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Abstract

This thesis investigates the production of corrosion resistant alloys (CRA)
through wire arc additive manufacturing (WAAM). This work has analysed the
properties of three (3) alloys when this method is used for manufacture.
Furthermore, the environmental impact of adopting WAAM has been
considered. The development of these alloys was quantified through
microstructural analysis and mechanical testing. Methods for the analysis of

mechanical properties included hardness, impact, fatigue and tensile testing.

Changes in process parameters employed for the production of precipitation-
hardening stainless steel 15-5PH were investigated. This investigation
observed that the heat input during deposition had a significant impact on the
mechanical properties of this alloy. In addition, post weld heat treatment can
be used to control the resulting properties. Of those investigated in this study,
the most effective process relied on a heat input of 0.565kJ/mm followed by
the standard H1150 aging heat treatment. This combination of process
parameters achieved partial compliance with the requirements of ASTM
standard A693. It was identified that this high heat input during deposition led
to in-situ heating causing the matrix to be solutionised. This improved its
response to the following aging treatment, resulting in superior properties as

strengthening phases had been able to develop.

Furthermore, the nickel-based superalloys; Inconel 625 and 718 were also
studied. The mechanical properties of these alloys were compared against the
results from previous literature. In addition, the results of fatigue testing were
compared against alloys produced by other manufacturing processes. It was
identified that Inconel 625 produced through this process achieved the
performance required by standard ASTM B443 with fatigue performance
exceeding that of conventional processing for this alloy. WAAM produced
Inconel 718 did not achieve the required mechanical properties as defined by
standard ASTM B637. This difference was due to the formation of the
weakening & phase caused by precipitating elements not being returned to
solution following segregation during solidification. However, the fatigue
performance was found to be comparable with existing literature. The

columnar grains and & made the material more sensitive to crack growth at
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lower stress ranges, leading to reduced fatigue performance compared with

the literature.

It was found that the strengthening mechanism of the alloy plays a major role
in the sensitivity of its mechanical properties to process parameters and post
weld heat treatment when produced using WAAM. This is most significant for
precipitation hardening alloys such as 15-5PH stainless steel and Inconel 718.
15-5PH stainless steel showed up to a 5x increase in Charpy impact energy
following heat treatment and up to a 25% reduction in yield strength depending
on the process parameters. Hardness was shown to vary up to 20% between
all cases of process parameters and heat treatment. Inconel 718 was shown
to exhibit a 72% increase in hardness with proper heat treatment. Solid solution
strengthening alloys such as Inconel 625 were less sensitive as they are not
dependent on the development of precipitates within the matrix, for
strengthening. Hardness was shown to reduce by 16% following heat
treatment. These differences account for improvements in the fatigue strength
of WAAM Inconel 625 when compared to the wrought alloy, while the results

for Inconel 718 showed a slight reduction in fatigue strength.

A methodology for the comparison of the environmental impact of
manufacturing methods was applied to the production of CRA components
through WAAM. It was identified through a case study of an Inconel 625
impeller that significant reductions in the primary energy consumption and
carbon dioxide emissions can be achieved. In addition, the calculated carbon
dioxide emissions were found to be sensitive to the carbon emission signature
of the energy supply used during manufacture due to the significant

contribution of electrical energy in deposition and heat treatment.
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Nomenclature

Symbol Definition Unit

AM Additive manufacturing

BSE Backscatter electron detector

BTF Buy to fly ratio

CFD Computational fluid dynamics

CMT Cold metal transfer

CMT-WAAM | Cold metal transfer - wire arc additive
manufacturing

CNC Computer numerical control

DED Directed energy deposition

DIC Differential interference contrast

EBM Electron beam melting

EDS Energy dispersive spectroscopy

FDM Filament deposition modelling

FGM Functionally graded materials

GMAW Gas metal arc welding

GTAW Gas tungsten arc welding

HIP Hot isostatic pressing

HV Vickers hardness

LCA Life cycle analysis

LENS Laser engineered net shape

LMD Laser metal deposition

LPBF Laser powder bed fusion

LRM Laser rapid manufacture

PBF Powder bed fusion

PPAD Pulsed plasma arc deposition

SE Secondary electron detector

SEM Scanning electron microscopy

SLM Selective laser melting

TEM Transmission electron microscopy




T-WAAM

Tandem - wire arc additive

manufacturing
WAAM Wire arc additive manufacturing
CTE Coefficient of Thermal Expansion e/°C
CES Carbon emission signature kgCO2eq/GJ
Ra Surface roughness Mm
UTS Ultimate tensile strength MPa
15-5PH Precipitation-hardening stainless steel,
approximately 15% Chromium, 5%
Nickel
EN32B European standard, low carbon, mild
steel 32B
ERNiCrMo-3 | Electrode, rod containing nickel,
chromium, molybdenum composition no.
3
Al2Os3 Alumina
CO2 Carbon dioxide
CrO Chromium oxide
FesC Cementite
H2S Hydrogen sulphide (sour gas)
MC Metal carbide
NbC Niobium carbide
NOx Oxides of nitrogen
SiC Silicon carbide
TiCN Titanium carbonitride
M23Ces Grain boundary carbide (Inconel 718),
typically Cr23Cs
NbN Niobium nitride
TiN Titanium nitride
Y FCC Matrix (Inconel 625 and 718)
Y Nis(Al,Ti) strengthening phase (Inconel

625)
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% NisNb strengthening phase (Inconel 625
and 718)

0 NisNb (Inconel 718)

0 - ferrite BCC phase of iron (15-5PH)

A1 Intermediate aging (Inconel 718)

AD As-deposited

H1025 Heat treatment for 15-5PH (550°C, 4hr,
air cool)

H1150 Heat treatment for 15-5PH (620°C, 4hr,
air cool)

H900 Heat treatment for 15-5PH (480°C, 1hr,
air cool)

HH High heat input process parameters

LH Low heat input process parameters

ST Solution treatment

STA Solution treated and aged (Inconel 718)
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1. Introduction

Additive manufacturing (AM) is a broad term used to describe the fabrication
of components by the addition of material [1-1,1-2]. This description is in
contrast to "subtractive manufacturing" such as milling and turning [1-3,1-4].
AM has seen an increase in popularity in recent decades, transitioning from a
means of rapid prototyping to widespread use producing operational

components for a range of industries [1-5,1-6].

As a discipline, the roots of AM can be traced to the early 1980s with Chuck
Hull's development of stereolithography [1-7,1-8]. The last 30 years have seen
an acceleration in the pace of development with desktop 3D printers. Both
stereolithography and filament deposition modelling have become
commonplace with hobbyists to produce plastic and resin components [1-2].
Industrial users have developed and adopted novel methods to produce metal

components over the last decade.

The primary advantage of AM is the production of complex geometries without
expensive tooling such as moulds or dies required by forging, casting or
moulding processes. Indeed, AM techniques can be used to manufacture
geometries which were previously impossible to produce through conventional
manufacturing techniques. Further advantages include a reduction in the "buy
to fly ratio" (BTF) which is particularly valuable when manufacturing
components from high-cost materials such as Inconel or titanium alloys [1-9,1-
10]. In addition, lead times can also be reduced [1-11,1-12]. For example, the
design of components in the aerospace industry typically results in a high BTF
for structural components [1-5]. This waste is caused by designs being
optimised to reduce weight while maintaining structural stiffness. This weight
reduction can be achieved while reducing the BTF ratio by utilising AM to

deposit material only where it is needed [1-10,1-13].

The key components of an AM system are: a build area, method of depositing
feedstock and a binding method [1-14] as shown in Figure 1-1. The build area
typically takes the form of a build plate or a build volume for methods
employing a powder bed. The form the feedstock takes is important in
determining the method of deposition. For example, common forms of AM
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processes use wire and powder for solid feedstocks while liquids are used in
some polymer deposition processes. Wire feed is widely used and easy to
implement. In contrast, powder methods can utilise a filled bed or deposit a

stream of feedstock through a nozzle to reduce waste [1-15].

Feedstock Deposition
Method

Binding Method

Build Area/Volume

Figure 1-1 General schematic for AM processes.

An energy source is typically used to bond the feedstock in most AM methods.
This energy is used to melt or sinter the feedstock to the build plate or to
previous layers of deposited material [1-16,1-17]. The source of energy can
take many forms, with examples being an electrical heater, laser beam, or an

electrical arc.

Wire arc additive manufacturing (WAAM) makes use of a solid build plate, wire
feedstock and an electrical or plasma arc to melt and fuse the material [1-11,1-
18]. The lack of a restrictive build volume and use of well understood, mature
equipment such as welding power sources allow the production of large
components at a low cost and high production rate [1-10,1-19,1-20]. The
benefits of WAAM come at the cost of reduced dimensional accuracy, in
addition, the high heat input can have a negative impact on the material
properties of some alloys [1-16,1-21,1-22].

The way industry has adopted WAAM is derived from surface cladding
techniques which use fusion welding. A layer of a corrosion resistant alloy is
used to clad a lower cost bulk material [1-23,1-24] for industries such as energy
and chemical processing. This process typically extends the lifespan of such

components or allows them to operate in harsh environments.
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This thesis will consider the use of corrosion resistant alloys (CRA) as a
feedstock for the WAAM process. These alloys are primarily formed by alloying
chromium and other elements with a base of iron, nickel or cobalt [1-25,1-26].
Those with an iron base are referred to as stainless steels, while the others
are commonly known by trade names such as Inconel, Hastelloy and Stellite
[1-27 - 1-29]. CRAs are predominantly used by industries requiring high
performance materials such as aerospace, defence, marine and energy [1-30].
These alloys are valuable to these industries due to their corrosion resistance,
high strength at both low and high temperatures, in addition to their creep

resistance [1-31].

In this thesis, a range of techniques are used to examine the microstructure
and mechanical properties of material produced by WAAM. Analysis of the
chemical composition is also performed using glow discharge and electron
dispersive spectroscopy (EDS). To assess the microstructure and fracture
surfaces, optical and electron microscopy are used. In addition, mechanical
properties such as hardness, yield strength, impact toughness and fatigue life
are tested. Supplementally, the environmental impact of this process will also
be compared against conventional manufacturing techniques. This analysis
enables the reduction of environmental impact factors associated with

transitioning to WAAM from machining to be determined.

The alloys considered in this research will be a selection of CRAs commonly
used in the oil and gas industries. These alloys are the precipitation hardening

stainless steel 15-5PH and nickel-based superalloys Inconel 625 and 718.

Variations in process parameters are investigated for the deposition of 15-5PH
as the use of this alloy for WAAM is less well established. The parameters
which will be modified include the weld heat input and post weld heat treatment
(PWHT). The results will be compared to determine how improvements can be

made to the mechanical properties.

The production of some alloys using WAAM does not yet have mature
processing parameters due to different strengthening mechanisms, such as
solid solution strengthening in the case of Inconel 625, and precipitation

hardening for Inconel 718 and 15-5PH stainless steel. These precipitation
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hardening alloys are more sensitive to in situ heating during deposition, and
the effect of post weld heat treatment to develop their mechanical properties.
The solidification process and in situ heating can lead to elemental segregation
and the formation of low angle grain boundaries within columnar grain
structures. This can reduce the strength of the material and produce

anisotropic material properties.

1.1. Aim and objectives

The aim of this research is to determine the suitability of WAAM to manufacture
components with CRAs. This will involve categorising the microstructure and

mechanical properties of alloys produced through this method.
The main objectives will therefore be to:

e Develop an understanding of the microstructure and mechanical
properties of CRAs produced through WAAM and the relationship
between them.

e Demonstrate production parameters which result in material with
mechanical properties meeting existing material standards.

e Determine the improvement in environmental impact of manufacturing
CRA components through the adoption of WAAM.

1.2. Thesis structure

The following chapter details a survey of the existing literature in the field of
additive manufacturing, with a focus on WAAM methods and corrosion
resistant alloys. Chapter 3 describes the additive manufacturing cell used to
produce material for analysis. In addition, details are provided on the
feedstocks and substrates used to manufacture sample material.
Supplementing this is a description of laboratory equipment and processes
used to investigate the mechanical properties and microstructure of the

produced material.

Chapter 4 discusses the microstructure and mechanical properties of
precipitation hardening stainless steel 15-5PH. These results are used to
develop a comparison between the wrought alloy and WAAM production with
different process parameters.
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Chapters 5 and 6 expand this to the nickel-based corrosion resistant alloys:
Inconel 625 and Inconel 718. Microstructural evaluation and mechanical
testing are again performed, and these results are compared against the

existing literature and material standards.

In chapter 7, a study of the environmental impact of manufacturing a corrosion
resistant alloy component is performed. The relative impact of WAAM and

machining are compared.

A summary of the results obtained through this thesis and their applications to
industry are presented in chapter 8. In addition, this also discusses

suggestions for future work identified through this study.
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2. Literature review

This chapter will discuss the current state of wire arc additive manufacturing
(WAAM) and its use with corrosion resistant alloys (CRAs). This will begin with
a discussion of results from the precursor technology: arc cladding. In addition,
the effect of different shielding gasses on welding will be evaluated. Following

this, a review is performed on the results of WAAM on CRAs.

2.1. Arc cladding

Cladding can be viewed as a limited additive manufacturing process, where
only a few layers are deposited onto the substrate [2-1]. This can be used to
improve surface properties such as hardness and corrosion resistance [2-2]
by applying hard facing or corrosion resistant alloys to bulk materials such as
mild steel [2-3]. The deposition of these materials can be achieved with a laser
[2-4] or welding arc (GTAW [2-5] or GMAW [2-1]) which produces different

surface properties in addition to varying complexity and cost.

A comparison of these methods has been made by Xu et al. [2-6] with laser
and GTAW cladding of the cobalt alloy Stellite 6. This study found that the
lower heat input of laser cladding reduced the dilution of the cobalt alloy

resulting in a higher hardness of the coating and a reduction in wear rate.

Laser cladding has been further demonstrated with other alloys such as
Inconel 625, a nickel-chromium alloy [2-7] and Triballoy T-800, a cobalt-
chromium alloy [2-8]. The optimisation of parameters displayed with the T-800
alloy achieved a 33% increase in Vickers hardness. The study of Inconel 625
laser cladding showed a low dilution of 4.5% and very high corrosion

resistance, protecting the substrate from attack.

Early literature for arc cladding of Inconel alloys details the manual welding of
a pad onto the base metal. As is expected from the results of Xu et al. [6], heat
input should be minimised to reduce dilution. Overall, these basic coatings
provide a significant improvement in wear and corrosion resistance over their
substrate material [2-9]. Bansal et al. [2-10] determined that heat treatment
could further improve the effectiveness of Inconel claddings by as much as

15% as well as improving the microstructure through the precipitation of
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strengthening particles. Further developments include the use of hot wire
GTAW and CMT processes to decrease the heat input, resulting in reduced
dilution [2-11,2-12].

WAAM techniques can also be used to deposit structural steel which can then
be protected by the deposition of stainless steel as an outer skin, improving
the lifespan and reducing cost for maritime applications. For example, in a
study by Chandresakeren et al. [2-13] using this method, a small diffusion
region was observed; however the improvement in corrosion resistance of
deposited stainless steel was shown to be 12 times higher than the base

material.

Multiple studies have also described the process of depositing nickel alloys on
additively manufactured stainless steel structures which found a bond strength
between the materials comparable to that of the base material [2-14]. This
process was also conducted with Hastelloy C-276 for tensile and fatigue
strength. The samples showed a reduced fatigue life compared to the wrought
stainless steel substrate. Failure was noted to initiate in the weaker stainless
steel region due to reduced ductility, and a dendritic microstructure. [2-15]. A
study with alloy Stellite 6 demonstrated that a minimum energy input is
required for a continuous weld bead. However, as discussed previously, an
increase in heat input increases the dilution and reduces material hardness,

negating the primary advantage of hardfacing with Stellite 6 [2-16].

2.2. Effect of shielding gasses

The primary purpose of shielding gases is to protect the weld pool from
oxidizing agents during solidification. In addition, arc stabilization and weld
penetration can be controlled using the composition of the shielding gas [2-
17]. The parameters which can be modified are gas flow rate, composition and

pulsing frequency [2-18].

Argon, helium and carbon dioxide (COz2) are the gases most commonly used
to shield the arc. In certain applications, oxygen, nitrogen and hydrogen are
also used in small proportions [2-19]. Used alone, the inert gases (argon and
helium) can generate an unstable arc, so are often combined with oxygen or

hydrogen to improve the stability. CO2 and helium are both used to increase

20



weld penetration, though this is combined with an increase in heat input into
the weld which may not be desired [2-20]. For the welding of nickel alloys and
stainless steels, gas mixes low in CO2 are recommended, and helium is

typically included to improve the wetting of the melt pool [2-21].

Using schlieren imaging and a high-speed camera, it has been possible to
examine the distribution of gases when the gas flow is pulsed at different
frequencies. In research published by Bitharas et al. [2-18,2-22] this has been
explored with helium and argon. In addition, the gas flows have been examined
in a CFD simulation (computational fluid dynamics). Higher frequencies of 8
Hz have been shown to produce premixing while 2 Hz pulsing frequencies
produced a transient effect of increased intensity as helium was deposited into
the weld area [2-22]. Sufficiently low flow rates have also been shown to allow
dangerous concentrations of oxygen into the weld pool, this minimum flow rate

varies depending on external conditions [2-18].

