blocky carbide in the

70wt% WC - NiCrBSi sample (C Figure 4.14) had more of a rounded morphology compared

to those found in the 70wt% WC - NiBSi (A Figure 5.12) The composition of the blocky

carbide differed signiőcantly between the two. In the NiCrBSi sample, the blocky carbide

composed of Ni, W, Si, C, and Cr ((Ni4W2Cr2Si)C3), while in NiBSi, it was just NiW.

The solidiőcation structure of the matrix was similar between the NiCrBSi and NiBSi sam-

ples. Both samples contained dendritic γ-Ni with a halo surrounding the primary dendrite.

After primary solidiőcation, both samples formed a eutectic of γ-Ni (Ni, Si)/Ni3B. There

are some stark differences in the composition of the matrix phases between the NiBSi, and

NiCrBSi samples. For the NiBSi sample, the γ-Ni dendrites only contained Ni and W, while

the NiCrBSi sample had Ni, W, Si, Cr, and Fe. The difference in W content was quite

drastic. The NiBSi primary dendrites had almost 3x the atomic fraction of W compared to

the NiCrBSi. This could be attributed to the NiCrBSi matrix having a higher area fraction

of high W containing complex carbides (4.28%) than the NiBSi sample (1.89%), leaving less

W to be dissolved in the NiCrBSi matrix. The halo around the γ-Ni dendrite also had a

higher atomic fraction of W and less Si and Fe. Ni3B had a similar amount of Si, but no Fe

was detected in the NiBSi sample. The high Ni and Si γ-Ni phase had slightly less Si and

Fe in the NiBSi matrix.

Due to the differences in matrix composition (Table 5.9), it is challenging to compare the

differences in Si and Fe. However, the W content can be roughly compared. The overall

composition of the region shown in Figure 5.11C is compared to Figure 4.12, and is shown

in Table 5.10. It should be noted that the NiBSi did not have any C detected, which is likely

due to the poor measuring accuracy of C using EDX. However, C is likely present and may

change the atomic ratios of the elements. The results show that the NiBSi (4.1at%) had

more overall W than the NiCrBSi sample (2.1at%). This suggests that the NiBSi sample

underwent higher degrees of WC dissolution than the NiCrBSi sample. For the comparison
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Table 5.10: The composition of the different phases found in the 70wt% WC NiBSi
compared with 70wt% WC - NiCrBSi

NiBSi(at%) NiCrBSi(at%)
Description Ni W Si C Fe Ni W Si C Cr Fe
Star Carbide ś ś ś ś ś 6.1 19.5 ś 35.9 38.5 ś

Needle Carbide ś ś ś ś ś 13.2 14.2 ś 35.9 36.7 ś
Blocky Carbide 48.6 51.4 ś ś ś 31.0 18.8 7.9 22.7 19.6 ś

γ-Ni 90.9 9.1 ś ś ś 83.5 3.3 6.1 ś 7.2 3.0
γ-Ni Halo 88.9 5.3 4.5 ś 1.3 81.1 1.8 8.3 ś 6.0 2.9

Ni3B 97.0 ś 3.0 ś ś 91.5 ś 3.8 ś 4.6 1.7
γ-Ni (Ni,Si) 84.3 ś 14.9 ś 0.8 77.7 ś 17.8 ś 3.1 1.3

Overall 89.0 4.1 5.9 ś 1.0 60.3 2.1 5.8 23.4 5.4 2.0

to hold merit, the same depth of analysis presented in this chapter should be conducted for

the 70wt% WC - NiCrBSi.

5.6 Conclusions

Plasma-transferred arc additive manufacturing was used to deposit 70wt% WC - NiBSi

metal matrix composites. Electromagnetic levitation was used to understand the effects of

the solidiőcation cooling rate on the secondary dendrite arm spacing. The carbide retention

was far below 70wt% due to the formation of porosity, and denuded regions during the

deposition. The thermal history of the EML samples was used to relate the cooling rate to

the secondary dendrite arm spacing; this was used to estimate the solidiőcation cooling rate

for the PTA-AM samples. The dissolution of WC increased with height during the PTA-

AM build due to decreasing cooling rate, as evident by higher levels of W in the primary

dendrites and larger volume fraction of secondary carbides. The thermal history of the EML

and PTA-AM experiments may have resulted in a divorced eutectic structure, however,

higher magniőcation characterization methods such as TEM should be conducted to conőrm

the eutectic structure. Denuded regions were formed under all experimental conditions, and

the composition was the same between the denuded regions and the interparticle regions.

Denuded regions could be the result of exceeding the maximum packing of the WC particles

during the PTA-AM process.
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Chapter 6

Adding Different Ratios of Spherical

Eutectic WC/W2C to

70wt%WC-NiCrBSi

The following chapter will discuss the effects of replacing varying amounts of monocrystalline

(MC) WC with spherical eutectic (SE) WC/W2C in 70wt% WC - NiCrBSi PTA-AM de-

posits. Combining both spherical and angular WC may lead to denser packing, creating a

more homogeneous distribution of WC[630]. The effect of powder quality will be tested by

using spherical eutectic WC/W2C from two different powder producers, SE1, and SE2. The

different MMC compositions that were tested are (35wt% MC, 35wt% SE)WC -, (52.5 wt%

MC, 17.5wt%SE)WC -, and (17.5 wt% MC, 52.5wt% SE) - NiCrBSi. The microstructure

from the (35wt% MC, 35wt% SE)WC - NiCrBSi samples using the two different carbides will

be compared and discussed. All samples were deposited using the same operating parameters

of the PTA shown in Table 4.2.