2.3. WAAM of stainless steels

One of the most common austenitic stainless steel alloys, SS304 was
examined for use with the WAAM process by Sarathchandra et al. [2-23]. This
study considered the deposition of single beads on plate using CMT welding
and developed an empirical model to optimise the dilution, height, and width
of the bead. Other related papers research WAAM of martensitic [2-24,2-25]

or duplex [2-13,2-26] stainless steels.

The work of Roy et al. [2-25] on ER410 focussed on different shielding gasses
to improve layer height. The mechanical properties of the stainless steel are
altered by the shielding gas, with 97% Ar — 3% N2 providing improved hardness
and tensile strength. Carbon dioxide was found to cause porosity due to the
inclusion of oxygen and moisture in the weld pool. A study by Salahi et al. [2-
24] of ER420 investigated the changes in microstructure and properties
caused by different inter-pass temperatures of 25°C and 200°C. The results
were focussed on corrosion performance and found that a lower interlayer
temperature resulted in a greater susceptibility to localised corrosion. This was
caused by increased chromium sensitization at the interfaces between d-ferrite

and martensite, while a more isotropic microstructure was observed. At higher
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interlayer temperatures, early stages of intergranular corrosion were observed,

but the microstructure was highly anisotropic.

Similarly, Zhang et al. [2-27] also studied the corrosion resistance and texture
of duplex stainless steel ER2205 produced by WAAM. The samples underwent
a post-manufacturing heat treatment at a range of temperatures. This was
found to improve corrosion resistance when processed at 1300°C for 1 hour
followed by water quenching. Chandrasekaran et al. [2-13] investigated the
production of structures containing both duplex stainless steel ER2209 and X-
52 carbon manganese steel. It was found that some elemental diffusion took
place between the alloys and the strength was comparable to the X-52. In
addition, failure occurred away from the transition region due to the formation

of high strength martensite [2-13].

Several papers have detailed WAAM and welding procedures for precipitation-
hardening (PH) stainless steels. Caballero et al. [2-28], Martina et al. [2-29],
and Guo et al. [2-30] have produced WAAM samples using wire of composition
ER630. Guo used composition ER631 which better matches the composition

of 15-5PH but is not commercially available [2-30].

The research of Caballero et al. [2-28] investigates the importance of weld-
path on mechanical properties and microstructure. In addition, the effect of
different heat treatments and shielding gases was considered on the
mechanical properties in the vertical and transverse directions. Martina et al.
[2-29] conducts a study of parameters used in the deposition of ER630
stainless steel including wire feed and travel speeds using a tandem wire feed
to increase deposition rate. The work of Guo et al. [2-30] expands on this,
considering the effect of heat treatment on ER631, a similar alloy with reduced
chromium content. It was found that heat treatment resulted in improved

strength while making the alloy less susceptible to brittle fracture.

Other research has investigated the failure modes of welded PH stainless
steels. Ziewiec et al. [2-31] detailed a possible mechanism for the formation of
hot cracking in ER630 welds. In this case, the vaporisation of copper from the
weld pool leads the formation of pure copper deposits within the weld metal,

resulting in hot cracking in the heat affected zone (HAZ) while the welds are in
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service. The same study suggests that these cracks can be eliminated through
remelting which can be achieved through the WAAM process for interior layers

but may require post-processing for the upper layers of the sample.

Thomas et al. [2-32] investigated the welding of 15-5PH to a cobalt superalloy
(Haynes 25) with filler wires matching the composition of each (ER630 and
KC20WN). The results for welds with ERG30 filler metal showed a significant

decrease in hardness in the weld bead compared to the wrought 15-5PH plate.

24. WAAM of nickel-based corrosion resistant alloys

One common problem with the deposition of nickel alloys is the formation of
the Laves phase. This can increase brittleness and reduce corrosion
resistance [2-33]. Some techniques such as post weld heat treatment or
current pulsed welding can be used to reduce the Laves phase and improve

mechanical properties [2-34].

A study by Bansal et al. [2-10] confirmed that a heat treatment at 850°C for
Inconel 625 produces the highest hardness while partially dissolving the Laves
phase. In comparison, 950°C resulted in complete dissolution of Laves and
promoted homogenisation of the material, while 650°C resulted in no

dissolution.

In general, it has been found that reduction of the arc energy is required to
minimise the dilution of the clad layers, however a compromise must be found
between dilution and forming a successful weld between the substrate and
clad layer. However, despite the presence of iron dilution as high as 7%,
Inconel cladding was found to produce a 50 times reduction in corrosion rate
compared to structural steel substrates [2-9]. A hot-wire system (passing
current through the feedstock wire when performing GTAW) can also be used
to reduce the arc energy required, further reducing the dilution [2-12]. Many ol
and gas industry specifications require that Inconel cladding achieves dilution
of less than 5-7% within the clad layer [2-9].

A range of WAAM strategies have been investigated with nickel alloys these
include plasma arc welding, GMAW and GTAW. Plasma arc welding is
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complex but can achieve a lower thermal input into the deposit. Early research
into the process used alloy GH163 powder and demonstrated a good
microstructure and the precipitation of y’ and carbides following solution and
aging heat treatment [2-35]. This demonstrated the advantages of power
deposition for additive manufacturing. As each particle is a single grain, these

processes result in a microstructure displaying smaller dendrites.

A series of studies were conducted by Xu et al. [2-36 - 2-38] on the pulsed
plasma arc deposition (PPAD) of Inconel 625. These studies evaluated the
heat treatment and deposition strategies by examining the microstructure and
mechanical properties through the cross section of the samples [2-36].
Hardness was found to increase at the interface between layers due to a

refined microstructure while strength decreases gradually with height.

The optimal heat treatment to dissolve the brittle Laves phase, while allowing
the precipitation of strengthening phases, was found to be solution treatment
followed by aging (STA). Homogenisation followed by STA treatment was
found to completely eliminate the Laves phase, but resulted in reduced

mechanical properties due to grain growth [2-38].

Another factor which can influence material properties is the deposition
strategy. In this case, an interpass cooling strategy was compared to
continuous deposition [2-37]. Overall, the sample incorporating interpass
cooling was found to display better mechanical properties but lower hardness
in the as-deposited condition. Following heat treatment, the sample displayed
the highest hardness. In comparison, the continuous deposition strategy leads
to a loss of accuracy, high heat buildup, poor surface finish and lowered

mechanical properties.

The GTAW and GMAW forms of WAAM process are well developed. While
the two most common nickel alloys researched are Inconel 625 and 718, other
alloys such as Inconel 600 [2-14], ATI718+ [2-39] and Hastelloy C-276 [2-40]
have been investigated.

The most significant difference between Inconel 625 and 718 is in the iron
content, with 625 containing a maximum of 5% iron while 718 typically contains
18% [2-41]. 625 also typically contains greater levels of nickel, chromium and
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molybdenum while 718 has a greater niobium content [2-42]. ATI718+ is a
further development of Inconel 718 with half of the iron content replaced with

cobalt and tungsten, improving thermal stability [2-39].

Investigations into WAAM of Inconel 625 have investigated heat treatment [2-
42], microstructure, corrosion [2-43] and wear resistance [2-11]. The most
common process used is CMT, while early work by Wang used the GTAW
process [2-44]. This work found an increase in segregation and a decrease in
hardness with increasing build height. These variations were found to be linked

to the thermal gradient and cooling rate solidification.

Research by Tanvir et al. [2-42,2-45] and Wang et al. [2-43,2-46] in 2019 and
2020 look closely at the development of the microstructure with different
process parameters. The impact of heat treatment was investigated by Tanvir
et al. [2-42,2-45], while corrosion processes were researched by Wang et al.
[2-43,2-46]. The results following heat treatment confirmed the strengthening
effect of precipitates such as metal carbides and & phase after annealing for 2
hours at 980°C [2-45].

Wang et al. [2-46] also tested the mechanical properties and determined that
CMT-WAAM produced Inconel 625 displayed better yield strength than the
cast alloy. It was also found that a higher travel speed resulted in superior
mechanical properties due to enhanced precipitation. Corrosion performance
was found to be non-uniform, with superior corrosion resistance present in the

upper region of the sample [2-43].

The earliest example of WAAM using Inconel 718 was by Clark et al. [2-33] in
2008. His work demonstrated the practicality of this process and material
combination and identified the risks caused a low cooling rate and the

formation of the Laves phase.

Further research by Xu et al. [2-41] identified that the as deposited
microstructure was primarily formed of large columnar grains and was poorly
suited to form precipitates. This resulted in a reduced improvement in strength

through heat treatment compared to the wrought alloy.
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A summary of literature by Hosseini et al. [2-47] on the additive manufacture
of 718 alloy suggests that a solution and double aging heat treatment should
be performed to maximise the y’ and y” phases while dissolving the Laves

phase.

An investigation of the variant alloy ATI718+ has only investigated the
microstructure, however it detected n phase in place of the typical & phase
following heat treatment. The study also showed niobium segregation similar
to other alloys studied [2-39].

Inconel 600 is similar to Inconel 625, however, it has increased Mn and Fe
content while retaining the nickel-chromium matrix and niobium content [2-14].
Meanwhile Hastelloy C-276 is a high molybdenum nickel-chromium alloy used

in steam equipment in the energy sector due to its corrosion resistance [2-48].

Studies utilising Inconel 600 deposited a bead of the alloy on a previous bead
of 308 stainless steel. This determined the compatibility of the two alloys and
identified a diffusion region thickness of 0.19mm [2-14]. A study of Hastelloy
C-276 investigated the fatigue life of the alloy deposited as a functionally
graded material with stainless steel SS904L. The samples produced by WAAM
were found to have lower fatigue strength when compared to the wrought alloy
[2-15].
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Table 2-1 Typical elemental composition of nickel-based corrosion resistant alloys.

[2-49]
Alloy Ni Cr Mo Nb Fe Co |W
Inconel 67 20 - 25 3.0 - - 0.1
600
Inconel 64 21.7 |85 3.8 0.4 - - 0.02
625
Inconel 52.3 [ 18.8 [3.2 5.3 18.41 | 0.35 |- -
718
ATI 718+ | 521 | 17.6 | 3.1 5.5 9.1 9.2 |1.0 |0.004
Hastelloy | 57.2 | 16.2 | 16.2 - 5.7 0.1 |3.6 |0.01
C-276
Alloy Mn P S Cu Ti Si \" Al
Inconel 20 0.02 |0.0015|0.5 0.7 05 |- -
600
Inconel 0.1 0.005|0.001 |0.01 |0.17 |0.14 |- 0.1
625
Inconel 0.15 |- - - 096 |- - 0.53
718
ATI 718+ | - - - - 0.85 |- - 1.5
Hastelloy | 0.61 |- 0.002 |0.03 |- 0.08 | 0.16 | -
C-276
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3. Experimental apparatus and methods

3.1. Additive manufacturing cell setup

The production of bulk material by wire arc additive manufacturing (WAAM)
was performed on a robotic welding cell shown in Figure 3-1. The material
produced on this cell provides samples for metallographic analysis and
mechanical testing to assess the micro and macroscopic properties of

corrosion resistant alloys produced by WAAM.
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/

Figure 3-1 An additive manufacturing and robotic welding cell in operation.
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3.1.1.Welding system

WAAM deposition typically uses a commercial arc welding system such as gas
metal arc welding (GMAW) or gas tungsten arc welding (GTAW) to deposit
material. In this case, the cold metal transfer (CMT) process, a variant of
GMAW was used. This process forms an electrical arc pulsing at a known
frequency to deposit droplets of molten metal from a consumable electrode
wire onto the parent material. The stages of this process are shown in Figure
3-2. This process was performed using a Fronius CMT welding system, this
includes VR 7000 CMT power supply and torch with push-pull wire feed and
RCU 5000i control unit. As the voltage and current vary throughout the
process, and are controlled by a synergic curve, the heat input is controlled by

varying the wire feed speed and travel speed.

= IB

Figure 3-2 Principal phases of the CMT process: a) the arc is ignited and the filler wire
is advanced into the weld pool b) when filler metal contacts the weld pool, a short
circuit extinguishes the arc c) the filler wire is retracted to detach the droplet d) the
wire motion is reversed and the process begins again [3-1].

In GMAW welding processes, of which CMT is a derivative, a shielding gas is
used to protect the weld pool from oxidation as it solidifies and cools. This gas
is selected depending on the material to be welded. In the case of stainless
steel (15-5PH), pure argon is used, while for nickel-based alloys such as

Inconel 625 and 718, the shielding gas is 70% argon — 30% helium.

The consumable electrode was selected based on the composition of material
to be deposited. To produce material of 15-5PH stainless steel and Inconel
718, a commercial filler wire of matching composition was used, while for the
production of Inconel 625, filler wire ERNiCrMo-3 was used. These wires had
a diameter of 1.2mm and the feed rate was controlled at the welding control

unit, while other welding parameters were determined using the synergic curve
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and vary throughout the CMT process. The filler wire was deposited onto

25mm thickness EN32B low-carbon mild steel.

3.1.2.Robotics system

To automate the deposition process, the welding torch must be directed to the
appropriate location by means of an automated and precise positioning
system. This precise positioning can be achieved using a gantry similar to a
CNC machining centre, or a robotic arm. In the production of material for the
following studies, a 6 axis ABB 2400L robot arm was utilised. This robot was
controlled by an IRC5 control cabinet and teach pendant, with programs
created and tested within ABB’s RAPID programming environment. The
interactions between each component and the welding system is shown in

Figure 3-3.
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Figure 3-3 A schematic of the components of the additive manufacturing and robotic
welding cell.

3.1.3.Pre-heating

To achieve the best deposition, the workpiece is preheated to reduce cooling
rate, leading to a reduction in cracking and residual stresses. Therefore, when
re-starting production after a long shutdown or depositing directly onto the
substrate, the workpiece must be raised to the interpass temperature. This is
achieved using a propane torch directed at the workpiece, with the
temperature measured periodically with a digital thermocouple probe to ensure

the correct temperature is achieved.
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3.2. Materials

3.2.1.Bulk materials

All samples were deposited on a substrate of 080A15 mild steel, while a range
of filler materials were used. The mechanical properties and chemical

composition of these alloys are shown in Table 3-1 and Table 3-2.

3.2.2.Shielding gas

Two shielding gas mixtures were used in the course of these studies. Pure
argon was used in the deposition of stainless steel 15-5PH, while the
deposition of ERNiCrMo-3 and Inconel 718 was shielded with 70% argon -
30% helium gas.

3.3. Heat treatment

Where components required heat treatment [3-2], a Carbolite RHF1500
resistive furnace capable of 1500°C with Eurotherm digital set point control
was used. To reduce the development of an oxidative skin, 321 stainless steel
heat treatment foil was used to approach the effect of heat treating in a vacuum

furnace.

3.4. Metallographic analysis

To better understand the effect of the wire arc deposition process on materials,
metallographic samples have been prepared to analyse micro and

macroscopic features.
3.4.1.Sample preparation

3.4.1.1. Cutting

Many methods for extracting samples from a workpiece can influence the
microstructure or chemical composition, including through thermal input. As
such, silicon carbide abrasive cutting disks were used with coolant to extract
metallographic samples while a water-jet cutter was used to produce the shape
of testing coupons.

37



Table 3-1 Chemical composition range of materials. TYPO FOR EN32B, had UTS and YS mixed round

Chemical Ni Cr Fe |Nb Mo Ti Al Cu Mn Si Cc P S
element %
Filler wire | 15-5PH 3.50- | 14.00- | Bal. | 0.15- | - - - 2.50- [ 1.00 |1.00 |0.07 |0.040|0.030
[3-3] 5.50 | 15.50 0.45 4.50
ERNiCrMo- | 64.33 | 22.32 | 0.3 |3.44 |9.10 |0.018|0.12 |0.01 |0.01 |0.07 |[0.01 |0.003]|0.001
3 [3-4]
Inconel 718 | 50-55 | 17-21 | Bal. | 4.75- | 2.80- | 0.65- | - 0.20- | 0.30 | 0.35 |0.08 |0.015|0.015
[3-4] 550 |[3.30 |1.15 0.80
Substrate | 080A15 - - Bal. | - - - - - 0.70 |0.22 |0.15 |0.016|0.010
[3-3]
Table 3-2 Mechanical properties of materials.
Mechanical property | Material Yield strength | Tensile strength | Elongation
(as deposited) (MPa) (MPa) (%)
Filler wire 15-5PH [3-3] 740 930 10
ERNiCrMo-3 [3-4] | 470 750 42
Inconel 718 [3-4] 567.4 832.5 28
Substrate 080A15 [3-5] 357 467 23
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3.4.1.2. Sample Mounting

Mounting samples in a phenolic resin allows samples to be easily manipulated

and reduce damage in the lab environment.

This was performed with an ATM Opal 410 mounting press and MetPrep
Bakelite phenolic resin, with Conducto-mount conductive resin used to provide
a conductive surface for electron microscopy. This process of hot mounting
provides good sample quality and short processing times. The edges of these
samples were bevelled to eliminate any burrs which could impact the grinding

plane.

3.4.1.3. Grinding

A grinding process is used to produce a consistent surface, free of damage
and residual stress caused by cutting. This is achieved with a progression of
silicon carbide (SiC) abrasives of progressiveness fineness. A Struers
Rotopol-21 automated grinding and polishing machine is used with water both
as a coolant and to eliminate detached abrasive particles and removed
material. The grade of abrasive paper is defined by the number of SiC grains
per square inch. Papers of grade 120, 220, 500, 800, 1200 and 2400 were

used for 2 minutes each under a force of 110N per sample at 300rpm.

3.4.1.4. Polishing

The same grinding-polishing machine was used with polishing pads to produce
a fine high surface finish. Polishing pads are covered in soft cloth where
abrasive particles are suspended in a lubricant allowing them to roll or slide.
Two “coarse stages” are used, with 6um and 3um diamond particles lubricated
by an alcohol-based coolant on a DP-MOL pad while the final stage of
polishing is achieved with an aqueous suspension of 0.05um colloidal silica on
an OP-CHEM pad.

Each polishing stage is performed for 2 minutes each under a force of 90N per

sample at 150rpm with corotation enabled for the final polishing stage.
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3.4.1.5. Etching

After polishing to a mirror finish for metallographic analysis, the sample will
appear as a white image with little detail under the microscope. Chemical or
electrolytic etching can be used to reveal microscopic features such as grain
boundaries and precipitates. This is achieved through preferential reaction by
the etchant. The etchant used in these studies was Kalling’s No.2 reagent to
reveal ferrite grains in stainless steel (12g cupric chloride, 20ml hydrochloric
acid, 225ml ethanol).

A stronger etching process is required to reveal the microstructure of nickel-
based corrosion resistant alloys. In this case, 10% oxalic acid solution was
used for electrolytic etching at 2 volts. This creates an electrochemical
reaction, where electrochemically reactive elements of the sample (the
cathode) are dissolved, and electroplate an electrode also immersed in the

electrolyte (the anode).

These processes result in microstructural detail being revealed as shown in

Figure 3-4, with different responses noted for i) deposited 15-5PH, ii) dilution

zone between 15-5PH and mild steel substrate, iii) Inconel 625.

Figure 3-4 Micrographs showing the results of (a) chemical etching of WAAM 15-5PH
and (b) electrolytic etching of Inconel 625 and 718.

40



3.4.2.0ptical microscopy

An Olympus GX51 inverted microscope is used to image the samples at
magnifications up to 1000 times. Through the use of a UIS2 optics system and

depolariser a high contrast and clarity image can be achieved.

A differential interference contrast (DIC) system is also used to enhance
contrast which can be used to observe 3D formations in the sample surface.
However, due to the inclusion of additional prisms in the light path, resolution
is reduced. The DIC was only used for identifying features for closer
examination under optical microscopy and has not been used for imaging or

analysis in this thesis.
3.4.3.Hardness testing

3.4.3.1. Macrohardness

For assessing the hardness of a material in preliminary testing, a macro
hardness tester is used. The machine is a manually operated Vickers hardness
tester with a load of 5kg. The sample is positioned using a low power optical
microscope before preparing the load and engaging the diamond indenter. The
resulting indent is measured using optical shutters; with hardness being found

by comparing the indent size to a data table.

3.4.3.2. Microhardness

Microhardness was performed on samples prepared for metallographic
analysis using a Q-ness 60A+ evo automated microhardness tester shown in
Figure 3-5. The load and dwell time was determined by the indent spacing,
with these spacings kept large enough to eliminate the effect of work hardening
on subsequent indents. The optical instruments contained within the
equipment determined the hardness from indent size, with measurements

bring verified manually.
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Figure 3-5 Qness 60A+ automated hardness tester.

3.4.4.Scanning electron microscopy (SEM)

To resolve smaller details than are possible through optical microscopy, a
scanning electron microscope (SEM) can be used. This is due to the de Brogli
wavelength of electrons being less than that of visible light. The spectrum of
electrons emitted and then detected by the SEM can also be used to determine
the elements present under the electron beam. A combination of three (3)
sensors are primarily used in SEM analysis of a sample. Analysis was
performed using an electron acceleration voltage of 15.0kV and a working

distance of 10mm.

1. A secondary electron (SE) detector which detects electrons ejected directly
from the atoms struck by the electron beam.
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2. A backscatter electron detector (BSE) which detects electrons reflected or

which approach and escape the nuclei of an atom in the sample.

3. The electron dispersive spectroscopy (EDS) sensor analyses the release of
characteristic x-rays caused by the interaction of the electron beam with the
sample. This can be used to identify the elements present and their

proportions.

For these observations, a Hitachi S3700-N W-SEM was used with an Oxford
Instruments X-Max 80mm2 SDD EDS detector.

3.4.4.1. Secondary electron detector (SE)

The secondary electron detector is primarily used to observe the topology of
samples. Due to their low energy, only secondary electrons originating from
within a few nanometers of the surface of the sample are detected. Topology
can be mapped because as the angle of incidence relative to the electron
beam increases, the number of secondary electrons which escape also

increases, leading to a brighter region in the image.

3.4.4.2. Backscatter electron detector (BSE)

In contrast to the secondary electron detector, the backscatter electron
detector is used to identify the average atomic mass in a region. This
phenomenon is caused by the high energy electrons of the beam being
backscattered by high atomic mass nuclei. Thus, heavier elements appear

brighter, while lighter elements, darker.

3.4.4.3. Electron dispersive spectroscopy (EDS)

When atoms are excited by the electron beam then return to their ground state,
X-rays are released. The energy of these X-rays corresponds to a spectrum
for each given atom; this allows the elements present to be identified. The
observational capability of this sensor is limited in its analysis of elements of
low atomic mass (lighter than sodium) and present in low quantities, such as

trace alloying elements.
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3.4.5.Glow discharge analysis

To make up for the limitations of EDS for chemical analysis, glow discharge
optical emission spectroscopy (GD-OES) was performed using a Horiba GD-
Profiler 2. This apparatus creates a plasma which sputters atoms from the
sample surface. Now in the gaseous state, optical emissions from these atoms
can be measured to determine the elemental composition in relation to
reference samples. This is a quantitative method and is calibrated using

certified reference materials.

3.5. Mechanical analysis

The bulk mechanical properties of a material are influenced by the
microstructure but are also affected by macroscopic properties such as
porosity. As such, a range of mechanical testing techniques were used to
assess the mechanical properties of material produced by WAAM. This

included tensile, fatigue and impact testing.

Samples of Inconel 625 and 718 were extracted in the horizontal orientation
due to the material's low susceptibility to build direction as shown by Xu et al.
[3-6].

The samples for mechanical testing were extracted from walls of deposited
material with the following dimensions: 235mm x 30mm x 110mm. The nesting
diagram for these walls are shown in Figure 3-6, while an example of a
completed wall is shown in Figure 3-7. These samples were extracted through
waterjet cutting followed CNC milling to reach the final dimensions shown in
Figure 3-8.

44



[a] WAAM Deposition | —

N NN SRS ) NS SN ) SN SNSS ) WSS ) SUSS b SUSS ) SSSN ) 5SS ) SSSU LSS ) SUSN § SSSN ) SUSN j SUSN ) SSSN § NS b SSSN ) SSSN ) SN ) S WSS ) =S ’
Substrate | Tensile/Fatigue [ |
Sample Charpy Sample
[b] WAAM Deposition]

L J L |

w7 7 7~ 7 7 7 4 ( L 2 )

J |

L L L L L L A L L L L A

Tensile/Fatigue
Substrate | sample

Figure 3-6 Nesting diagrams for walls deposited of a) 15-56PH Stainless Steel and b)
Inconel 625 and 718 showing the locations of extracted samples.

Figure 3-7 A completed example of a deposited wall.
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3.5.1.Tensile testing

To assess the elastic modulus, elastic limit, ultimate tensile stress (UTS) and
elongation of material produced by WAAM, samples were tested in an Instron
8802 250kN servo-hydraulic universal testing machine. This apparatus uses
precisely controlled hydraulics to apply axial load to a specimen held between
its grips. Load was applied at a rate of 1mm extension per minute, with the
elastic limit determined by the 0.2% offset strain. The dimensions of these
samples are shown in Figure 3-9a and b. Testing was performed in accordance
with standard ASTM ES8 [3-7].

[a] 0.2/ [b] 0.2/ 1 =
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Figure 3-8 Dimensioning and tolerances of a) tensile and fatigue testing samples of
156-5PH Stainless steel b) tensile and fatigue testing samples of Inconel 625 and 718
c) Charpy impact samples of 15-5PH Stainless steel. Tensile and fatigue samples
were produced to standard ASTM E8 [3-7] while Charpy impact samples were
produced to standard BS EN 148 [3-9].

3.5.2.Fatigue testing

To assess the strength of material over repeated loading cycles below failure
throughout its life, fatigue testing is required [3-8]. For a direct comparison, all
tests were performed on the Instron 8802 with a loading ratio of 0.1 and cycle
frequency of 10Hz. The maximum stress during testing was defined as a
percentage of the yield stress or 0.2% proof stress identified during tensile

testing.

The same sample design used in tensile testing was used. This incorporated
a surface finish of Ra<0.2um and a large radius of transition between the grips
and reduced area. This improved surface finish was achieved through manual
polishing with silicon carbide papers up to grade 2400, similar to
metallographic grinding.
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3.5.3.Charpy impact toughness testing

Impact toughness testing was performed using a Losenhausenwerk 14590
Charpy impact apparatus with a capacity of 290J shown in Figure 3-9. These
tests were conducted using samples which met standard BS EN 148 [3-9] with
dimensions shown in Figure 3-8c. This test involves striking a notched square
cross section sample with mass at the end of a pendulum. The energy required

to fracture the sample is determined from the height the pendulum rises to

following contact with the sample [3-9].

Figure 3-9 Losenhausenwerk 14590 Charpy impact apparatus with sample capturing
enclosure.
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4. 15-5PH precipitation-hardening stainless steel

Precipitation-hardening stainless steels such as 15-5PH rely on the
precipitation of alloyed elements such as copper to increase strength and

hardness through heat treatment [4-1].

The alloy 15-5PH has a predominantly martensitic structure in addition to
precipitates, primarily copper nanoparticles, though carbides and other phases
can also be present depending on the thermal history [4-2]. A high temperature
solutionising treatment is important as a means of returning the elements
required for precipitation hardening back into solution within the matrix.
Following this, a precipitation hardening or aging treatment leads to the

development of copper and carbide precipitates, increasing strength.

The primary means of modifying the microstructure is solution treatment
followed by aging heat treatments. Solution treatment is conducted at 1040°C
for 1 hour with aging performed between 482°C (H900) and 621°C (H1150) for
4 hours. Reverted austenite forms during heat treatment over 550°C which
softens the alloy, while the precipitation of copper hardens the alloy. Note that
the designations (H900, H1025 and H1150) reference the aging temperature
in °F by convention. This effect is reduced with increasing temperature as the
precipitates coarsen [4-3]. A summary of the most common heat treatments is

shown in Table 4-1.

41. Microstructure

This section will detail the microstructure found in 15-5PH alloy produced both
from wrought plate and by wire arc additive manufacturing (WAAM). These
microstructures will be compared to determine the differences between these
production methods. The samples produced using WAAM used 2 different sets
of process parameters, designed to investigate the effect of changing the
thermal input of the process by varying the travel speed. These are
subsequently referred to as high heat (HH) and low heat (LH). Details of the
process parameters are shown in Table 4-3. Due to the complex waveform of
CMT, only an indicative voltage and current was collected from the welding

control unit, which are presented in the table.
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Table 4-1 Heat treatments for 15-56PH alloy. Visualised in Figure 4-1.

Heat treatment | Temperature °C | Time
Condition A 1040 1 hr
H900 482 4 hr
H1025 555 4 hr
H1150 621 4 hr
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Figure 4-1 Time — temperature chart for heat treatment.

Table 4-2 Composition of 15-5PH from glow discharge measurement.

Element Fe Cr Ni Cu Nb

Composition % | Bal. 145 (489 294 |0.14
Element Si C Mn P
Composition % | 0.33 | 0.03 | 0.50 |0.02




Table 4-3 Process parameters for WAAM deposition of 15-5PH.

Process CMT Travel Wire feed Standoff Weave
parameter program speed speed distance
(mm/s) | (m/min) (mm)

High heat CuNi30Fe 4 6.5 15 2mm
(HH) circular
Low heat CuNi30Fe 10 6.5 15 none
(LH)
Process Interpass Step Indicated Indicated Heat
parameter temperature | width Current (A) | Voltage (V) | input

(°C) (mm) (kJ/mm)
High heat 200 6 157 18.0 0.565
(HH)
Low heat 200 4 173 16.1 0.223
(LH)
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4.1.1.Wrought 15-5PH

The alloy 15-5PH is typically supplied in Condition A, the solution treated state.
To tailor strength, ductility and toughness, aging heat treatments are then
performed. The H1025 and H1150 conditions have been analysed to compare
the effect of aging temperature. The composition of this alloy was determined

using glow discharge analysis with the results shown in Table 4-2.

During an initial microstructural analysis of heat-treated material shown in
Figure 4-2, a skin of chromium oxide (CrO) was discovered following heat
treatment. To combat the formation of this surface layer, subsequent samples
were sealed within stainless steel foil during heat treatment. The temperature
of the foil raises more rapidly than the sample, causing rapid oxidation of the
foil, absorbing oxygen within the sealed volume. This produces a similar effect

to a vacuum furnace and reduces the production of an oxidative skin.

Figure 4-2 Comparison showing the effect of foil on skin oxidation. a) H1025 b) H1025
with foil ¢c) H1150 d) H1150 with foil.

The microstructure is dominated by a martensitic matrix within which, other
phases will precipitate. The largest of these are rectangular or angular regions
with a golden colour. Also of note are smaller, round precipitates.

The composition of different precipitates was identified using scanning electron
microscopy (SEM). The backscatter electron detector (BSE) was used to

locate discontinuities in elemental composition. Finally, energy dispersive
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spectroscopy (EDS) was then used to identify the elements contained within a

precipitate and determine the composition.

The angular golden precipitates were identified to have a composition of TiCN
(titanium carbonitride) while the small, round precipitates were found to
predominantly have a composition of NbC (niobium carbide) and other metal
carbides (MC).

Figure 4-3 Micrographs of wrought 15-5PH of heat treatments a) Condition A b)
Condition A + H1025 c¢) Condition A + H1150 i) small precipitates such as NbC ii)
TiCN carbonitrides.
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It can be seen in Figure 4-3 that the aging treatment causes the coarse
martensitic laths produced by solution treatment (Figure 4-3a) to be refined,
particularly in the case of over aging: Condition A + H1150 (Figure 4-3c). Aging
treatment also causes the growth of carbonitride precipitates. These are
present in small numbers following solution treatment, but following the H1025

and H1150 heat treatment, their size and quantity has increased.

Smaller, globular inclusions were also identified. These were determined to be
NbC precipitates based on their size and shape compared to previous
literature [4]. Increased aging temperature caused an increase in the quantity

of these precipitates.

g (G R B G ey BN S PSR |
10.0um 20.0um

i — Alumina [Al, O3]
ii — Titanium Carbonitride [Ti(C,N)]
iii — Niobium Carbide [NbC]

iv — Metal Carbides [MC]

v — Niobium Carbonitride
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Figure 4-4 Backscatter electron (BSE) images of precipitates in 15-5PH alloy. a) a
pair of angular precipitates in solution treated alloy. b) Niobium carbides (NbC) and
carbonitrides (Nb(C,N)) and c) a large alumina and titanium carbonitride precipitate in
solution treated and over-aged alloy.

In Figure 4-4, the large precipitates were identified by EDS to be a combination
of an alumina seed [4-5], from which, titanium carbonitride grows (i and ii). The
smaller precipitates were found to display a range of compositions, some

metallic carbides (iv) primarily of iron (cementite, Fe3C) while the majority were
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identified as niobium carbide (iii). Stringers of globular precipitates in BSE
imaging indicate the presence niobium carbonitride precipitates [4-6] which are

not visible to optical or secondary electron imaging.

Copper precipitation is observed in the literature following aging, however
these are observed using transmission electron microscopy (TEM) to have a
precipitate size of 5nm [4-7], smaller than can be resolved with scanning
electron microscopy (SEM).

4.1.2.WAAM 15-5PH: high heat input (HH)

Two sets of process parameter have been developed for comparison with the
wrought alloy. The first of these results in a high heat input. This causes
significant heat buildup, requiring cooling between passes to an interpass
temperature of 200°C. Comparisons are made between samples in the as-

deposited condition and following aging heat treatment H1150.
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Figure 4-5 Schematic of microstructure locations within WAAM produced material.

It is expected that the varying thermal history in each section will lead to
different microstructures [4-2, 4-4]. Close to the substrate (Figure 4-5-1a/b),
the microstructure will experience thermal cycles from each subsequent
welding pass in addition to iron dilution from the mild steel substrate on the
initial layers. The highest point of the component (Figure 4-5-3a/b) will
experience rapid cooling while the intermediate location (Figure 4-5-2a/b) is
representative of bulk material. To examine this difference, micrographs from

each region will be compared.

The alloy 15-5PH produces a martensitic matrix when welded; however, due
to the rapid solidification during the cooling of the weld pool and steep thermal
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gradients, a directional, dendritic microstructure is produced in the direction of

the greatest thermal gradient.