6.1 Adding SE1 Spherical Eutectic WC/W2C

To test the effect of different powder morphologies on the microstructure of the PTA-AM de-

posit, SE1 spherical eutectic WC/W2C was added. SEM images of the SE1 spherical eutectic

WC/W2C feedstock can be seen in Figure 6.1. The SE1 WC/W2C had surface defects on
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most of the powder that was imaged. The composition of the matrix, and WC and WC/W2C

are shown in Table 6.1 and Table 6.2, respectively. From Table 6.2, it can be seen that SE1

has slightly higher C content than SE2. Cross sections of the PTA-AM deposits with dif-

ferent WC combinations are shown in Figure 6.2 to 6.4, where the bottom, middle, and top

of each sample are shown. It should be noted that the entire cross-section of the sample is

not shown for any of the samples found, but the bottom, middle, and top are organized to

provide an idea of what the cross-section could look like. With the addition of 17.5 and

35wt% SE1 spherical carbides, the carbide distribution becomes more homogeneous with

less porosity and denuded regions, compared to the purely monocrystalline samples shown

in Figure 4.6. Denuded regions and large pores are still found in the samples. It appears

that the more spherical eutectic WC/W2C that is added, the higher the tendency to form

pores and denuded regions. Adding over 50wt% spherical eutectic WC led to an increased

occurrence of denuded regions and pores compared to lower spherical carbide contents, as

seen in Figure 6.4. There is also thermal degradation of the WC/W2C shown by the dark

rings around the spherical carbides. Carbide degradation is a common phenomenon when

using WC/W2C deposited with PTA[11, 16, 18]. At the bottom of the samples, there does

not appear to be any carbide degradation, but as the sample height increases, so does the

propensity to have carbide breakdown. Thermal degradation of the WC/W2C does tend to

increase the occurrence of pores and denuded regions as seen in Figure 6.2. However, denuded

regions will still form when there is no apparent thermal breakdown of the WC/W2C, which

can be seen at the bottom of Figure 6.4. The degree of carbide breakdown also increases as

the amount of SE1 increases.

A backscatter SEM image showing the microstructure of a denuded region from a

Table 6.1: Composition of the matrix materials used in this work.

Composition (wt%)
Matrix Material Ni Cr B Si C Fe Size Range (µm)
WOKA Durit 6040 Bal. 6.9 - 8.2 1.5 - 1.8 3.2 - 3.8 0.2 - 0.4 < 1.5 +63 -180

Table 6.2: The different WC powders used in this work.

Composition (wt%)
WC Powders Powder Morphology W C Size Range (µm)
Kennametal SCNC070 Monocrystalline Angular 93.6 6.4 +63 -180
SE1 Spherical 95.5 4.5 +125 -180
SE2 Spherical 96.0 4.0 +50 -180
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A

200 µm

B

100 µm

Figure 6.1: SEM images of the SE1 spherical eutectic WC/W2C feedstock.
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600 µm Bottom

Middle

Top

Figure 6.2: PTA-AM samples with: a) 35wt% SE1 spherical and 35wt% SCNC070 angular
WC.
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600 µm Bottom

Middle

Top

Figure 6.3: PTA-AM samples with: a) 17.5wt% SE1 spherical and 52.5wt% SCNC070
angular WC.
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600 µm Bottom

Middle

Top

Figure 6.4: PTA-AM samples with: a) 52.5wt% SE1 spherical and 17.5wt% SCNC070
angular WC.
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sample containing 35wt% SE1 spherical eutectic WC/W2C and 35wt% angular monocrys-

talline WC in a Durit 6040 matrix is shown in Figure 6.5. The introduction of spherical

WC drastically increases the amount of secondary W-rich carbides that form compared to

monocrystalline (Figure 4.12). The spectrum of different carbide morphologies are shown

in Figure 6.6 to Figure 6.10. Clusters of small blocky carbides (A) are found throughout

the microstructure and emanating radially from the degraded SE1 particles (Figure 6.6).

In some instances, these clusters are replaced with a single large blocky carbide (A in Fig-

ure 6.8). Where there is denser packing of just angular monocrystalline WC (Figure 6.10),

200 µm

Figure 6.5: Backscatter SEM image of a denuded region from 35wt% spherical eutectic
WC/W2C, and 35wt% angular monocrystalline WC in Durit 6030 matrix.
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the microstructure mainly consists of the blocky type of carbide. The other carbides found

in the microstructure have a ring (B) and an acicular (C) morphology. Around some of the

acicular and ring-type carbides is a slightly darker high W carbide phase (D).

The composition of the various carbide morphologies taken with EDX are found in Ta-

ble 6.3. The three main types of carbides all contain various amounts of Ni, W, C, and

Cr. The atomic ratios for the blocky, ring, and rod/acicular carbides are (Ni3W4Cr)C6,

(Ni6W2Cr)C3, and (Ni3W4Cr)C6, respectively. The blocky and acicular carbides appear to

have the same composition, while the ring-type carbides contain much higher levels of Ni and

Cr. The carbides that form on the edge of the acicular carbides contain all of the alloying

elements in the MMC.

Figure 6.11 and Figure 6.12 show the different phases of the NiCrBSi matrix. The mi-

crostructure consists of a dendritic primary phase (E), with a small amount of haloing (F)

surrounding the primary phase. In Figure 6.11, it can be seen that this haloing (F) appears

to be the continued growth of the primary phase (E). The interdendritic regions contains

two phases: a lighter grey phase (G) and a dark grey phase (H). Most interdendritic regions

are made up of the lighter phase G; however, there are instances of coupled eutectic growth

seen in Figure 6.12.