Figure 4-6 Micrographs of WAAM 15-5PH in the as-deposited state near the substrate
(1a), middle (2a) and at the top (3a) of the sample.

A number of features are noted within the microstructure, these are similar to
those found in the wrought material. In Figure 4-6 and Figure 4-7, these are
identified as: i) gas pores within the deposition, ii) small carbide precipitates

(such as MC), iii) d-ferrite dendrites.
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Figure 4-7 Micrographs of WAAM 15-5PH in the H1150 heat-treated state near the
substrate (1b), middle (2b) and at the top (3b) of the sample.

Comparisons can be drawn between different regions of the sample and
between the as-deposited and heat-treated conditions. Bands with fine and
coarse dendritic structures can be seen, though the fine structure is more
prevalent close to the substrate and in the final layers. The direction of
solidification is expected to follow that of the maximum thermal gradient, which
would be directed between that of the substrate and the previously deposited
material in the same layer [4-8]. d-ferrite is formed during rapid solidification,
such as the cooling following WAAM deposition [4-9]. The thickness of these

O-ferrite stringers is maximised in the intermediate sections, while the first
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deposited layers show very thin stringers. It can also be seen that the aging

heat-treatment reduces the thickness of these stringers.

Figure 4-8 The edge of sample 3a, showing the transition in grain size and
directionality in the final layer.

Looking at Figure 4-8, the grain structure can be clearly seen to transition from
a highly directional series of dendrites to smaller, more equiaxed structures in
the outer 100um. This is expected as the direction of maximum thermal
gradient shifts. In the interior of the sample, conductivity to the previously
deposited alloy is dominant leading to directional solidification. At the surface,
convection with the outside environment becomes an equally significant form

of heat transfer, resulting in the loss of directionality.

58



50.0um 200um

i— Alumina (Al,0;)
ii — 6-Ferrite

iii — Metal Carbide (MC)
iv - Carbonitride

Figure 4-9 SEM images from WAAM produced 15-5PH alloy manufactured with
process parameters HH showing alumina particles, metal carbide (MC) precipitates
and a large carbonitride precipitate.

Using SEM imaging and testing sites of interest with EDS, the composition of
features identified by optical microscopy could be confirmed and are shown in
Figure 4-9. Some small circular precipitates were identified as alumina

inclusions, while the stringers were found to match the composition of d-ferrite.

Other small inclusions included high proportions of carbon, suggesting the
presence of metal carbides. The irregular inclusions were found to contain a
large quantity of impurities including sulphur, suggesting they were inclusions
of slag within the alloy. Notably, niobium and titanium were not found to be
present within the inclusions or matrix, therefore the presence of niobium

carbides was not noted.

As the proportion of &-ferrite and number of carbide particles are important for
the understanding of the material, these have been presented in Figure 4-10.
This shows that aging treatment results in a reduction in the proportion of 6-

ferrite and an increase in the number of carbide particles. When these are
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compared to the wrought material, it is noted that the d-ferrite proportion is

slightly reduced, while the number of carbides is dramatically lower.
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Figure 4-10 Proportion of d-ferrite and carbide particle count in the microstructure for
WAAM produced 15-5PH in the AD and H1150 conditions from mid height of the
deposit (2a and 2b).

4.1.3.WAAM 15-5PH: low heat input (LH)

The second process parameter set (LH) reduces heat input in the interest of
improving production rate by reducing the interpass cooling time and has the
potential to improve mechanical properties [4-10]. This comes with the
drawback of increasing the possibility of developing flaws within the
microstructure such as porosity. Comparisons are made between samples in

the as-deposited condition and following aging treatment H1150.
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Figure 4-11 Micrographs of WAAM 15-5PH in the as-deposited state near the
substrate (1a), middle (2a) and at the top (3a) of the sample.

The micrographs shown in Figure 4-11 shows the microstructure of 15-5PH
alloy produced using the LH process parameters. A martensitic matrix can be
seen, in addition to other notable features: i) and iii) show larger angular
precipitates and clusters of small round precipitates. Finally, ii) indicates &-

ferrite stringers.
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Figure 4-12 Micrographs of WAAM 15-5PH in the H1150 heat treated state near the
substrate (1b), middle (2b) and at the top (3b) of the sample.

Figure 4-12 displays the microstructure in the H1150 aged state. A notable
difference is the refinement of the martensitic microstructure through aging
heat-treatment. Similar features to Figure 4-11 are identified which include i)

O-ferrite stringers ii) carbide precipitates and iii) instances of gas porosity.
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Figure 4-13 Proportion of &-ferrite and carbide particle count in the microstructure for
WAAM produced 15-5PH in the AD and H1150 conditions.

The proportion of &-ferrite and the number of carbides in the material produced
using LH process parameters are shown in Figure 4-13. In this case, the &-
ferrite proportion and quantity of carbides are shown to increase with aging

heat treatment to match the composition seen in the wrought alloy.

4.2. Hardness testing

To relate the mechanical properties and microstructure of the 15-5PH alloy
being investigated, hardness and microhardness measurements were taken in

the different production parameters and heat-treatment states.

4.2.1.Wrought 15-5PH

The wrought alloy was tested in the following heat treatment states: Condition
A (solution treated), H1025 (aged) and H1150 (over aged) with the results
shown in Figure 4-14. These results show an increase in hardness with H1025,
while H1150 reduces hardness to a value closer to the solution treated
condition. These values are all within the ranges allowed by the standard
ASTM A693 [4-11]. 250 microhardness indents were taken on each sample
with a force of 0.05kgf. The spread of this data shows that H1025 results in
an increase in segregation, leading to regions of high and low hardness, while
H1150 reduces the segregation to a similar value to that seen in the solution
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treated condition. While the H1150 condition is not the peak strength for this
material, it is still valuable in some use cases due to enhanced fatigue life and

improved ductility.
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Figure 4-14 Microhardness results for wrought 15-5PH alloy.
4.2.2.WAAM 15-5PH

The samples produced by WAAM were also tested for their hardness to
compare both heat treatment and thermal input during deposition. These
results are averaged over each vertical location within the sample as shown in
Figure 4-14.

As shown by the results, these process parameters experience opposite
responses to heat treatment. For HH process parameters, aging results in an
increase in hardness, corresponding to the development of precipitates. For
LH process parameters, the hardness is reduced. This is likely due to reduced
in situ heating during deposition leading to reduced response to aging
treatment, as the strengthening elements had not been returned to solution
within the matrix. As such, The results for LH material with the H1150 aging
treatment most closely align with the properties specified by standard ASTM
A693 [4-11].

The variation in microhardness results, captured with a load of 0.05kgf is
shown in Figure 4-15. This confirms that heat treatment reduces the variation

of hardness. This is likely due to diffusion and stress relief reducing residual
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stresses and segregation of hardening phases. It is noted that the results for

LH material in the as-deposited condition show the highest hardness.
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Figure 4-15 Microhardness plots for alloy 15-5PH produced using WAAM.
4.3. Tensile testing

To establish a comparison between the mechanical properties of wrought and
WAAM produced 15-5PH stainless steel, tensile testing was performed on
samples in a range of conditions. This testing allows the yield strength,

elongation and UTS to be determined.

Following testing, the fracture surfaces were examined optically and with SEM
to identify the failure mode and if aspects of the microstructure are correlated

with the initiation of failure.

Existing literature details previous studies on the mechanical properties of
wrought material and welds of 15-5PH in different heat-treatment conditions.
In the case of wrought alloy, studies have been performed examining the
hardness resulting from aging heat-treatments. Peak hardness is achieved for
heat treatment at between 450°C and 480°C for 4 hours which corresponds to
the standard aging treatment H900 [4-3]. It was found that this also resulted in
a peak strength, as an increase in the aging temperature increases the size of
needle-like precipitates and spherical precipitates become more common at
higher temperature aging, resulting in a decrease in strength and increase in
ductility [4-4].
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Welded precipitation hardening alloys also show a response to post weld heat
treatments. Aging treatments are performed directly upon the welded joints,
resulting in an increase in yield strength with H900 aging, while H1025 and
H1150 aging results in a lesser increase in strength [4-7]. The H1025 and
H1150 treatments also result in an increase in ductility and impact toughness
[4-12].

In a study of a sample produced by WAAM, solution treatment is applied. This
results in lower strength in the as-deposited and heat-treated conditions
compared to welded plates, while the solution treatment also increases the

ductility as expected [4-13].

4.3.1.Wrought 15-5PH

Tensile testing was performed on wrought specimens of 15-5PH stainless
steel in Condition A + H1025 and Condition A + H1150.
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Figure 4-16 Results from tensile testing of wrought 15-5PH alloy in Condition A +
H1025 and Condition A + H1150 conditions.

From the results shown in Figure 4-16, as indicated by the literature, the over-
aging heat treatment H1150 causes a decrease in strength but an increase in

elongation.

These results are compared against the minimum specifications for 15-5PH in
the standard ASTM A693-16 [4-11]. The comparison is shown in Table 4-4 (pg
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95) shows that the results obtained from testing are in excess of those

specified for all properties.

i —Equiaxed Dimple Rupture
ii — Cleavage Failure
iii — Elongated Dimple Rupture
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Figure 4-17 SEM fractographs of wrought 15-5PH following tensile testing.

The fractography of these tensile samples are shown in Figure 4-17. They
predominantly show dimple rupture as the primary mode of failure. Regions b)
and c) show localised regions of cleavage failure, with the characteristic river
texture. Elongated dimples emanate from the cleavage failure in c) suggesting

a tearing response [4-14].

4.3.2.WAAM 15-5PH: high heat input (HH)

In the first series of samples produced by WAAM, a low travel speed was used,
resulting in a high heat input. The comparison is made between samples in the
as-deposited (AD) and H1150 conditions. The results are shown in Figure 4-
18 which agree with the pattern of H1150 heat treatment reducing ultimate

strength, though yield strength remains constant.

There is no direct comparison for material properties for the as-deposited

condition given in the material standard ASTM A693. However, when the
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results for the as-deposited condition is assessed against the values specified
for H1025, it was found that the yield stress is below this specification while
when compared to H1150, the results were higher than both the value from
the standard and those attained from the wrought material. The mechanical
properties were also found to be higher than those attained in previous studies

of this material and process [4-13].

A significant variation is noted in the elongation of the aged samples, indicating
that samples displayed differing failure behaviour. This increased range of
elongation results is accompanied by a similar increase in the variation in yield
and ultimate tensile strength. The cause of this can be identified through
examination of fracture surfaces to identify the failure modes of each sample.
The fracture surfaces shown in Figure 4-19 and Figure 4-20 show similar
features, such as large regions of quasi-cleavage fracture however the

presence of defects such as gas pores lead to a reduction in ductility.
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Figure 4-18 Results from tensile testing of WAAM 15-5PH alloy in the AD and H1150
conditions produced using high heat input.

Examining the fracture surfaces of the samples, certain features can be
identified. For the as-deposited samples, fractographs are shown in Figure 4-
19. Notable features are identified, with regions of cleavage fracture
surrounding flaws such as gas porosity or a tearing feature such as Figure 4-
19b initiated by a stringer defect. Large cleavage steps are noted around these
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tearing features, and as these transition into dimple rupture, the features are

typical of quasi-cleavage dominant fracture [4-14].

i — Cleavage Steps

ii — Dimple Rupture
iii — Quasi Cleavage
iv — Cleavage Rivers

T

3.00mm“*

Figure 4-19 Fractographs of a tensile test on 15-5PH alloy produced using process
parameters HH in the as-deposited condition showing a) the full fracture surface b) a
cleavage crack c) detail of cleavage steps d) detail of ductile rupture around a
cleavage feature e) cleavage features around a gas pore.

In the aged samples, there is a greater prevalence of these stringer tearing
features surrounded by dimple rupture. The fracture surfaces also differences
associated with high and low elongation recorded during testing. The sample
exhibiting low elongation (8%) in Figure 4-20 shows predominantly quasi-
cleavage fracture with limited regions of ductile rupture. Figure 4-21 shows the
fracture surface of a sample displaying higher elongation (24%). Quasi-
cleavage is also observed, but the ductile regions surrounding cleavage
features are noted to be larger. This increased predominance of ductile failure
accounts for the higher elongation of the sample. The cause of reduced
ductility is related to the observation of gas porosity in some samples which

accelerate failure.
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i— Gas Pore
ii —Quasi Cleavage
iii — Ductile Rupture

Figure 4-20 Fractographs of a tensile test on 15-5PH alloy produced using process
parameters HH in the H1150 condition displaying low ductility showing a) an overview
of the fracture surface b) quasi cleavage fracture in a fissure c) & d) detail of stepped
quasi cleavage e) areas of ductile and cleavage fracture.
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i — Cleavage Tears

ii —Quasi Cleavage
iii — Ductile Rupture
iv — Cleavage Steps

Figure 4-21 Fractographs of a tensile test on 15-5PH alloy produced using process
parameters HH in the H1150 condition displaying high ductility showing a) an
overview of the fracture surface b) & c) the transition from quasi-cleavage to cleavage
tearing d) the transition to ductile rupture in the vicinity of ductile tear features.
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4.3.3.WAAM 15-5PH: low heat input (LH)

In the second series of tensile results using WAAM produced 15-5PH, the heat
input during deposition was reduced. Again, a comparison was made between
samples in the as-deposited (AD) condition and those in the aged (H1150)
condition with the results shown in Figure 4-22. The trends shown by these
results broadly agree with those expected for the material and heat-treatment
combination, with yield and ultimate tensile strength reducing following aging,
while elongation significantly increases. As with the HH material, the as-
deposited material has no direct comparison in ASTM A693 [4-11], however,
it was also compared against the specifications for H1025. These results also
showed that the yield and ultimate tensile strengths of the as-deposited
material did not meet those specified for the H1025 condition. In the H1150
condition, the yield strength was also found to be lower than is required by the
standard as seen in the comparison in Table 4-4. These results are noted to
be superior to those produced by previous studies [4-13]. This is caused by
the reduction in heat input during deposition, in addition, the increased wire

feed speed increases the rate of deposition.
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Figure 4-22 Results from tensile testing of WAAM 15-5PH alloy in the AD and H1150
conditions produced using LH process parameters.

An analysis of the fracture surfaces was performed to identify causes of the
degradation of elongation and yield strength in the two prepared conditions.
The fractographs of the as-deposited sample are shown in Figure 4-23, the
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initiation of failure was identified as a series of gas pores between 0.5 and
0.7mm in size. This causes a region of cleavage and quasi-cleavage fracture
to develop radially from the pore, followed by a transition to fine dimple rupture,

this rapid, brittle failure explains the low elongation.

| i— Gas Pore

ii — Quasi-cleavage
iii — Fine Dimple
Rupture

iv — Coarse Dimple
Rupture

200um
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Figure 4-23 Fractographs of a tensile test on 15-6PH alloy produced using LH process
parameters in the as-deposited condition showing a) the full fracture surface b) a gas
pore c) transition to fully ductile fracture d) detail of the fracture at the gas pore e)
detail of the ductile transition.
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Figure 4-24 shows the fracture surface of the aged sample, this shows large
regions of dimple rupture centred on cleavage features which is indicative of
the quasi-cleavage mode of failure typical of this alloy [4-14]. The reduced
hardness and increased elongation may reduce the sensitivity to fracture at

the gas pores and promote ductile rupture [4-15].

i — Dimple Rupture
2+ ii - Cleavage Fracture

Figure 4-24 Fractographs of a tensile test on 15-5PH alloy produced using LH process
parameters aged to H1150 showing a) the full fracture surface b) detail of the fracture
surface c) detail of the fracture modes.

4.4. Charpy Impact testing
Impact testing was performed on 15-5PH alloy produced using WAAM. It is

expected that aging heat treatments will increase the impact toughness of the
samples [4-5, 4-7]. The fractography of each sample is also important, with the
width of the crack initiation zone typically increasing with the aging temperature
[4-7]. It is identified that the over-aged condition displays quasi-cleavage and
ductile fracture compared to cleavage fracture morphologies prevalent in the

as-deposited condition. This results in increased impact toughness.
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4.4.1.WAAM 15-5PH: high heat input (HH)

Charpy impact testing was performed on samples produced using HH process
parameters. The results are shown in Figure 4-25, and show that the aging
treatment causes a large increase in impact toughness. This indicates a
greater effective ductility at the very high strain rates tested in impact testing.
Only the results for the heat treated samples meet the minimum requirements
for impact toughness specified by ASTM A693 [4-11].
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Figure 4-25 Results from impact testing of WAAM 15-5PH alloy in the AD and H1150
conditions produced using HH process parameters.

When the fracture surfaces were examined, the as-deposited samples in
Figure 4-26 displayed predominantly cleavage fracture with small, dispersed
regions of quasi-cleavage, typical for precipitation hardening stainless steels
[4-14]. Only a very small region, opposite the notch shows dimple rupture. For
comparison, the aged samples displayed in Figure 4-27 exhibited a higher
impact energy. These samples showed predominantly quasi-cleavage failure,
especially at the notch, with regions of cleavage showing a range of structures
including rivers, feathers and very large cleavage steps. The large regions of
dimple rupture and complex crack propagation features explain the high

impact toughness of these samples.
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i — Cleavage Fracture
ii —Quasi-cleavage
iii — Cleavage Tears
iv— Dimple Rupture

Figure 4-26 Fractographs of an impact test on 15-5PH alloy produced using HH
process parameters in the as-deposited condition showing a) the full fracture surface
b) a view close to the notch region, c) detail of b), d) the region in the middle of the
sample, e) the region of final failure of the sample.
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i — Cleavage Fracture
ii — Dimple Rupture

iii — Quasi-cleavage
iv— Cleavage Feathers
v - Cleavage Rivers

Figure 4-27 Fractographs of an impact test on 15-5PH alloy produced using HH
process parameters aged in the H1150 condition showing a) the full fracture surface
b) a view close to the notch region, c) detail of b), d) cleavage structures in the middle
of the sample, e) the region of final failure of the sample.