The composition of the matrix phases are shown in Table 6.3. It should be noted that

C was ignored when analyzing the matrix phases. The primary phase (E) contains higher

Table 6.3: The composition of the different phases shown in Figure 6.6 to Figure 6.12
using EDX.

at%
Letter Description Ni W Si C Cr Fe

A Blocky Carbide 20.6 30.0 - 41.6 6.9 -
B Ring Carbide 47.1 14.7 - 26.6 8.6 1.6
C Rod/acicular Carbide 19.4 30.3 - 42.9 7.4 -
D Edge of rod/acicular Carbide 43.1 11.0 7.5 29.2 12.8 1.2
E Primary Phase 80.3 3.4 5.2 - 6.9 3.7
F Halo Around Primary Phase 81.3 1.8 9.3 - 5.8 3.1
G Light Eutectic Phase 93.2 - - - 4.8 2.0
H Dark Eutectic Phase 80.3 - 18.7 - 3.1 1.4
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50 µm

A

B

Figure 6.6: Backscatter SEM showing range of secondary carbide phases in the 35wt%
SE1 sample.

W, Cr, and Fe levels, which aligns with the partitioning coefficients of those elements in Ni

[565]. The halo (F) around the primary phase contains slightly lower levels of W but higher

Si content. In the interdendritic region, the light phase (G) was a solid solution of Ni, Cr,

and Fe, with no W or Si present. This phase is likely Ni3B [13, 36, 43]. The dark phase (H)

in the interdendritic region is a Ni-Si solid solution with Cr and Fe additions.

The solidiőcation sequence for 35wt% SE1 spherical eutectic WC/W2C, 35wt% angular

monocrystalline WC, and 30wt% NiCrBSi is similar to what is described in Section 4.5.1.2
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20 µm

A

B

C

Figure 6.7: Backscatter SEM showing range of secondary carbide phases in the 35wt%
SE1 sample.

for 70wt% monocrystalline WC - NiCrBSi. The őrst phases to solidify are likely the various

high W-containing carbides (A-D). Upon matrix solidiőcation, the primary phase (E) solid-

iőes őrst, with the continued growth of the primary phase causing the halo (F) around the

primary phase. After primary solidiőcation, there is eutectic solidiőcation of phases G and

H. The breakdown of WC/W2C is discussed more in Section 6.3.
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20 µm

A

Figure 6.8: Backscatter SEM showing mostly blocky secondary carbides in the 35wt%
SE1 sample.

6.2 Adding SE2 Spherical WC/W2C

SE2 spherical WC/W2C was also added with monocrystalline WC in 70wt% WC - NiCrBSi

PTA-AM deposits to determine the effect that powder from different manufacturers has on

the microstructure. The SE2 spherical WC/W2C feedstock can be seen in Figure 6.13. When

compared with the SE1 powder feedstock (Figure 6.1), it appears that the SE1 powder has

more powder with surface ŕaws than the SE2 powder. The effect of adding 35, 17.5, and

52.5wt% SE2 spherical WC/W2C on the macrostructure is shown in Figure 6.14, Figure 6.15,



Chapter 6 211

5 µm

C

D

Figure 6.9: Backscatter SEM showing the acicular carbide in the 35wt% SE1 sample.

and Figure 6.16, respectively. The 35wt% SE2 spherical WC/W2C sample had a homoge-

neous distribution of WC throughout the entire cross-section. At lower (17.5wt%) eutectic

WC contents, the homogeneous distribution of WC remains until the upper portion of the

sample. There was also limited WC/W2C breakdown at low (17.5wt%) and mid (35wt%)

contents of SE2 carbides. Higher levels (52.5wt%) of SE2 spherical WC/W2C led to a poor

distribution of carbides throughout the entire sample. As the height increased, there were

more denuded regions and porosity, as well as carbide breakdown of the WC/W2C. Denuded

regions and porosity are also found in regions with limited carbide breakdown (Figure 6.15).
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20 µm

A

Figure 6.10: Backscatter SEM of monocrystalline WC in the 35wt% SE1 sample.

Backscatter SEM images showing the microstructure of the interparticle regions of 35wt%

SE2 spherical eutectic WC/W2C, 35wt% angular monocrystalline WC, and 40wt% Durit

6040 can be found in Figure 6.17 and Figure 6.18. Large blocky (A) secondary carbides

formed in the microstructure and tended to be in close proximity to the retained WC parti-

cles. Cracks can also be found throughout the microstructure, especially where there are large

blocky carbides or clusters of carbides bridging primary WC (red squares in Figure 6.17).

The cracks could be due to thermal residual stresses, or solidiőcation shrinkage during the

deposition process. At higher magniőcation, the minor convective mass transfer of the SE2

spherical eutectic WC/W2C is evident by the reaction layer (dark grey ring) around the
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20 µm

A

B

C

E

F

G

H

Figure 6.11: Backscatter SEM showing the phases of the matrix in the 35wt% SE1 sample.

spherical carbides [18]. The dark grey ring is due to the diffusion of Ni into the SE2 carbide.

Higher magniőcation images of the Durit 6040 NiCrBSi matrix can be found in Figure 6.19

and Figure 6.20. There is a small, high W-containing phase (B) in the interdendritic region,

denoted by the high white contrast of the phase. The matrix contains a lighter primary

phase (C), with a halo (D) around the primary phase. The interdendritic phases consist of

a lighter grey phase (E), and a eutectic between a lighter phase (F), and a darker phase (G).
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10 µm

E

FG

H

Figure 6.12: Backscatter SEM showing the phases of the matrix in the 35wt% SE1 sample.