4.4.2.WAAM 15-5PH: low heat input (LH)

For comparison, impact tests were also performed on samples produced using
LH process parameters. The results in Figure 4-28 show an increase in impact
toughness in both conditions compared to testing on material produced using
higher thermal input. In this case, both conditions meet the requirements for
impact toughness set by ASTM A693 [4-11]. In the as-deposited condition,
however, this minimum requirement sits within 1 standard deviation of the
mean, therefore further testing would be required to confirm that this material

and process combination meets this standard.
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Figure 4-28 Results from impact testing of WAAM 15-5PH alloy in the AD and H1150
conditions produced using LH process parameters.

When the fracture surfaces are examined, the as-deposited samples showed
quasi cleavage at the notch and other small, localised regions, while the bulk
of the sample failed through dimple rupture as shown in Figure 4-29. The aged
samples exhibited higher impact energy combined with larger shear wings and
more extreme dimple rupture as seen in Figure 4-30. Cleavage failure was
only noted at the notch, with quasi cleavage in very small regions on the

surface and opposite the notch.
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i — Quasi-cleavage
ii — Dimple Rupture
iii — Tearing Feature

Figure 4-29 Fractographs of an impact test on 15-5PH alloy produced using LH
process parameters in the as-deposited condition showing a) the full fracture surface
b) a view of the notch region c) detail of the notch region d) a region of quasi cleavage
opposite the notch e) the shear wings of the sample.
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i — Cleavage Fracture
ii — Tearing Feature

iii — Dimple Rupture
iv— Quasi-cleavage

Figure 4-30 Fractographs of an impact test on 15-5PH alloy produced using LH
process parameters aged in the H1150 condition showing a) the full fracture surface
b) a view of the notch region c) the shear wings d) detail of the shear wings e) the
region of final failure of the sample.
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4.5. Fatigue testing

Fatigue properties are important for evaluating the use of materials for high
performance engineering components. Precipitation hardening stainless
steels are commonly used in environments where high strength and corrosion
resistance is required and cycling loading is experienced [4-16]. These alloys
typically display resistance to crack initiation through the development of
precipitates, however the lower yield strength of the alloy in the over-aged

condition reduces the absolute fatigue strength [4-17].

Validation can be performed by comparing this material in the H1025 condition
against data published by Voorwald et al. [4-18]. This can then be used to
confirm the results for the H1150 condition. This data will then be used to
assess the fatigue performance of as-deposited material produced using the
WAAM process.

4.5.1.Wrought 15-5PH

To better understand the fatigue response of 15-5PH produced by WAAM, a
comparison is made against wrought alloy in the H1025 and H1150 conditions.
The results of these tests are shown in Figure 4-31. It is observed that H1150
displays better fatigue resistance, while both conditions produce a similar
gradient on the S-N curve. The results for H1025 shows a good agreement

with the existing literature [4-18].
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Figure 4-31 Fatigue results for wrought 15-5PH alloy in H1025 and H1150 aging heat
treatments.

The fracture surface of a sample tested at 80% of yield stress shows that
ductile tensile failure initiates (Figure 4-32d) after a period of fatigue crack
growth encompassing 35% of the cross section. The tearing at the edge of the
sample shows ductile failure with elongated dimples (Figure 4-32c). At a lower
stress range of 50% of yield, the crack growth period is extended, while not
exhibiting the tearing fractures at the initiation surface (Figure 4-33). Fracture
is predominantly in shear [4-14], though some fatigue striations are noted.
Dimple rupture becomes the dominant form of failure after a short transition

region.
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i — Crack Progression
ii — Elongated Dimples
iii — Fatigue Waves
iv— Dimple Rupture

Figure 4-32 Fractographs of fatigue sample tested at 80% of yield stress for 21,622
cycles showing a) the complete fracture surface b) the initiation of failure from muiltiple
cracks growing across a surface c) detail of an initiation crack d) the transition to
ductile rupture.
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i — Failure Initiation
ii — Martensite Lath
Texture

iii — Fatigue Striations
iv—Dimple Rupture

Figure 4-33 Fractographs of fatigue sample tested at 50% of yield stress for 319,395
cycles showing a) the complete fracture surface b) the initiation of fracture showing
cleavage rivers c) fatigue striations within the fracture surface d) the transition from
cleavage to ductile rupture.

4.5.2.WAAM 15-5PH: high heat input (HH)

Fatigue testing was performed to reveal the impact of the WAAM process on
the fatigue life of 15-5PH in the as-deposited and aged conditions. The curve
comparing cycles to failure and stress as a percentage of yield is given in
Figure 4-34. It is noted that when produced using the HH process parameters,
the fatigue performance is reduced by aging heat-treatment. It is suspected
that this is related to the reduction in elongation and increased hardness
produced by this treatment. The failure of these samples is further analysed

through fractography of samples tested at 90% and 60% of yield stress.
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Figure 4-34 Results from fatigue testing of 15-5PH alloy produced using WAAM and
HE process parameters.

The trend from the results shown in Figure 4-34 indicate that the fatigue curve
shows higher performance in the as-deposited condition. H1150 aging heat-
treatment is noted to reduce the fatigue life of samples relative to yield
strength. Samples from each set were found to reach the run-out threshold of
2 million cycles and having results of a similar order to that of the wrought

material shown in Figure 4-31.

The fracture surfaces of samples in each heat-treatment condition and at the
extremes of stress ranges were tested. For the as-deposited samples, quasi-
cleavage fracture is dominant across the sample combined with long river
features indicative of cleavage fracture seen in Figure 4-35. At large stress
ranges, the fracture follows similar trends to tensile failure, propagating along
stringer defects. Large fatigue striations are visible at the transition from
cleavage and quasi-cleavage to ductile rupture at low stress ranges as seen
in Figure 4-36.

In the examples of the aged samples in Figure 4-37 and Figure 4-38, the
increased prevalence of ductile behaviour leads to failure initiating at gas
pores. The dominant mode of fracture was ductile rupture, with cleavage
fracture surrounding the initiation site and some localised regions of quasi-

cleavage.
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i — Cleavage Rivers
ii —Quasi-cleavage
iii — Dimple Rupture
iv — Cleavage Tears

Figure 4-35 Fractographs of a sample tested at 90% of yield for 568,306 cycles in the
as-deposited condition showing a) an overview of the fracture surface b) cleavage
rivers spreading from the failure initiation c) regions of quasi-cleavage d) the transition
to dimple rupture failure e) the growth of cleavage tear features.
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i — Cleavage Rivers
ii — Fatigue Striations
iii — Dimple Rupture

Figure 4-36 Fractographs of a sample tested at 60% of yield for 612,000 cycles in the
as-deposited condition showing a) the full fracture surface b) the transition from
cleavage failure to fatigue striations and dimple rupture c) the growth of cleavage
rivers d) regions of dimple rupture before final failure.
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i — Cleavage Rivers
ii — Dimple Rupture
iii — Quasi-cleavage

100um 100um

Figure 4-37 Fractographs of a sample tested at 90% of yield for 32,575 cycles in the
aged condition showing a) the complete fracture surface b) the development of dimple
rupture c) localised regions of quasi-cleavage as fracture progresses.
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i— Gas Pore
ii — Cleavage Rivers
iii — Fatigue Striations
iv — Cleavage Crack
v — Quasi Cleavage

Figure 4-38 Fractographs of a sample tested at 60% of yield for 47,756 cycles in the
aged condition showing a) the complete fracture surface b) the growth of cleavage
rivers from a gas pore defect ¢) a tearing feature d) detail of a tearing feature.

4.5.3.WAAM 15-5PH: low heat input (LH)

Fatigue testing was also performed on samples produced using the LH
process parameters. The results of this testing are shown in Figure 4-39. This
shows that in contrast to the results in Figure 4-34, the aging heat treatment
improves fatigue performance relative to yield stress. Overall, these results are
substantially lower than those of the wrought material suggesting a significant

flaw in the process leading to a reduction in performance.
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Figure 4-39 Results from fatigue testing of 15-5PH alloy produced using WAAM and
LH process parameters.

All samples show gas porosity, identified as the initiation site for crack growth
leading to rapid ductile fracture. Figure 4-40 and Figure 4-41 show the fracture
surfaces of samples tested at 90% of yield, while Figure 4-42 and Figure 4-43
samples tested at 60% of yield. Comparing the area of cleavage to ductile
fracture, the as-deposited samples experience a short growth of cleavage
fracture before ductile rupture becomes dominant. The reduction of the stress
range causes an extension of the growth of the cleavage fracture region. In
the aged condition, the cleavage fracture surface is larger in proportion, while
showing wider fatigue striations. The ductile rupture region shows greater
elongation, with the fracture surface deviating significantly from the initial
fracture plane. This improvement in fatigue strength with aging stands in
contrast to the results from HH process parameters (Figure 4-34), but in

agreement with the wrought alloy (Figure 4-31).
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i— Gas Pore

ii — Shear Fracture
iii — Dimple Rupture
iv — Fatigue Striations

Figure 4-40 SEM fractographs of a sample tested at 90% of yield for 1,996 cycles in
the as-deposited condition showing b) fracture initiating at a gas pore c) the transition
to ductile rupture and d) the propagation of fatigue striations.
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i— Gas Pore
ii — Shear Fracture
iii — Dimple Rupture

Figure 4-41 SEM fractographs of a sample tested at 60% of yield for 31,999 cycles in
the as-deposited condition showing b) and c) the growth of shear failure from the gas
pores and d) the development of ductile rupture.

92



i— Gas Pore
ii — Shear Fracture
iii — Dimple Rupture

100um

Figure 4-42 SEM fractographs of a sample tested at 90% of yield for 42,750 cycles in
the aged condition showing b) and c) the development of shear failure from the gas
pore and d) the interaction of impurities with ductile rupture.
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i — Gas Pore
ii — Dimple Rupture
iii — Shear Fracture

1.00mm 200um

Figure 4-43 H1150 60% SEM fractographs of a sample tested at 60% of yield for
103,500 cycles in the aged condition showing b) and c) the growth of wave like shear
fracture structures.

4.6. Discussion

The results from this experimental series can be compared to assess the value
of using WAAM to fabricate 15-5PH stainless steel. While local assessments
have been made throughout this chapter; this section will include comparisons
between these data sets. As described previously, the as-deposited results are
assessed relative to the specifications for H1025 in ASTM A693.
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Table 4-4 Mechanical properties data from testing of 15-5PH alloy compared with
standard ASTM A693-16 [4-11].

Yield stress | UTS | Elongation | Hardness | Impact
(MPa) (MPa) | (%) (HV0.05) | toughness
As-deposited results
HH 910 1127 | 201 374 8
LH 875 1020 | 10.9 432 40
H1025 results
Wrought 1107 1210 | 22.9 405 120 [4-19]
ASTM 1000 1070 |8 311-406 | 14
AB93
H1150 results
Wrought 849 984 25.3 343 145 [4-19]
HH 908 996 12.9 408 46
LH 580 956 26.7 354 60
ASTM 725 930 10 258-342 | 34
AB93

Comparing the results from tensile testing shows that in the as-deposited state,
neither set of process parameters results in the yield stress meeting the values
specified in standard ASTM A693 for H1025 condition, while they do greatly

exceed the value specified for the H1150 condition.

Only in the case of process parameters HH and following aging treatment
H1150, are all of the mechanical properties specified by ASTM A693 met. Even
in this case, however, the hardness is observed to exceed those specified in
the standard [4-11].

It is also noted that material produced using LH parameters consistently
displays the lowest yield and ultimate tensile strengths compared to wrought
and HH material. This extends to a comparison of fatigue results in Figure 4-
44, where in the as-deposited state, HH material outperforms wrought material
in the H1025 condition with similar mechanical properties, while LH material

displays inferior performance.
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Figure 4-44 Fatigue data comparing wrought material aged to H1025 and WAAM
material in the as-deposited condition.

In the case of samples in the H1150 condition, the fatigue data in Figure 4-45
shows that similar performance is obtained from WAAM produced using both
sets of process parameters. There is a loss of performance compared to the

wrought material which is associated with defects such as gas porosity.
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Figure 4-45 Fatigue data comparing wrought and WAAM material in the H1150
condition.

The overall inferior performance of material produced using LH parameters
can be explained by the greater proportion of inclusions and gas pores in the
samples compared to material produced using HH parameters. In addition, the
significant growth of metal carbides in HH aged samples may contribute to the
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increased strength and hardness compared to the same material in the as-
deposited condition, and LH material in the same H1150 condition. This is
noted to come at the cost of reduced elongation. In these samples, the
proportion of d-ferrite also decreased. This has been associated with a
reduction in strength and hardness, however, the increase in MC mitigates this

effect.

When impact testing was performed, it was found that the aged samples
dramatically outperformed their as-deposited counterparts, with material
manufactured using LH process parameters displaying the greatest impact
toughness in the aged condition. Alongside this, a lower proportion of cleavage
failure regions and a greater prevalence of dimple rupture are observed. The
formation of shear wings was noted on all samples manufactured using LH
process parameters. Large shear wings were also noted on the LH-H1150
samples, which correlates to the low hardness and yield stress displayed in

addition to high ductility and impact toughness.

An overall analysis of this data suggests that the most promise is shown by
modifying the HH process parameters and refining the post weld heat
treatment. Downsides of this condition include the low ductility as well as yield
stress and impact toughness below that required by standard ASTM A693 [4-
11]. These downsides are likely to be mitigated by an aging or stress relief heat
treatment regime with lower temperature or time than the H1150 heat
treatment. This lower temperature heat treatment would likely relieve internal
stresses caused by welding and improve the impact toughness of the material.
These improvements would be achieved without causing a significant change

in the strength of the material through changes to the microstructure.

An alternative to this would be to precede the aging treatment with a solution
treatment, after which, the material could be processed in an equivalent
manner to the wrought alloy. The biggest concern is that of defects such as
gas porosity. Solving this problem requires further research to investigate the
causes of porosity and would likely require further refinement of the process

parameters.
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5. Inconel 625 WAAM

Inconel 625 is a widely used nickel-based corrosion resistant alloy [5-1]. Due
to its combination of high corrosion resistance with high strength and
performance at high temperatures [5-2], it is commonly used in adverse
conditions experienced by oil and gas, defence, and energy equipment [5-3 -
5-5]. Inconel 625 is widely used as a clad coating to provide high levels of
corrosion resistance in pipelines [5-6]. This is typically performed using arc
cladding and a wire feedstock with good results [5-4, 5-7]. As such, this

material is well suited to the WAAM process [5-8].

The composition of alloy 625 is specified in standard ASTM B443 [5-9]. These
are compared with data obtained through EDS analysis of the microstructure
in Table 5-1. This chapter will characterise the microstructure in addition to

determining the mechanical and fatigue properties of this material.

Table 5-1 Composition of Inconel 625.

Element Ni Cr Fe Mo Nb
Wrought Inconel 625 58 min | 20-23 | 5max |8-10 |3.15-4.15
[5-1, 5-9]
WAAM deposited Inconel | 62.7 23 0 10.3 | 4.0
625
Element Ti Al C Mn Si
Wrought Inconel 625 0.4 0.4 0.1 0.5 0.5
[5-1, 5-9]
WAAM deposited Inconel | trace 0 trace trace |trace
625

5.1. Microstructure

This section will detail the microstructure found in Inconel 625 manufactured
using WAAM with the composition and process parameters shown in Table 5-
3 and Table 5-4. The alloys will be examined both in the as-deposited (AD)
condition and following solution treatment (ST). The heat treatment performed

is shown in Table 5-2.
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Table 5-2 Heat treatment of Inconel 625 [5-10]. Visualised in Figure 5-1

Alloy

Solution treatment (ST)

Temperature
(°C)

Time
(hr)

Cooling

625

Inconel

1150

1

Air cool

Temperature (°C)

Figure 5-1 Time — temperature chart for heat treatment.
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Table 5-3 WAAM process parameters for Inconel 625.