The composition of the different phases found throughout the microstructure are shown

in Table 6.4. The large blocky carbide (A) is a complex carbide containing Ni, W, Si, and

Cr, in the atomic ratio’s (Ni3W3Cr2Si)C3. The bright interdendritic phase (B) contains a

high amount of Ni, Cr, Si, and W, with traces of Fe (Ni2WCr3Si)C3). The primary phase

(C) and the halo (D) is a Ni solid solution of W, Si, Cr, and Fe; however, the primary phase

contains more W, Cr, and less Si than the halo. In the interdendritic region, the light phase

(E) is a solid solution of Ni with some Cr and Fe detected. The light phase (F) of the eutectic

has the same composition to phase E except with detected Si, and the darker phase (G) is

Ni3Si with small amounts of Cr and Fe. It is likely that phases E and F are the same. The
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A

200 µm

B

100 µm

Figure 6.13: SEM images of the SE2 spherical eutectic WC/W2C feedstock.
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600 µm Bottom

Middle

Top

Figure 6.14: PTA-AM samples with: a) 35wt% SE2 spherical and 35wt% SCNC070
angular WC.
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600 µm Bottom

Middle

Top

Figure 6.15: PTA-AM samples with: a) 17.5wt% SE2 spherical and 52.5wt% SCNC070
angular WC.
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600 µm Bottom

Middle

Top

Figure 6.16: PTA-AM samples with: a) 52.5wt% SE2 spherical and 17.5wt% SCNC070
angular WC.
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Table 6.4: The composition of the different phases shown in the 35wt% SE2 sample
(Figure 6.17 to Figure 6.20) using EDX.

at%
Letter Description Ni W Si C Cr Fe

A Blocky Carbide 29.0 20.4 8.2 25.1 17.5 -
B Bright Interdendritic Phase 20.6 10.4 10.4 29.2 34.1 1.1
C Primary Phase 81.6 3.3 5.4 - 7.9 3.5
D Halo Around Primary Phase 80.4 1.9 6.8 - 7.4 3.5
E Light Eutectic Phase (non-lamellar) 93.0 - - - 4.9 1.9
F Light Eutectic Phase (lamellar) 86.4 - 7.0 - 4.9 1.6
G Dark Eutectic Phase 75.1 - 22.2 - 1.9 0.9

small lamellar spacing (1.1 µm) is similar to the size of the interaction volume (≈1µm3 [583])

that releases characteristic x-rays. The signal from phase F could encompass some of phase

G, changing the detected composition to include Si.

The solidiőcation sequence is likely the same between the two samples. The high W (A

and B) phases likely solidify őrst, followed by the primary phase (C). Similar to the halos

found in the microstructures shown in Chapter 4 and Chapter 5, the halo (D) is likely ex-

tended growth of the primary phase at a different composition. After the halo formation,

the remaining liquid undergoes eutectic solidiőcation. In areas where it appears that only

phase E or G is found (red circle in Figure 6.12), eutectic is likely found, but at much higher

resolutions than can be resolved using SEM. TEM could be done on those areas to determine

if a lamellar eutectic is found in those regions.

6.3 Microstructural Comparison between SE1 and SE2

Spherical Eutectic WC/W2C

The 35wt% SE2 (Figure 6.14) spherical eutectic WC/W2C sample had a homogeneous dis-

tribution of WC throughout the entire cross-section of the sample. In contrast, the 35wt%

SE1 spherical (Figure 6.2) initially had a homogeneous distribution of WC, but developed

pores and denuded regions as the build progressed. With both powders, the 17wt% samples

(Figure 6.3, Figure 6.15) started with a homogenous distribution of WC, but developed pores
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50 µm

A

Figure 6.17: Backscatter SEM showing the breakdown of SE2 spherical WC/W2C, and
the distribution of secondary carbides.

and denuded regions at later portions of the build. The 52.5wt% (Figure 6.4, Figure 6.16)

samples had denuded regions throughout the cross-section using both powders.

Comparing higher magniőcation images of the microstructure of the 35wt% SE1 (Fig-

ure 6.6,Figure 6.7) with the SE2 (Figure 6.17, Figure 6.19), the SE1 samples had higher

degrees of degradation of the spherical WC/W2C. A high magniőcation image of a degraded

SE1 WC/W2C particle is shown in Figure 6.21, and the composition of the phases present

are shown in Table 6.5. The center (A) of the degraded carbide could be δ-WC based on
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50 µm

A

Figure 6.18: Backscatter SEM showing the breakdown of SE2 spherical WC/W2C, and
the distribution of secondary carbides.

W and C atomic fractions. However, carbon is below the detection limit of EDX, so other

characterization methods, such as TEM, should be done to conőrm the center of the car-

bide being δ-WC. The reaction layer (B) around the center of the particle contains Ni and

small amounts of Cr (Ni3W6Cr)C9), showing the reaction of the WC/W2C with the NiCrBSi

matrix. On the outer extremities of the degraded particle, two morphology of carbides are

found: blocky (C) and rod/acicular (D). Both C and D have a similar composition, which

is close to WC with traces of Ni. Carbide C has a similar morphology to the blocky carbide

(A in Figure 6.8), while carbide D is similar in shape to the rod carbides (C in Figure 6.9).
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20 µm
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F

G

Figure 6.19: Backscatter SEM showing the phases of the Ni matrix. The letters corre-
spond to the compositions provided in Table 6.4.

However, the blocky and rod carbides in the matrix (Figure 6.7) contain higher levels of

Ni than those surrounding degraded carbides. There are also some slightly darker blocky

carbides (E)((Ni14W3Cr3Si)C8) on the outer extremities. The dark phase (F) in the center

of the particle is WO2. The oxygen could be from improper shielding during deposition [30],

or oxygen introduced during the powder-making process.

The blocky and rod/acicular carbides in the SE1 samples are likely remnants of spheri-

cal SE1 WC/W2C that have undergone dissolution diffusion of the W2C[17, 18, 644]. This
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10 µm

C

D

E

F

G

Figure 6.20: Backscatter SEM showing the phases of the Ni matrix. The letters corre-
spond to the compositions provided in Table 6.4.

is supported by the W-C phase diagram (Figure 6.22). The two types of carbides in eutectic

WC/W2C are δ(WC) and β(W2C). Primary δ-WC is stable between 300K and 3030-3050K

and will undergo phase transformations when exposed to nonstoichiometric carbon contents.