Alloy |CMT Travel Wire feed | Standoff | Interpass
program | speed speed distance | temperature
(mml/s) (m/min) (mm) (°C)
Inconel | CrNi 19 9| 13 6.5 8 60
625 CMT928
Alloy | Step Indicated Indicated Heat
width Current (A) | Voltage (V) | input
(mm) (kJ/mm)
Inconel | 4 178 17.4 0.191
625
Table 5-4 Composition of Inconel 625 filler wire.
Alloy |C Si Ni Cr Mo Fe Ti Al Nb
Inconel | 0.01 | 0.07 |Bal |22.32]9.10 |0.3 0.018 | 0.12 | 3.44
625
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Inconel 625 is widely used in high temperature environments and in contact
with corrosive agents such as hydrogen sulphide (H2S) [5-11]. It is primarily
alloyed with chromium and molybdenum which provide resistance to oxidation
and promote solid solution strengthening [5-12]. It is further alloyed with
niobium, aluminium and titanium which form strengthening phases such as
carbides, as well as y’ and y” precipitates [5-13]. As the alloy is commonly
used in high temperature environments such as energy equipment or jet
engines, the evolution of the microstructure during extended exposure to high
temperatures has been investigated. Typical service exposed material will
show carbides on the grain boundaries [M23Cs] in addition to the y” and
[Ni2(Cr,Mo)] (Laves) phases which increase matrix strain [5-13]. The
precipitate phases and carbides which form are described in a time-
temperature-transformation (TTT) diagram as shown in Figure 5-2; this
diagram shows that primary carbides develop after less than an hour at
temperatures above 700°C, while the y”, Laves and & phases form after 10 to
100 hours, with extended exposure to temperatures of 650°C converting y” to
the Laves and d phases [5-14, 5-15].
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Figure 5-2 Time-Temperature-Transition (TTT) diagram for Inconel 625 [5-12].
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This alloy is typically solution treated to improve strength at high temperature
by dissolving the detrimental Laves phase while retaining the primary carbides
(NbC and TiC) [5-12].

As for the investigation of 15-5PH in chapter 4, the effect of heat treatment on
the surface of the alloy is characterised. As shown in Figure 5-3, a surface skin
of chromium oxide forms with a thickness of 3.5um, while a change in the
microstructure caused by mechanical treatment of the sample is observed to

a depth of 22 um.

20

50 40 30,
pum from surface =———Cr ———Ni ——Nb

Figure 5-3 SEM imaging of the chromium oxide skin formed through heat treatment
of Inconel 625 i) recrystalised region ii) CrO skin iij) EDS scan path.

Under optical microscopy, the microstructure produced through WAAM
deposition can be characterised, as well as its development following solution
treatment as displayed in Figure 5-4. In the as-deposited condition, a columnar
dendritic structure is observed [5-16]. Through electron microscopy, the Laves
phase and carbides of Nb and Ti are observed as irregular structures. The
Laves phase is identified as small stringers [5-17] and the precipitated carbides
have an irregular, globular morphology [5-4]. Using EDS analysis, it is noted

that the interdendritic spaces display a segregation of Nb and Mo [5-17].
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i— Laves Phase
ii— Dendrite
iii—MC

Figure 5-4 Optical microscopy of WAAM produced Inconel 625 in as-deposited (a)
and solution treated (b) conditions.

When the WAAM deposited alloy undergoes solution treatment, the distinction
between columnar dendrites is reduced, the Laves phase is dissolved while

the number of carbides increases.

The most common form of carbides in Inconel 625 is of composition MC (TiC
and NbC) [5-13] which are widely observed in the microstructure (Figure 5-4).
In addition, Cr23Cs carbides can be observed on grain boundaries following
solution treatment [5-2, 5-17] (Figure 5-5).

i — Laves
ii—Removed
NbC

iii — NbC :
v = O T e o o o e

20.0um

Figure 5-5 SEM micrographs of alloy 625 following each stage of heat treatment: a)
as-deposited b) solution treated.

5.2. Hardness testing

Inconel 625 produced using WAAM in the as-deposited (AD) and solution
treated (ST) conditions were subject to microhardness testing. The results are

presented in Figure 5-6.
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Solution treatment is identified to reduce the hardness of Inconel 625
compared to the as-deposited condition. This is combined with a reduction in

the spread of values indicating a homogenisation of the microstructure.
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625 Wrought As-Rolled 625 Wrought Solution Treated

Figure 5-6 Microhardness data for WAAM produced Inconel 625 in as-deposited and
solution treated conditions compared against data from the manufacturer [5-18].

These results confirm observations from the microstructure that the brittle
Laves phase was dissolved during solution treatment resulting in the softening
of the material [5-17, 5-19]. In addition, the reduction in the variation of the data
indicates that solution treatment promotes homogenisation of the material [5-
20].

5.3. Tensile testing

To establish the mechanical properties of Inconel 625, tensile testing was
performed on samples in the typical service condition (ST). This testing allows

the yield strength, elongation and ultimate tensile strength to be determined.

Following testing, the fracture surfaces were examined optically and by SEM
to identify the failure mode. This investigation will also identify if aspects of the

microstructure are correlated with the initiation of failure.

Previous literature has investigated the tensile strength of this alloy produced

using a range of production methods. These are detailed in Figure 5-7 and
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show that overall, WAAM methods produce lower strength material when
compared to laser and powder methods such LMD (laser metal deposition),
however, these methods result in a reduced elongation due to high lattice

distortion and small grain size [5-21, 5-22].
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Figure 5-7 Comparison of mechanical properties for the additive manufacturing of
Inconel 625 by various methods [5-19, 5-23 - 5-29].

When samples of Inconel 625 in the solution treated state were subject to
tensile testing, a yield strength of 324MPa and UTS of 756MPa with an
elongation of 55.7%. These results are very consistent, with a standard
deviation of 1.2%, 1.4% and 8.7% respectively. Figure 5-8 presents a
comparison between this data and that produced by Tanvir et al. [5-19] and
Wang et al. [5-23]. In these cases, solution treated, WAAM produced Inconel
625 is considered. The differences in these results reveals that the material
produced exceed all the requirements presented in standard ASTM B443 [9]
in addition to surpassing previously published results for UTS and elongation
[19, 23].

The difference between the results presented here and those from Tanvir et
al. [17] and Wang et al. [23] can be explained through the observation of
differences in the microstructure. The material presented by Tanvir et al.

demonstrates the presence of & phase in the solution treated condition,
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suggesting that y” strengthening phases have been reduced leading to a
reduction in UTS. The material produced by Wang et al. was tested in the as-
deposited condition, therefore still retaining the Laves phase, resulting in

reduced elongation.
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Figure 5-8 Results of tensile testing for WAAM produced, solution treated Inconel 625
compared to results from Tanvir et al. [19] and Wang et al. [23].

When the fracture surfaces are investigated, further information about the
material can be determined. As noted in Figure 5-9, the fracture surface is
primarily made up of equiaxed dimples, typical of tensile ductile rupture [5-19].
Under tensile tearing, as noted near the edges in Figure 5-9c, elongated

dimples are observed.

Due to the significant plastic deformation observed by this alloy during tensile
testing, slip planes are observed in Figure 5-9i [5-30]. Carbide particles have
also been identified as nucleating sites for microvoids, while intergranular

cracking has been observed, in line with previous literature on this material [5-
14].
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Figure 5-9 Fractography of Inconel 625 tested in tension. a) overview b) detail of inner
region showing pure tension c) detail of edge fracture showing tensile tearing.

5.4. Fatigue Testing

To assess the response of this material to cyclic loading, a series of fatigue

tests have been performed on WAAM produced, solution treated Inconel 625.

To develop an understanding of the fatigue response, 15 samples were tested
at a range of maximum stresses between 100% and 160% of the yield strength
of the material with the results are plotted in Figure 5-10. These results show
that the material begins to experience run-out at 100% of yield, and remains
in the high cycle regime at 160% of yield. These results exceed the
performance of previously published wrought and welded material [5-31 - 5-
33], while closely matching the results found for material produced through

powder metallurgy (PM) and hot isostatic pressing (HIP) [34].
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Figure 5-10 Results of fatigue testing of Inconel 625 produced using WAAM compared
against existing literature for different manufacturing methods [5-31 - 5-36].

The fracture surface of samples tested at both extremes of stress range have
been investigated. The sample examined in Figure 5-11 was tested at a
maximum stress of 105% of yield and failed at 3.6 million cycles. On this
sample, it is observed that regions of fine striations divided by cleavage river
features appear in proximity to the initiation site [5-33], while a final, fast
fracture is similar to tensile fracture noted in Figure 5-9 with slip planes and

elongated dimples being observed.
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Figure 5-11 Fracture surface of Inconel 625 tested in fatigue at 105% of yield for 3.6M
cycles. Regions shown include a) initiation region b) detail of fatigue striations in a c)
fast fracture region d) detail of c.

In Figure 5-12, the sample was tested at a maximum stress of 160% of yield
and failed at 47,883 cycles. The crack growth region is much smaller in this
sample, transitioning to fast fracture and elongated dimple rupture after less
than 2mm. In the crack growth region, cleavage rivers and fatigue striations
are observed. The observation of the fracture surfaces suggest that the

produced material has few defects and a high resistance to crack growth.
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Figure 5-12 Fracture surface of Inconel 625 tested in fatigue at 160% of yield for
47,883 cycles. Regions shown include a) initiation region b) detail of fatigue striations
in a c) detail of b d) detail of fast fracture.

5.5. Discussion

In this chapter, Inconel 625 produced through WAAM was studied through
microscopy, hardness, tensile and fatigue testing. The results of these tests
indicate that the material exhibits a higher hardness than is specified [18] in
both the as-deposited and solution treated conditions. In the as-deposited
condition, this is caused by the development of the Laves phase during WAAM
deposition [5-23]. Following solution treatment, this is caused by the

development of grain boundary carbides [5-28].

The results of tensile testing display results exceeding the requirements of
standard ASTM B443 [5-9]. When these are compared to existing results for
WAAM produced by Tanvir et al. [5-19] and Wang et al. [5-23], the yield
strength is found to be slightly lower than obtained by Tanvir, while UTS and
elongation are greater than both Tanvir and Wang. The reduced UTS and
elongation observed by Tanvir can be explained by retained Laves phase

following heat treatment at a lower temperature, while no heat treatment was
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performed by Wang, resulting in the retained Laves phase leading to reduced
UTS and elongation. It is also noted that following extended high temperature

service, the d phase develops which can also reduce elongation [5-2].

The comparison of fatigue results shows equivalent performance to DED
produced and welded material [5-32, 5-36], and superior performance
compared to the wrought alloy [5-32, 5-33, 5-35]. Only material produced
through powder metallurgy (PM) and post processed with hot isostatic

pressing (HIP) has demonstrated improved performance over WAAM.

The wrought alloys were tested following a 900°C heat treatment [35-3]. This
is associated with the precipitation of the & phase and retention of the Laves
phase [5-14, 5-20]. The presence of Cr23Cs noted in WAAM deposited and
solution treated material has also been noted to reduce crack growth due to

their discontinuous formation and high hardness [5-33].
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6. Inconel 718 WAAM

Inconel 718 is a nickel-iron-chromium superalloy [6-1]. Due to its combination
of corrosion resistance with high strength and performance at high
temperature [6-2], it is commonly used in adverse conditions experienced by
equipment in the oil and gas, defence and energy sectors [6-3 - 6-5]. In
contrast to Inconel 625, Inconel 718 incorporates iron within its matrix to
improve mechanical properties [6-6] at the cost of corrosion resistance [6-7].
This modified composition allows the material to undergo aging heat treatment

to enhance strength [6-8].

The composition of Inconel 718 is specified in standard ASTM B670 [6-9].
These are compared with data obtained through EDS of the microstructure in
Table 6-1. This chapter will characterise the microstructure in addition to

determining the mechanical and fatigue properties of this material.

Table 6-2 Composition of Inconel 718.

Element Ni Cr Fe Mo Nb
Wrought Inconel 718 50.55 17-21 | Bal. 2.8-3.3 | 4.75-5.5
[6-1, 6-9]

WAAM Inconel 718 49.2 17.3 Bal. 3.66 7.43
Element Ti Al C Mn Si
Wrought Inconel 718 0.65-1.15 | 0.2-0.8 | 0.08 | 0.35 0.35
[6-1, 6-9]

WAAM Inconel 718 1.07 0.47 trace | trace trace

6.1.Microstructure

This section will detail the microstructure found in Inconel alloy 718
manufactured using WAAM with the composition and process parameters
shown in Table 6-3 and Table 6-4. The alloy will be examined in the as-
deposited (AD) condition and following solution (ST) and aging (A1 & STA)
heat treatments. A table of the heat treatments performed is shown in Table 6-
2.
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Table 6-2 Heat treatment of Inconel 718 [6-10]. Visualised in Figure 6-1.

Alloy | Solution treatment (ST) Aging (A1)
Temperature | Time | Cooling | Temperature | Time | Cooling
(°C) (hr) (°C) (hr)
Inconel | 920 0.5 Air cool | 720 8 Furnace
718 cool to
620°C
Alloy | Double aging (STA)
Temperature | Time | Cooling
(°C) (hr)
Inconel | 620 8 Air cool
718
1000 Solutiontreatment — air cooled
™
900 i i
200 First aging — flurnace cooled
= 700 ) . Secondaging.—aircooled
@ 600
*E 500
g— 400
= 300
200
100
0
0 5 10 15 20 25
Time (hrs)

Figure 6-1 Time — temperature chart for heat treatment.
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Table 6-3 WAAM process parameters for Inconel 718.

Alloy CMT Travel | Wire feed | Standoff | Interpass
program | speed speed distance | temperature
(mml/s) | (m/min) (mm) (°C)
Inconel CrNi 19 9 | 15 6.5 10 60
718 CMT928
Alloy Step Current | Voltage Energy
width (A) (V) input
(mm) (kJ/mm)
Inconel 4 190 20 0.203
718
Table 6-4 Composition of Inconel 718 filler wire.
Alloy |C Si Ni Cr Mo |Fe Ti Al Nb
Inconel | 0.04 | 0.30 |52 18 3.1 Bal | 0.9 0.20 |5.2
718
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The microstructure of Inconel 718 shows major differences compared to alloys
in the same family such as Inconel 625 due to the significant iron content [6-
11]. The mechanical properties are found to be superior in addition to high
performance at elevated temperatures [6-12]. The matrix is primarily the FCC
y phase which is strengthened by y’ and y” precipitates in addition to the &
phase and various MC carbides [6-1]. The primary strengthening phase is y”
which is metastable, transforming into the stable & phase following aging or

high temperature service [6-6].

The secondary alloying elements in 718 also promote the formation of other
phases such as the detrimental Laves phase [6-13]. The microstructure of
WAAM produced Inconel 718 will be investigated in this section in a range of
heat treatment conditions: as-deposited (AD), solution treated (ST) in addition
to an intermediate double aged conditions (A1 and STA). The details of heat
treatments are given in Table 6-2 with the TTT diagram shown in Figure 6-2
[14].
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Figure 6-2 Time-Temperature-Transition (TTT) diagram for Inconel 718 [6-14].
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As for Inconel 625, the impact of heat treatment on the surface of this alloy has
been investigated with the results shown in Figure 6-3. A layer of chromium
oxide was found to form to a depth of 1.5um, while mechanical disturbance to
the microstructure was observed to a depth of 8um caused by surface

polishing.

Figure 6-3 SEM imaging of the chromium oxide skin formed through heat treatment
of Inconel 718 i) mechanical disturbance region ii) CrO skin iii) EDS scan path.

The deposition of Inconel 718 by the WAAM process leads to a directional
columnar dendritic microstructure shown in Figure 6-4, with the dendritic
direction following that of the highest thermal gradient. The as-deposited
microstructure is dominated by a light matrix and a network of dark
precipitates. Under high magnification, as shown in Figure 6-5, these are
identified as the detrimental Laves phase and smaller particles of
strengthening y” [6]. This network of Laves phase is directional, following the
direction of the thermal gradient during deposition. Other phases noted are the
regular, golden shapes of nitrides. In this alloy these typically have the
composition of TiN or NbN [6-15].
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Following solution treatment, the microstructure evolves. The high temperature
of solution treatment results in the Laves phase being partially dissolved, with
the acicular & phase becoming visible at high magnification [6-15]. In addition,
regular shaped carbides are observed. The nitrides are not present in this
condition, suggesting they are dissolved by solution treatment. It is noted that
dendritic regions with a low incidence of & or Laves phases are caused by a

segregation of Nb during solidification [6-16].

Following the aging treatments, the microstructure experiences fewer visible
changes, however the Laves phase continues to dissolve while nitrides begin
to form, growing in the STA condition. The primary strengthening mechanism
is the growth of y” which is visible at the sub-um scale [6-17], which can occur
without the hinderance of & and Laves growth during the double aging process

as seen in Figure 6-4.

i—TIiCN

ii— Laves Phase
iii— & Phase

iv- NbC

Figure 6-4 Optical micrographs of alloy 718 following each stage of heat treatment: a)
as-deposited (AD) b) solution treated (ST) c) intermediate aged (A1) d) double aged
(STA).
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Figure 6-5 SEM micrographs of alloy 718 following each stage of heat treatment: a)
as-deposited (AD) b) solution treated (ST) c) intermediate aged (A1) d) double aged
(STA).

6.2. Hardness testing

To relate the mechanical properties and microstructure of Inconel 718,
microhardness measurements were taken in the heat-treatment states as-
deposited, solution treatment, aged and double aged. The results of
microhardness testing are shown in Figure 6-6 displaying the statistical
variation of the data.

It is noted that solution treatment results in a reduction in hardness and an
overall homogenisation of the material [6-18]. When this is followed by aging
and double aging treatments, a progressive increase in hardness is observed
[6-13].