W2C has three polymorphs, β′′, β′, and β, which have been found to breakdown at 1250°C

to δ-WC and W [11]. With low transformation temperatures, the W2C is dissolved into

the Ni matrix leaving behind the block- and rod/acicular-like morphology of WC. Some of

the dissolved W reacts with the matrix elements to form the ring carbide E (Ni2W4Cr)C3

in the SE1 samples (B Figure 6.21), and the blocky carbide phase (Ni3W2Cr2)C3. Likely,
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the differing amount of convective mass transfer of the WC/W2C between the SE1 and SE2

samples led to different morphologies and compositions of M7C3 (B in SE1, and A in SE2)

carbides. The remnant WC can undergo further dissolution to form phase D in Figure 6.9

((Ni3W2Cr2Si)C4) and phase E in Figure 6.21((Ni14W3Cr3Si)C8).

A high magniőcation image of a degraded SE2 particle is shown in Figure 6.23. The black

in the center of the particle is porosity. The composition of the phases are shown in Table

6.6 The center (A) of the carbide could be δ-WC based on the atomic ratio of W and C.

Again, TEM analysis should be done to conőrm this. The reaction layer (B) surrounding the

20 µm

A

E

B

D

C

F

Figure 6.21: Backscatter SEM showing the breakdown of SE1 WC/W2C particle.
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SE2 particle contained mainly Ni, W, C, and Cr with some dissolved Si ((Ni4W4Cr2Si)C4).

The blocky carbides (C) found around the particle has a similar composition to the reaction

layer (B) ((Ni4W4Cr2Si)C4). The blocky carbides have a similar composition to those found

throughout the NiCrBSi matrix (A in Figure 6.17), and could be one of the sources of their

formation. There are instances where there are acicular carbides (D) that are mostly W and

C, with small amounts of Ni and Cr ((NiW5)C6). However, the acicular carbides were not

found throughout the microstructure. This could be some of the δ-WC from the WC/W2C

particles that has had a minor reaction with the NiCrBSi matrix. The darker (E) portion of

the center of the particle is WO2.

A common theme across all the samples was increased convective mass transfer of the

WC/W2C as the build height increased. As discussed in Chapter 5, the cooling rate of the

sample drastically decreases as the build progresses. At lower portions of the build, the

high cooling rate would decrease the amount of time for the breakdown of β-W2C, which

2535°C

2384°C

2785 ± 5°C2785 ± 10°C

γ
δ

2715 ± 5°C

β

β'

β'

1250°C

Figure 6.22: W-C phase diagram (reimaged from [11].)
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happens at 1250°C. As the cooling rate decreases, the more time the carbide is exposed to

temperatures below 1250°C, resulting in more WC/W2C breakdown. More research needs

to be done to determine the effect of WC/W2C’s exposure to liquid Ni, and how that af-

fects the transformation temperature of WC/W2C at 1250°C. The discrepancy in the extent

of WC/W2C breakdown between the two powders could be due to the quality of the two

powders. The SE1 samples did appear to have more surface defects than the SE2 powder.

The surface ŕaws could enhance the reaction between the liquid NiCrBSi and the WC/W2C

powder. There could be different ratios of WC and W2C in the powders, and since W2C is

less stable than WC (Figure 6.22), it is more susceptible to thermal degradation. Further

20 µm

D
C

B

A E

Figure 6.23: Backscatter SEM showing the breakdown of SE2 WC/W2C particle.
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Table 6.5: The composition of the different phases around the degraded SE1 carbide in
Figure 6.21 using EDX. All the EDX compositions are the average of mulitple points across

different degraded carbides.

at%
Letter Ni W Si C Cr O

A - 49.7 - 50.3 - -
B 15.1 27.0 - 53.4 4.6 -
C 2.8 39.8 - 57.3 - -
D 8.0 39.9 - 52.1 - -
E 27.4 16.5 8.5 31.3 16.3 -
F - 30.0 - - - 70.0

Table 6.6: The composition of the different phases around the degraded SE2 carbide in
Figure 6.23 using EDX. All the EDX compositions are the average of mulitple points across

different degraded carbides.

at%
Letter Ni W Si C Cr O

A - 54.9 - 45.12 - -
B 27.2 27.8 6.3 27.2 11.6 -
C 27.3 24.6 7.3 27.9 12.9 -
D 8.0 39.7 - 49.0 3.3 -
E - 33.5 - - - 64.0

analysis should be done to quantify the contact time required for the convective mass transfer

of both SE carbides. These őndings highlight the importance of the quality of feedstock ma-

terial. Additionally, the signiőcance of minimizing dwell times (i.e. maximizing cooling rate)

in PTA-AM with spherical eutectic carbides to reduce the degree of thermal degradation of

WC/W2C.

6.4 Conclusion

This chapter explored the effect of adding spherical WC/W2C from two manufacturers: SE1

and SE2. The total WC content in the samples was 70wt%. The different MMC compositions

that were tested are (35wt% MC, 35wt% SE)WC -, (52.5 wt% MC, 17.5wt%SE)WC -, and

(17.5 wt% MC, 52.5wt% SE) - NiCrBSi. For the SE1 samples, the 17.5wt% SE sample
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had the best distribution of WC, with the fewest amount of denuded regions, porosity, and

carbide breakdown. For SE2, the 35wt% sample had a homogeneous distribution of WC

through the entire cross-section. The SE1 spherical showed much higher susceptibility to

convective mass transfer and fracturing during the PTA-AM deposition process, resulting

in a more comprehensive array of secondary carbide phases in the microstructure. It is

likely that the blocky and rod/acicular-shaped carbides were remnant WC from the SE1

WC/W2C powder and that the ring carbide formed in situ. The SE2 did not show any

signs of fracturing and only underwent a small amount of convective mass transfer during

the PTA-AM process. This resulted in a single blocky morphology of carbide that likely

formed in situ during solidiőcation. It is speculated that the difference in powder behavior

is attributed to the amount of surface defects that formed during the powder manufacturing

process, and highlights the need for quality feedstock for additive manufacturing processes.
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Chapter 7

Concluding Remarks

7.1 Summary

The objective of this thesis is to investigate how the composition and solidiőcation rate

of metal matrix composites (MMCs) affect the thermal degradation of tungsten carbide

(WC), as well as the resulting microstructure of WC-Ni MMCs fabricated using PTA-AM.