As has been noted for Inconel 625, the leading contributor to the reduction in
hardness following solution treatment is the dissolution of the brittle Laves
phase [6-13]. The growth of this phase is promoted by in-situ aging during the

WAAM process, so solutionizing the material reverses this process.
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Meanwhile, during aging treatments at 720°C and 620°C, the hardness is
increased due to the growth of the y” strengthening phase [6-6]. The hardness
values obtained for material in the STA condition meet the minimum value
specified in standard ASTM B637 [6-19].
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Figure 6-6 Microhardness results for WAAM produced Inconel 718 in different heat
treatment conditions compared against standard ASTM B637 [6-19].

6.3. Tensile testing

To establish the mechanical properties of Inconel 718, tensile testing was
performed on samples in the typical service condition (STA) [6-16, 6-18]. This

testing allowed the yield strength, elongation, and UTS to be determined.

Following testing, the fracture surfaces were examined optically and by SEM
to identify the failure mode and aspects of the microstructure correlated with

the initiation of failure.

It is noted that much of the strength is derived from the aging heat treatment
and the growth of y” precipitates [6-13]. As can be seen from results from
existing literature shown in Figure 6-7, the differences between production
method are limited, while significant outliers are identified to be in the as-
deposited or solution treated conditions [6-6, 6-16, 6-20, 6-21].
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Figure 6-7 Comparison of mechanical properties for the additive manufacturing of
Alloy 718 by various methods [6-6, 6-16, 6-17, 6-20 - 6-22].

Samples of WAAM produced Inconel 718 in the double aged condition were
subject to tensile testing with the results presented in Figure 6-8. The strength
is found to correlate well with the results from Xu et al. [6-20], for WAAM
produced alloy in the STA condition, in addition to results from Qi et al. [6-16],
for material in the same condition produced through LENS (laser engineered
net shape), a laser DED (directed energy deposition) method. It is noted that
the powder feedstock methods typically achieve higher strengths due to the
smaller and more isotropic grains, with each powder grain being the initiation

site for a new grain.
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Figure 6-8 Results of tensile testing for WAAM produced, double aged Inconel 718
compared to results from Xu et al. [6-20] and Qi et al. [6-16].

When these results are compared against those from Xu et al. [6-20] it is noted
that the improved strength is correlated with a reduction in residual Laves
phase following heat treatment, while the reduction in elongation noted when
compared to both Xu et al. and Qi et al. [6-16] and is qualitatively associated
with reduced dendritic spacing compared to Xu et al. [6-20]. Higher strength
achieved by Qi et al using LENS is associated with the use of powder

feedstock as previously described.

These results were all found to fall below those specified by ASTM B670 [6-9].
An explanation is the significant development of & phase compared to the
wrought material, known to lead to reduced strength by reducing the Nb
available for the formation of strengthening y” precipitates [6-16].

When the fracture surfaces are observed with electron microscopy, it is noted
that features of the fracture surface show similarities to the columnar
microstructure shown in Figure 6-4. This effect can be explained by the low
ductility observed during tensile testing, specifically following concentrations of
the & phase. Upon closer examination shown in Figure 6-9, microscopic details
of the fracture surface also reflect those of & phase concentrations, displaying
dendrites of a form expected for this material [6-23] and at a similar scale to

those observed with microscopy.
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Figure 6-9 SEM fractographs of WAAM produced Inconel 718 following tensile testing.

Additionally, brittle tearing features have been observed on the scale of
100um, indicating localised regions of high hardness and the retention of small
quantities of Laves phase or a concentration of carbides. These results are
corroborated by Qi et al. [6-16] on Inconel 718 manufactured using LENS,
displaying ductile failure along the dendrites. These results also suggest that
carbides and the & phase are the initiation sites for microvoids during ductile

failure.

6.4. Fatigue testing

To assess the response of this material to cyclic loading, a series of fatigue
tests have been performed on the WAAM produced, Inconel 718 in the A2
condition. These tests were performed between 90% and 50% of the yield
stress of the material with the results plotted on Figure 6-10. The results are
compared with existing literature for this material in fatigue [6-14, 6-21, 6-24,
6-25].

This comparison suggests that the results for WAAM are comparable to those
obtained for wrought material in the annealed and aged conditions. Meanwhile,
the results for as-deposited LPBF [6-24] display a very high fatigue life at the
cost of reduced strength, caused by a reduction in strengthening phases (y”)
and higher ductility.
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When the fracture surfaces are observed, the crack initiation and growth region
is not always obvious. The fast fracture region bears similar features to those
noted on tensile samples as shown in Figure 6-9. Representative SEM
fractographs are shown in Figure 6-11. In the crack growth region, both
cleavage rivers and fatigue striations are noted (Figure 6-11i and ii) while in
the fast fracture region, cleavage rivers and interdendritic failure are dominant.
In addition, twin boundary failure is also observed. This fracture behaviour has

also been identified following slow strain rate testing of this alloy [6-26].
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Figure 6-10 Results for fatigue testing of WAAM produced Inconel 718 compared
against existing literature [6-14, 6-21, 6-24, 6-25].
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Figure 6-11 SEM fractographs of WAAM produced Inconel 718 following fatigue
testing. a) and c) show the crack growth region, while b) and d) show the fast fracture
region.
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On the fracture surface of one sample shown in Figure 6-12, significant
transgranular cracking is identified [6-27] which accelerates the onset of
fatigue failure. This sample was tested at 50% of yield strength and the
cracking follows the direction of the dendritic microstructure [6-28]. This
suggests that these cracks are initiated by localised brittle regions which
increase the local stress intensity within the material [6-29]. This effect may be
associated with the reduced elongation noted compared to previous studies of

tensile properties (Figure 6-7).

i - Intergranular
Cracking

ii — Cleavage Rivers
iii — Fatigue
Striations
iv—Ductile
Rupture

50.0um

Figure 6-12 SEM fractographs of a sample of Inconel 718 following fatigue testing at
50% of yield for 148,418 cycles. This sample shows significant transgranular cracking.
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6.5. Discussion

This chapter has studied Inconel 718 produced using WAAM. Results were
obtained for microstructural analysis in addition to hardness, tensile and
fatigue testing. These results indicate a similar microstructure to other additive
manufacturing methods for this alloy and a hardness within the bounds set out
by ASTM standard B637 [6-19]. The results of tensile testing fall below those
set out by this standard due to the evolution of the & phase through in-situ
aging during deposition which reduces ductility and strength by reducing the
availability of niobium for the formation of the strengthening y” phase [6-16].
This effect is confirmed by the observation of a dendritic structure in the

fracture surfaces following the distribution of the d phase [6-23].

These results were also compared with existing literature for the same alloy
produced using WAAM and LENS by Xu et al. [6-20] and Qi et al. [6-16]. It has
been observed that a similar strength was achieved, with Laves phase being
observed by Xu accounting for the minor reduction in strength. Furthermore,
both of these studies reported higher ductility which is correlated a greater size

of the columnar grains.

When compared with previously published data for fatigue testing [6-14, 6-21,
6-24, 6-25], it is noted that the performance is similar to those obtained for
LPBF material in the STA condition [6-14], while a steeper gradient is observed
when compared to the wrought alloy in both the aged and annealed conditions
[6-21]. This difference is likely due to the reduced elongation of the WAAM
material caused by the presence of weakening & phase along the boundaries
of columnar grains, making it more susceptible to crack propagation at lower

stress ranges.
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7. Environmental impact analysis

The sustainability of industry has become an increasing priority [7-1] with an
emphasis on the reduction of energy consumption and carbon emissions
throughout the entire life cycle of a product [7-2]. The production of corrosion
resistant alloys, commonly used in industry has a high environmental impact
[7-3]. Therefore reduction in their usage through the optimisation of
manufacture will result in a reduced environmental impact. A method of
quantifying the impact of different manufacturing methods is through a life
cycle analysis (LCA) [7-4].

In an LCA, the inputs and outputs of each process throughout the life of a
product are recorded. To limit the analysis to solely the impact of
manufacturing, the life cycle can be limited to only processes between material
extraction and the completion of manufacturing [7-5]. Therefore, the only
factors included are material extraction, feedstock preparation, manufacturing
processes and post processing such as heat treatment [7-6]. The stages not
included by defining such boundaries include commissioning, repair,
refurbishment and decommissioning as these will be similar between different

manufacturing methods [7-7].

Corrosion resistant alloy components are typically manufactured using
machining or forging. These processes involve a high proportion of material
waste, and for many metals, the primary energy, associated with material
extraction and preparation makes up a significant proportion of the
environmental impact of production [7-8]. To reduce the environmental impact
of manufacturing these components, novel processes must be considered to
reduce material waste. Additive manufacturing processes typically produce
components close to their final shape, resulting in limited subtractive
manufacturing being required to finish the component to its final dimensions

through the removal of small amounts of material [7-9].

The analysis presented in this chapter will consider the environmental impact
of manufacturing a turbine impeller from Inconel 625 when WAAM is compared

to machining from a solid billet. The method utilised in this analysis is adapted
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from previous literature [7-8, 7-10] to determine the energy consumption,

equivalent CO2 emissions and material waste by each process.

71. Method

The first stage in determining the environmental impact of WAAM and
machining is to identify the material flows throughout the processes in addition
to defining the analysis boundary. These material flows are depicted in Figure

7-1 and Figure 7-2 for each manufacturing process.

The scope of this analysis includes all manufacturing techniques and material
flows to measure the environmental impact. Production machinery and small
consumables such as welding torch contact tips and abrasive grinding disks

have not been considered.
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Figure 7-1 Resource flow diagram for the WAAM process.
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Figure 7-2 Resource flow diagram for the machining process.
7.1.1.Material production and pre-manufacturing

To produce the component, each process requires feedstocks produced by
different methods. For example, with the WAAM process, a hot rolled plate and
drawn wire are required to produce the substrate and filler wire, while for

machining, a hot rolled billet is milled to produce the workpiece.

The rolling and drawing processes result in material loss and incur an
environmental impact in primary energy and carbon dioxide emissions. The
fraction of lost material and environmental impacts are determined based on
existing literature [7-3, 7-10, 7-11].
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7.2. WAAM process model

The primary energy required by the WAAM process is determined by breaking
down the electrical energy of each aspect of the process, including standby
energy of the deposition equipment, arc energy of the cold metal transfer
(CMT) deposition equipment, in addition to the primary energy of the shielding
gases required. The welding parameters and dwell time between welding
passes all have an effect on this primary energy. The energy consumption and
carbon emissions of the WAAM process are quantified from Equations 7-1 —
7-4 and are adapted from a general assessment of the energy required for
WAAM [7-10]. Carbon dioxide emissions for processes which use electrical
energy are determined using the carbon emission signature (CES) [7-11],
which will be calculated for the global average supply of energy. Western
nations typically have a larger proportion of renewable or carbon neutral

energy sources, reducing the carbon emissions from the same process.

EWAAM = 3.6/n (Psep - Loty + Parc " tare + AC* Pheater * theater) (7-1)
l 1 .
*+ tgas Zi:l Efqas ) quas
SEC = m/Py. (7-2)
CES = 77(112 *Yocoar +49- %naturalgas + 66 - %fuel oil) (7'3)
C=E,- CES/1000 (7-4)
i . 7-5
E, = PfZi:ldCi N (7-5)
E, =3.6E./n (7-6)
C=E,- CES/1000 (7-7)

EY44M Primary energy of the WAAM process (MJ)
n Energy grid efficiency (0.34 is assumed [11])

Py, Standby power of the WAAM process cell (robot arm and weld power
source) (kW)

tsp Standby and shutdown time for the WAAM process per component (hr)

SEC Specific energy consumption of the deposition process (kWh/kg)
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m,i. Mass of wire required to deposit the part (coefficient of 1.02 [7-10] used
over deposition mass due to material loss to spatter and wire feed

maintenance) (kg)

dc Heater duty cycle, ratio used to determine how much of the deposition time

the component heater is running. Set at 0.5 based on production data [7-8].
Pr.qcer POWer required to operate the component heater (kW)

theater Production time for the component and therefore time the heater is

running (hr)
E ;s Primary energy of the shielding gas (MJ/1)
t Time the shielding gas is flowing (hr)

Qgas Volumetric flow rate of shielding gas (I/hr)

CES Carbon emission signature (kgCO2eq/GJ)
C Carbon dioxide emissions (kgCO2eq)

E, Electrical energy used to power the furnace during a heat treatment cycle
(kwWh)

E, Primary energy (MJ)

P Electrical power of the furnace (kW)

dc; Duty cycle or ratio of time on to time off during each stage of heat treatment
AT; Temperature change for each stage of heat treatment (°C)

T; Temperature ramp rate for each stage of heat treatment (°C/hr)

7.2.1.Machining process model

When a component is machined from solid, a hot-rolled billet with dimensions
matching the bounding box of the component is the feedstock for this model.
The material flow diagram is shown in Figure 7-3. The machining was
conducted in 2 stages, with coarse machining performed to remove material
rapidly, but leave the component slightly larger than its final dimensions to

allow fine machining to be performed. This fine machining removes material
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slowly to reach the specified dimensions and achieve a higher quality surface

finish.
7.2.2.Heat treatment model

In the production by WAAM and machining, a heat treatment process was used
for stress relief and to develop the microstructure. In the case of the WAAM
process, this treatment reduces the residual stresses in WAAM produced
Inconel 625 and thus springback during machining, improving the final
manufacture tolerances. In addition, an annealing heat treatment process
improves the performance of the alloy at elevated temperatures [7-12].
Guidance for the heat treatment processes is given in the ASM handbook for

heat treating nickel alloys [7-12].

The energy consumption of a heat treatment is established from the power of
the heat treatment furnace, its duty cycle at a range of temperature ramp rates
and the time spent at each ramp rate. This is then converted to primary energy

consumption and carbon dioxide emissions using Equations 7-5 — 7-7.

7.2.3.Data gathering

For common processes such as primary production, rolling, drawing and
machining; data on primary energy consumption and carbon dioxide emissions
has been gathered from Ansys Granta Edupack 2021 R2 [7-3]. Material loss
coefficients were also employed for rolling and drawing [7-13]. The primary

energy for argon and helium were calculated from the literature [7-14, 7-15].

CES is determined from Equation 7-3, using data from the BP statistical review
of world energy [7-16] shown in Table 7-1 giving a global average CES of
1829.4 kgCO2eq/GJ.

Table 7-1 Percentage of global electrical energy generation by source [7-16].

Supply % | Coal Natural gas | Fuel oil Biomass
World 36.5 22.2 3.1 2.7
Supply % | Hydro | Solar Wind Nuclear
World 15.3 3.7 6.6 9.9

To assess the environmental impact of heat treatment, data from a bespoke

top-hat furnace was collected using integrated thermocouples. These were
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calibrated by the manufacturer and by monitoring the duty cycle of the heating
element over time. This included the temperature ramp rates and the
temperature ranges for each ramp rate. The electrical energy input (kWh) was
then converted to primary energy consumption (MJ). The carbon dioxide

emissions are then calculated using the CES in Equation 7-6.

7.3. Case study

To compare the environmental impact of each manufacturing method, a life
cycle assessment has been performed for a representative component,
manufactured by each method. This component is representative of a turbine
impeller used by turbomachinery employed by many industries and often
manufactured from Inconel 625 [7-17]. This component incorporates design

features that can be manufactured through WAAM and machining [7-18].

The mass of the component at each stage of production was calculated using
Solidworks CAD software, with fine machining being assumed to be conducted
to remove 2mm of material thickness from all surfaces to reach the specified

dimensions.

7.4. Results

The first stage of this LCA is to determine the mass of the component at each
stage of production. When combined with process data, this allows the energy
consumption and carbon dioxide emissions for each stage to be determined.
Combining these contributions gives the total environmental impact for the

process which can then be compared directly with other processes.

The mass breakdown for this component, gathered from CAD software is
shown in Table 7-2. The process parameters used for WAAM deposition are
presented in Table 7-3, allowing for the calculation of environmental impact
metrics. Using the data gathered for both WAAM and machining, the primary
energy consumption and carbon dioxide emissions to produce an Inconel 625
impeller are tabulated in Table 7-4 and Table 7-5. The results are then
presented in Figure 7-4 and Figure 7-5. These results show that for the
machined component, the greatest contribution to energy consumption is the

primary production of Inconel 625.
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Due to the reduction in required material, the contribution of primary production
to the WAAM component is dramatically reduced. This causes the heat
treatment process to be the greatest proportion of the total energy
consumption during WAAM. When the carbon dioxide emissions are
compared, the gap is reduced, with emissions being dominated by the equal
contribution of heat treatment. This dominance is caused by the significant
energy requirements and the conversion factor being based on global
averages for carbon emissions for energy production [7-11, 7-16]. This
conversion factor is greater than that used by Edupack, so aspects of

production calculated using the CES conversion are more heavily weighted.

[

—» Machining Process Path
—>WAAM Process Path

Figure 7-3 Manufacturing stages for life cycle assessment. i) rolled billet for machining
i) substrate for deposition iij) result of WAAM deposition iv) result of coarse machining
v) result of fine machining (finished component).
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Table 7-2 Mass breakdown for component production by WAAM.

Component mass breakdown (kg)

Process WAAM | Machining
Rolled billet (Substrate) 3.84 73.605
Deposition 6.763 -

Coarse machining -2.969 -65.971
Fine machining -0.805 -0.805
Component total 6.805 6.805

Table 7-3 Process parameters for WAAM.