This was achieved by studying the microstructure at various heights (solidiőcation cooling

rates) in a PTA-AM build, such as WC distribution (mean free path and carbide volume

percent), complex carbide fraction and composition, and matrix solidiőcation structure and

composition. The composition of the MMC was altered by varying the carbide content

(60, 70, and 80wt%), matrix composition (NiCrBSi, NiBSi), and carbide morphology and

type (angular monocrystalline WC and spherical eutectic WC/W2C). This thesis achieves

its objective through the following work:

1. Convolutional neural networks were used to semantically segment WC particles from

NiCrBSi-WC optical microscopy images. This work aimed to create an automated

pipeline to quantify the carbide distribution of PTA-AM deposited 60wt%WC - NiCrBSi

MMCs by determining the carbide volume percent and mean free path (thesis objective

1). The U-Net was chosen as the CNN based on its proőciency in segmenting images

with similar features to WC-Ni microstructures, and its outstanding performance with

small datasets. In addition to the vanilla architecture, the encoders from mobilenet,

resnet50, and vgg16, as well as the LinkNet architecture with a mobilenet and resnet50
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encoder, were tested. The evaluation metrics used were intersection over union, the

dice coefficient, and the area under the receiver operating characteristic curve. A non-

local means őlter, mean shift, and image augmentation were used to preprocess the

optical microscopy images prior to being passed through the model. A hyperparam-

eter search was done to őnd the optimal values for batch normalization, batch size,

learning rate, learning rate decay, dropout rate, L2 regularization, kernel size, number

of őlters, activation function, loss function, and optimizer. K-fold cross-validation was

used to determine the őnal performance of the model. The vanilla U-net architec-

ture performed best with a mean AUC-ROC, IOU, and dice coefficient of 0.965, 0.911,

and 0.953 across the test dataset, respectively. From the segmented images, the mean

free path was determined using ASTM STP 839 and a new proposed computational

method, where the physical distance between the particles is determined by counting

the pixels separating them. The carbide percent, mean free path (ASTM), and mean

free path (CBP) were 40 ± 11, 64.4 ± 30, and 89.7 ± 29.4 for the ground truth images,

and 41 ± 11, 79.9 ± 40, and 115 ± 35 for the model predictions, respectively. Spher-

ical WC/W2C could be segmented using the same model, even though no spherical

WC/W2C was found in the training data, highlighting the robustness of the models’

segmentation abilities. The mean free path of the WC particles increases as the build

height increases.

2. PTA-AM was used to investigate the impact of increasing WC content from 60 to 70

and 80 wt% on the distribution of WC, formation of complex carbides, solidiőcation

structure of the matrix, and resistance to abrasive wear in WC-Ni MMCs (thesis objec-

tive 2). PTA-AM deposits with 60wt% angular monocrystalline WC in NiCrBSi had

a homogenous distribution of WC particles and little porosity throughout the entire

build. The microstructure showed some carbide dissolution, evident by the formation

of high W containing complex carbides and dissolved W in the γ-Ni dendrites. Ha-

los of γ-Ni formed around the already formed dendrites with higher Si, Cr, and Fe

contents; outside the ring experienced coupled growth of γ-Ni and Ni3B. Increasing

the WC content to 70wt% monocrystalline WC in NiCrBSi caused the microstructure

to be dominated by defects in the form of denuded regions, and prominent irregular

and spherical-shaped pores. The irregular pores are likely manufacturing defects from

poor ŕowability of 70wt% WC-Ni MMCs. The spherical-shaped pores could be from

the formation of CO/CO2 gas during the manufacturing process. Higher WC content
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resulted in slightly elevated levels of carbide dissolution, observable by the broader

array of high W complex carbides, and increased W content in the γ-Ni dendrites and

halo phase surrounding the dendrites. The interdendritic regions contained a eutectic

of γ-Ni/Ni3B. The microstructural results were compared to Scheil solidiőcation sim-

ulations done using Thermo-calc thermodynamic software. The Scheil solidiőcation

simulations did not include the halo around the primary dendrites, and the levels of

W found in the primary Ni phase were much lower than that of PTA-AM.

3. A microstructural analysis was done on a PTA-AM build of 70wt% monocrystalline

WC in a NiBSi matrix. This work aimed to establish a relationship between the cool-

ing rate during solidiőcation, deposition height, level of thermal degradation of WC

particles, and resulting microstructure of 70 wt% WC-NiBSi MMCs during the PTA-

AM fabrication process (thesis objective 3). Electromagnetic levitation was done on

the PTA-AM deposited material to understand the relation between cooling rate and

secondary dendrite arm spacing. The carbide volume percent was determined as a

function of height, and it was found that the retained WC never hit the theoretical

value of 70wt%. The poor carbide retention was due to large pores and denuded re-

gions. The pores were likely caused by a combination of manufacturing defects and

CO/CO2 gas formation during deposition. There was no difference in the microstruc-

ture or composition between the denuded, and interparticle regions. Evidence suggests

that denuded regions could be from exceeding the maximum packing of WC (62wt%);

experiments to prove this are ongoing. At all heights of the build, the microstructure

was dendritic γ-Ni with halos around the primary phase. The W content in the γ-Ni

dendrites increases from 2.7 to 11 at% when comparing 1mm to 42mm of build height.

Additionally, the W in the halo increases from 0 to 4.5at% after 9mm of material is

deposited. The increase in W content in the matrix suggests that the cooling rate may

signiőcantly inŕuence the carbide dissolution. These őndings support the conclusion

made previously (Chapter 3) that the interparticle spacing increases with height. The

microstructural results were compared to Scheil solidiőcation simulations done using

Thermo-calc thermodynamic software. Similar to the 70wt%WC-NiCrBSi, the Scheil

solidiőcation simulations did not include the halo around the primary dendrites, and

the levels of W found in primary γ-Ni phase in the PTA-AM samples were 2-10x higher

than the Scheil simulation.
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4. The impact of incorporating spherical eutectic WC/W2C particles from two manufac-

turers, SE1 and SE2, on the degree of thermal degradation of WC and its corresponding

microstructure in 70 wt% WC-NiCrBSi deposited through PTA-AM was investigated.

The total WC content in all samples was 70 wt%. Various MMC compositions were ex-

amined, including (35 wt% MC, 35 wt% SE)WC-, (52.5 wt% MC, 17.5 wt% SE)WC-,

and (17.5 wt% MC, 52.5 wt% SE)WC-NiCrBSi. Adding 17.5 and 35wt% appeared to

improve the distribution of WC; however, 52.5wt% contained large fractions of pores

and denuded regions. During the PTA-AM deposition process, the SE1 spherical pow-

der demonstrated a higher susceptibility to convective mass transfer and fracturing,

resulting in a broader range of secondary carbide phases in the microstructure. This

difference in the carbide powder behavior is hypothesized to be due to variations in

the number of surface defects formed during powder production. The higher degree of

degradation observed in SE1 compared to SE2 underscores the importance of utilizing

high-quality feedstock for additive manufacturing processes.

7.2 Implications

This thesis provides a better understanding of the effects of composition, carbide type, and

thermal history on the microstructure and carbide dissolution of WC-Ni MMCs deposited

using PTA-AM. All of the experimental factors changed the distribution, and morphology

of the phases present in the microstructure. Exploring the microstructure under differing

thermal conditions is critical for assessing the evolution of the microstructure during additive

manufacturing. The culmination of this work makes the following contributions:

1. Developing a comprehensive understanding of the microstructure of WC-Ni during

PTA-AM for 60 and 70wt% WC under different experimental conditions; this work is

critical for creating accurate thermodynamic and microstructural models for WC-Ni

under differing solidiőcation conditions. Understanding the feasibility of increasing

the WC content in PTA-AM deposits and its effects on WC retention is essential for

understanding the material limitations of the AM modality.
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2. Creating a relationship between cooling rate and secondary dendrite arm spacing for

70wt% monocrystalline WC in NiBSi. Linking the thermal history, and the correspond-

ing microstructure is essential for understanding the evolution of the microstructure

during PTA-AM, especially when the physical measurement of the thermal history is

difficult.

3. Developing an automated pipeline for quantifying the carbide distribution of WC-Ni

optical microscopy images. The methods used can be transferred to similar material

systems that require similar computations, and act as building blocks for using deep

learning to analyze microstructural images. Additionally, the constructed pipeline

reduces the processing time of WC-Ni optical microscopy images from hours to seconds.

4. Understanding how the processing inŕuences carbide dissolution of WC in Ni during

PTA-AM; this is important for the manufacturing of WC-Ni, and developing a prefer-

ential thermal history that should be maintained for minimizing loss of WC.

7.3 Recommendations

Based on the knowledge gained from this thesis work, prior to commercialization the PTA-

AM process could be optimized for the deposition of WC-Ni MMCs in the following ways:

1. Ensuring that the maximum packing of WC is not exceeded. A Hall Flowmeter test

should be conducted on the WC powder prior to deposition to determine the maximum

packing of WC. The packing of WC could be improved by incorporating different size

ranges and morphologies (angular and spherical)of WC. Not exceeding the maximum

packing of WC should eliminate denuded regions from the deposit.

2. The highest possible, and consistent cooling rate should be maintained through the

entire deposition of WC-Ni MMCs to minimize the thermal degradation of WC. This

should maximize the retention of WC, and minimize the mean free path between par-

ticles. Additionally, a consistent cooling rate would eliminate the difference in the

microstructure as the build progresses. A suggested method would be incorporating

an inter-layer dwell time, and a water-cooled substrate to allow the previous layer to

cool, prior to the deposition of the next layer.
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7.4 Future Work

Based on an extensive literature review (Chapter 2), there have not been any studies of

70wt% WC deposited using PTA-AM, nor has there been any published literature on pro-

cessing WC-Ni with EML. The information developed in this thesis informs thermodynamic

modeling of the rapid solidiőcation of WC-Ni MMCs. The future recommendations to build

upon the presented work are as follows:

1. Conduct further PTA-AM deposition trials with 70wt% WC in NiBSi with the following

conditions:

i. Use higher heat inputs to promote the wetting of the WC-Ni MMC to reduce the

concentration of irregularly shaped pores.

ii. Introduce a water-cooled plate under the substrate to increase the solidiőcation

rate and reduce the amount of carbide dissolution experienced at later points in

the build.

iii. Introduce an inter-layer dwell time to reduce heat accumulation and the cooling

rate during the deposition process [209].

iv. Improve the shielding capabilities during PTA-AM to see if there is a change in

the amount of porosity in 70wt% WC - NiBSi.

v. Perform optical emission spectroscopy to analyze the spectrum and electron den-

sity of the plasma to determine if any metal vapor or CO/CO2 is emitted during

deposition [645, 646]. The aim of conducting these experiments is to identify

whether any further gas ionization is occurring and to ascertain the reason behind

the formation of the signiőcant spherical pores.

vi. Perform the same experimental process conducted in Chapter 5 with 17.5wt% and

35wt% spherical eutectic WC/W2C to determine the resonance time required for

WC/W2C to begin degrading in Ni.

vii. Try varying sizes of WC to improve the maximum packing of WC in an attempt

to eliminate denuded regions.

2. A proposed analytical method is to perform focused ion beam scanning electron mi-

croscopy (FIB-SEM) to perform 3-D reconstruction of a WC-Ni sample containing



Concluding Remarks 235

denuded regions [647, 648]. X-ray microscopy could not penetrate the WC particles

to perform the 3-D reconstruction. A 3-D reconstruction of a denuded region would

provide precious information on the morphological evolution of denuded regions and if

there is a link between porosity and denuded region formation. A FIB-SEM analysis

is now available at the NanoFab at the University of Alberta.

3. Perform Auger electron spectroscopy to better understand the distribution of boron

and carbon in the microstructure since these elements cannot be detected using EDX.

Determining the distribution of lighter elements would grant new insights into the

partitioning of elements during solidiőcation, and could be used to determine if there

is segregation of boron and carbon that was not previously detected.

4. Perform TEM analysis to determine the eutectic structure of 70wt% WC - NiBSi.

Additionally, determine the range of lamellar spacing for 70wt%WC - NiCrBSi.

5. Run electromagnetic levitation on 70wt% WC-NiBSi at differing cooling rates and

W contents to create a better correlation between secondary dendrite arm spacing

and the cooling rate. The relationship between SDAS and cooling rate would then

have higher compositional accuracy to what is found in PTA-AM, and allow for a

more accurate quantiőcation of the cooling rates experienced during PTA-AM. If the

peak temperature of PTA-AM can be accurately modeled, then coupling temperature,

cooling rate, and resulting composition would be valuable inputs for thermodynamic

software, such as Thermo-calc, to increase the accuracy of the microstructural modeling

of NiBSi-WC metal matrix composites.

6. The abrasive wear performance under ASTM-G65 conditions should be determined for

70wt% WC - NiBSi to improve the feasibility of industrial implementation and whether

there are performance increases when increasing the WC content. ASTM-G65 testing

should be withheld until the cause of metallurgical defects is determined, and remedied

to provide an accurate representation of increasing the WC content.

7. The improvements that can be made to the convolutional neural network are:

i. Obtaining more data from various optical microscopes that use different light

sources; this will make the WC and Ni matrix appear a different color other than

shades of green. Having a broader spectrum of pixel intensities would make the
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model more robust, and likely eliminate the need for the pixel mean shift pre-

processing algorithm.

ii. Revise the training dataset to make the ground truth more accurate, and not

contain any edge pixels or defects. Adding images with spherical carbides with

varying amounts of breakdown to the training data would increase the ability of

the model to segment spherical WC.

iii. Include data from various magniőcations would allow for faster processing times,

and increase the robustness of the model.

iv. Include a new loss function that has a higher penalty for type I errors across an

area where there are signiőcant gradients in the pixel intensity; this may help with

having a better separation between WC particles.

v. Determine the aleatoric uncertainty in the model by using dropout before each

layer in the model, and at the time of testing, over hundreds of iterations. The

uncertainty of the model ensemble can be estimated by determining the variance

in the model’s predictions; this quantiőes the potential for some inputs to have

noisier outputs based on the nodes that are active.

7.5 Academic Contributions

Journal Publications:

This thesis has resulted in the following published journal manuscripts:

1. Lehmann,T; Rose, D; Ranjbar, E; Ghasri-Khouzani, M; Tavakoli, M; Henein, H;

Wolfe, T; and Qureshi, AJ. Large-scale metal additive manufacturing: a holistic review

of the state of the art and challenges, International Materials Reviews. Vol. 67(4),

2022.

2. Rose, D; Forth, J; Henein, H; Wolfe, T; and Qureshi, AJ. Automated semantic segmen-

tation of NiCrBSi-WC optical microscopy images using convolutional neural networks,

Computational Materials Science. Vol. 210, (2022).
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3. Rose, D, Tonya Wolfe, and Hani Henein Microstructural Characterization of 70wt%

WC-NiBSi Deposited by PTA-AM. to be submitted to the journal Additive Manufac-

turing, 2023.

4. Dylan Rose, Tonya Wolfe, and Hani Henein Microstructural Characterization and

Wear Resistance of 60 and 70wt% WC - NiCrBSi Thin Walls Deposited Using Plasma

Transferred Arc Additive Manufacturing. to be submitted to JOM, 2023.

Conferences:

This thesis also resulted in the following conference presentations:

1. Rose, D; Wolfe, T; and Henein, H; Denuded region formation in NiBSi-WC metal

matrix composites deposited by plasma transferred arc additive manufacturing, Holis-

tic Innovation in Additive Manufacturing Conference, June 21-22, 2022, Conference

presentation.

2. Rose, D; Forth, J; Henein, H; Wolfe, T; and Qureshi, AJ. Semantic Segmentation of

NiBSi-WC optical microscopy images using a convolutional neural network , Materials

Science and Technology Conference, Oct. 17-20, 2021, Conference presentation.

3. Rose, D; Forth, J; Henein, H; Wolfe, T; and Qureshi, AJ. Semantic Segmentation

of NiBSi-WC optical microscopy images using a convolutional neural network , Holis-

tic Innovation in Additive Manufacturing Conference, June 1-2, 2021, Conference

poster.

4. Rose, D; Wolfe, T; and Henein, H; Major Defects in 70wt% WC-Ni deposits using

Plasma Transferred Arc ś Additive Manufacturing, Holistic Innovation in Additive

Manufacturing Conference, June 26-27, 2019, Conference presentation.

5. Rose, D; Wolfe, T; and Henein, H; Formation of Denuded Region in Additive Man-

ufactured Parts using Plasma Transferred Arc Welding, CMSC: Canadian Materials

Science Conference, June 19-22, 2018, Conference presentation.
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