WAAM process parameter
Deposition rate (ideal) 3.74kg/hr
Arc power 3.0972kW
Standby power 0.1kW
Startup time 1

Arc time 1.85hr
Gas flow time 1.85hr
Build time 1.85hr
Gas flow rate 1320l/hr
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Table 7-4 Energy consumption and carbon dioxide emissions for the component
produced by WAAM.

Process Primary energy | Carbon dioxide
(MJ) (kgCO2eq)

WAAM idle 1.059 1.936
WAAM deposition 60.51 110.63
WAAM shielding gas 2.987 5.461
WAAM total 64.56 118.03
Wire primary production 1560.5 103.93
Substrate primary production | 818.5 54.52

Wire drawing 168.7 12.62
Substrate rolling 13.82 1.038
Coarse machining 8.262 0.2188
Fine machining 4.287 0.322
Heat treatment 2645.2 4836.1
Total 5283.8 5126.8
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Table 7-5 Energy consumption and Carbon emissions for the component produced
by machining.

Process Primary energy (MJ) | Carbon dioxide (kgCOzeq)
Billet primary 15336 1021.4
production
Billet rolling 258.7 19.43
Coarse milling | 64.78 4.862
Fine milling 4.287 0.322
Heat treatment | 2645.2 4836.1
Total 18244 5877.3
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Figure 7-4 Energy consumption required to produce the component.
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Figure 7-5 CO, emissions produced during manufacture of the component.

The results are compared in Table 7-6 using material waste, specific energy
consumption and specific carbon dioxide emissions. In Figure 7-6, these
metrics are normalised against the results determined for WAAM to provide a
direct comparison between the processes. These results show the dramatic
difference between the material wasted during WAAM and machining
production, and the difference in energy consumption required by both
processes. These specific metrics can also be compared to previous data from
an LCA of a WAAM produced titanium component [7-8]. In this case, the
specific energy consumption and carbon emissions were found to be higher
than those reported in the previous study. These increases can be explained
by increased arc energy and heat treatment temperature, in addition to the
reduced mass of this Inconel component. These led to a reduction in
economies of scale for aspects of production which do not scale with mass

such as heat treatment.
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Table 7-6 Environmental impact metrics and specific impact by process.

WAAM | Machining

Energy consumption (MJ) 5283.8 | 18244

Specific energy consumption (MJ/kg) 776.45 | 2681.0

Carbon emissions (kgCO2eq) 5126.8 | 5877.3

Specific carbon emissions (kgCOz2eq/kg) | 753.4 | 863.7

Material waste (%) 42.80 |91.20
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Figure 7-6 Comparison of environmental metrics normalised against the results for
WAAM.

7.5. Discussion

This case study details an environmental impact analysis for an impeller
manufactured from Inconel 625 using WAAM. The results indicate that WAAM
enables a significant reduction in environmental impact using the metrics of
energy consumption, carbon dioxide emissions, and material waste. This is
primarily due to the decrease in material required for the component when
compared to machining from solid. Taking advantage of this primary benefit of
WAAM for sustainability results in a threefold reduction in energy consumption
and a decrease in material waste from 90% to 40%. The major reduction in
environmental impact metrics is associated with the primary energy of
production for the alloy, therefore reducing the material requirements

significantly reduces the environmental impact of production [7-8].
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The value for carbon dioxide emissions is noted to be significantly impacted
by the conversion factor (CES [7-11]) from electrical energy consumption. This
conversion factor is dependent on the proportion of renewable energy sources
used during manufacturing. In this study, where carbon emission values were
not provided by Edupack, the CES conversion factor was calculated using the
average result for global energy production based on data from the BP
statistical review of world energy 2021 [7-16]. This is a limitation of many
environmental impact studies, which combine data from different sources
which rely on different assumptions. If the CES conversion factor was based
on a nation with low fossil fuel usage, it would be expected that the difference
between WAAM and machining would increase as the carbon emissions would
become less sensitive to the impact of energy consumed during heat

treatment.
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8. Concluding remarks

This thesis has investigated the WAAM production of the following corrosion
resistant alloys (CRA): 15-5PH stainless steel, Inconel 625 and 718. The aims
of this thesis were to demonstrate the mechanical properties of these alloys
and determine the environmental benefits of a transition from conventional

manufacturing to WAAM.

In all of these materials, the developed microstructures were found to differ
from their wrought equivalents. Typically, due to the thermal gradients
experienced during deposition, a columnar dendritic microstructure developed.
In addition, the deposition process caused other detrimental and strengthening
phases to form in different proportions to those expected following standard

heat treatments for these materials.

It is noted that the process parameters and post weld heat treatment had a
significant impact on the mechanical properties which were obtained.
Furthermore, it has been shown that WAAM results in a great reduction in
energy consumption and material wasted during production. The reduction in
carbon emissions has been identified to be strongly dependent on the
proportion of fossil fuels used in the generation of electrical energy used in

production.

The three alloys investigated, stainless steel 15-5PH, Inconel 625 and Inconel
718 have differing strengthening mechanisms, and as such responded
differently to the WAAM process, due to in-situ heating during deposition. 15-
5PH was the most sensitive, with in-situ heating causing solutionising of the
precipitating elements to different degrees depending on weld heat input. This
led to a variation in response to aging heat treatment. Inconel 625 showed the
best response to WAAM, as its primary method of strengthening is through
solid solution, therefore only a brief solutionising heat treatment was required
to return strengthening elements such as molybdenum to the metal matrix.
Inconel 718 showed an intermediate sensitivity, as the solutionising treatment
was very effective at dissolving the Laves phase and precipitating elements

back into the matrix. Reduction in strength compared to wrought material was
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identified to be caused by precipitating elements trapped within the acicular &

phase following solutionising, typically located around columnar grains.

Overall, this thesis investigates the effect of the optimisation of process
parameters and post weld heat treatment. It is identified that the mechanical
properties of corrosion resistant alloys produced through WAAM can be
improved to reach those specified for equivalent wrought alloys. In addition,
the adoption of this process improves the sustainability of manufacturing

components from these alloys through a reduction in material waste.

8.1. WAAM production of 15-5PH

Stainless steel 15-5PH produced using WAAM was compared against the
same material in the wrought condition. Analysis was conducted of the
microstructure in addition to an assessment of the mechanical properties
compared to ASTM standard A693 [8-1]. The WAAM produced material was
tested in both the as-deposited and heat treated (H1150) conditions following
deposition using two sets of process parameters. These process parameters

were selected to tailor the heat input during deposition.

It was determined that material produced using a high heat input deposition
and followed by solution treatment H1150 achieved acceptable mechanical
properties. This same material, in the as-deposited condition, also
demonstrated superior fatigue performance compared to the wrought alloy in
the H1025 condition. This data on the wrought alloy was gathered to provide

a comparison for the testing of WAAM deposited material.

The results of impact testing demonstrated that aging heat treatment provides
a significant improvement in toughness for material produced using both sets
of process parameters. In contrast to other chapters, the presentation of
impact toughness data within this chapter corresponds with its inclusion within
the ASTM standard for this material, while it is not present for Inconel 625 and
718.

Maijor differences in the microstructure have also been identified, gas porosity
is present within the structure of WAAM produced material. In addition, heat
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treatment was noted to modify the proportion of 8-ferrite and number of metallic
carbides present. These changes in the microstructure were identified to be
responsible for changes in mechanical properties. Reductions in d-ferrite and
carbides were responsible for improvements in strength, impact toughness

and fatigue strength.

8.2. WAAM production of Inconel 625

The microstructure and mechanical properties of Inconel 625 produced using
WAAM were investigated. The microstructure was found to be primarily
comprised of columnar dendrites, and in the as-deposited condition, contain
the detrimental Laves phase. The properties of this material were enhanced
through the application of solution heat treatment which dissolved the Laves
phase and developed other strengthening phases. It was determined that the
obtained properties in the solution treated condition exceed those specified by
the material standard for this alloy in the wrought condition (ASTM B443 [8-

2]).

The results for UTS and elongation were also found to exceed those previously
published for this combination of material and process [8-3, 8-4]. Differences
between these results and those by Tanvir et al. [8-3] are explained by a lower
temperature heat treatment being performed by Tanvir, resulting in the
precipitation of the & phase and retention of the Laves phase [8-5], leading to
increased hardness and yield strength at the cost of reduced elongation and
UTS [8-6].

When the results of fatigue testing are compared against existing literature this
material is found to exceed the performance of the wrought alloy [8-7, 8-8] and

display comparable results to other AM methods such as LPBF [8-9].

Upon examination of the fracture surfaces following tensile and fatigue testing,
it is clear that the material undergoes significant plastic deformation before
failure, with slip planes being commonly observed on samples subject to

fatigue testing.
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8.3. WAAM production of Inconel 718

The microstructure and mechanical properties of Inconel 718 produced using
WAAM were investigated. It was found that the prevalence of the d phase was
higher than other manufacturing methods [8-10]. This resulted in a reduction
in ductility compared to existing material standards [8-11] and is also reflected
in the results for fatigue testing. This is particularly clear in the instances of

transgranular cracking identified in limited numbers of tests.

The tensile strength of the material was found to be slightly below that specified
for this alloy in the solution treated and aged condition [8-11], however these
results are broadly in line with results previously published for Inconel 718
produced by WAAM [8-12] and LENS [8-10].

As-deposited, the microstructure displays dendrites, as commonly observed in
WAAM produced material. This dendritic matrix is rich in the Laves phase in
addition to carbides of composition TiC and NbC. The solution treatment
elimites the detrimental Laves phase, reducing hardness. When this is
followed by aging treatments, the growth of strengthening phases such as y”,
carbides and nitrides is promoted, leading to increased strength and hardness
[8-10].

The results of fatigue testing indicate that the reduced elongation of the WAAM
produced material compared to other methods of manufacture leads to an

increased susceptibility to crack propagation at low stress ranges.

8.4. Environmental impact analysis

The environmental impact of manufacturing a turbine impeller from Inconel 625
was compared for WAAM and machining. It was found that the adoption of
WAAM leads to a reduction in material waste from 90% to 40% by depositing
material only where it is required. In addition, the energy consumption is
reduced threefold as less material is required, reducing the primary energy

used to produce the component.

The method [8-13] used in this analysis was found to have a significant bias
towards the carbon emissions of processes consuming electrical energy due

to the carbon emission signature (CES) [8-14] conversion factor which has
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been used. This suggests that significant reductions can be achieved in
industrial sectors through the adoption of renewable sources of electricity, as
the consumption of energy for some processes such as heat treatment do not

scale with component mass.

8.5. Conclusion summary

Overall, this work has identified a number of challenges related to the
production of CRAs deposited using WAAM.

e The difference between wrought and WAAM properties varies
depending on the strengthening mechanism of the alloy.

e Solid solution strengthening alloys such as Inconel 625 respond best to
WAAM production.

e Precipitation hardening alloys such as 15-5PH stainless steel and
Inconel 718 are more sensitive to prior solutionising of the matrix, either
through in-situ heating during deposition, or through post weld heat
treatment.

¢ Inter pass temperature and other processing has a significant impact on
the resulting mechanical properties, being a method of controlling the
growth of columnar grains, which lead to anisotropic properties.

e WAAM can be used to reduce the material waste for complex
components, which leads to a reduction in the environmental impact of

manufacturing.

8.6. Recommendations for future work

The results presented in this body of research represent a significant
contribution to the data on the mechanical properties of corrosion resistant
alloys deposited using WAAM. However, this field is not yet fully mature and
opportunities for future work have been identified to enhance the adoption of

WAAM to produce components from CRAs by industries in the future.

e Further to the investigation of precipitation-hardening stainless steel 15-

5PH, the mechanical properties do not yet meet the required material

154



standards (ASTM A693 [8-1]) especially in high strength conditions
such as H900 and H1025. As such, further investigations to vary the
process parameters and post weld heat treatment (PWHT) are
recommended to further optimise the mechanical properties. Interpass
treatment such as ultrasonic peening and rolling should be investigated
to reduce the size of columnar grains.

The investigation of the impact of fatigue on WAAM can be enhanced
through the gathering of data on corrosion fatigue [8-15, 8-16]. In this
regime, the sample is submerged in a corrosive solution during fatigue
testing and the growth of fatigue cracks can be accelerated by chemical
reactions between the sample and the corrosive solution.

Furthermore, fatigue testing could be performed to assess the reduction
in fatigue performance caused by retaining the as-deposited surface
finish, as is experienced by components with internal features such as
fluid channels [8-17].

A development in engineering materials which has been enabled by
additive manufacturing includes functionally graded materials (FGM) [8-
18] and in situ alloying [8-19]. One possible application of the WAAM
process is to produce components combining the fatigue performance
and corrosion resistance of Inconel 625 to provide a clad coating for a
core of Inconel 718 through WAAM deposition [8-20]. Using in situ
alloying techniques, the transition between alloys could be made more

gradual, reducing the discontinuity, improving performance [8-21].
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A. Historical Context

This appendix will detail the history of additive manufacturing (AM) and provide
context for common forms of metal AM. This will be expanded to provide more
detail of recent developments in the field of wire arc additive manufacturing
(WAAM). These developments include the cold metal transfer (CMT) and twin
wire (T-WAAM) processes.

In addition, a summary of common corrosion resistant alloys (CRAs) and their
microstructures will be provided. Furthermore, a brief discussion of fatigue

testing and environmental impact analysis is presented.

A.1. Additive manufacturing

The history of additive manufacturing (AM) could be interpreted as going back
as far as antiquity, with goods manufactured in ancient Mediterranean
civilisations being noted to use coiled pottery [A-1], a form of pottery made
using coils of clay pressed together. This process bears similarity to modern
extrusion-based manufacturing processes such as FDM (filament deposition

modelling).

Several thousands of years later, AM processes have become more
advanced. The definition of AM processes is given by BS EN ISO/ASTM
52900-2017 [A-2] and describes a manufacturing process that adds material
to form a part, as opposed to subtractive processes such as milling and turning,
or formative processes such as forging or bending. This technology sees
widespread use in a range of industries and applications; from prototyping and
hobbyist 3D printers using plastics [A-3], to laser or arc powered devices used
to manufacture metallic components for industries such as aerospace
components [A-4] and medical devices [A-5]. In addition, concrete deposition

equipment has been proposed for fabricating structures on other worlds [A-6].
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A.1.1. Overview of AM processes

Due to the broad definition of AM, a wide variety of processes are included in
the field. More specific definitions are often defined by a combination of
feedstock material and state, fusion type, and distribution method [A-2].

Various forms of AM processes are shown in Figure A-1.

Feedstock State Energy Source Method of Formation

Wire Powder Liquid Sheet Laser Beam Electrical Arc Extrusion ——+— Sheet Laminaf tion

Stereolithography Contour Crafting Electron Beam Ultraviolet Light Energy Deposition —{— Powder Bed Fusion

ed Deposition ron " Laminated Object L N
Modeling Melting Inkjet Printing Manufacturing Thermal Binder Jetting Material Jetting

Photo polymerisation —!

Figure A-1 A taxonomy of additive manufacturing techniques.

Stereolithography is also one of the first commercialized modern AM
processes [A-7], it uses UV light to trigger solidification of the polymer
feedstock chemically. The component dimension is limited by the build tank
which must be filled with liquid polymer [A-8]. Due to the fine resolution
possible using an optical process for solidification, nano-scale components

can be produced [A-9].

Inkjet printing and contour crafting are typically used in the production of
ceramics [A-10] or in the deposition of building materials for large structures.
These have uses in applications such as medical tissue engineering or

automated construction in harsh environments such as on the moon [A-11].

Applicable to both metals and polymers are powder bed fusion (PBF)
processes. This uses either a chemical binder or laser to fuse powder particles
together [A-12]. The complete filling of the bed with powder eliminates the need
for support structures but does require the inclusion of "drainage" holes for

excess powder. The primary drawbacks of PBF methods are the high cost and
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low deposition rate [A-13]. The high precision of this method does make it
valuable for intricate, small parts with internal features such as fluid channels
[A-14].

The most common additive manufacturing method in use today is fused
deposition modelling (FDM), widely used by hobbyists [A-15] with a low cost
feedstock such as polylactic acid (PLA) [A-16]. This method uses a heated
nozzle to melt the filament and deposit it onto a build plate in layers to complete
the part. Due to the extrusion of the polymer filament through a nozzle to
deposit layers of solid material, it is most similar to coil pottery as discussed at

the start of this chapter.

One factor shared between AM technologies is the capability to manufacture
complex geometry such as overhangs or internal features. These would be
impossible by conventional manufacturing such as casting or machining [A-
17]. Additionally, a reduction in material wastage and the elimination of specific
tooling required for forging makes these techniques valuable for industry for

the reduction of costs and lead times [A-18].

A.1.2. Methods of metal AM for high deposition rate

Powder bed processes are popular for the production of small metallic
components by additive manufacturing. This process yields excellent
mechanical properties compared with machined or forged equivalents [A-19,A-
20] and very high resolution [A-12]. However, these processes exhibit a low

deposition rate, typically measured in grams per hour [A-21].

To produce larger scale metallic components for industry, directed energy
deposition (DED) processes are typically employed. By using a travelling
deposition head incorporating both the energy source and feedstock supply,
an increased deposition rate can be achieved. This is typically measured in kg
per hour [A-22]. Examples of the energy source include electron beams [A-23],
lasers [A-24], as well as electrical [A-25] and plasma arcs [A-26]. Feedstocks
are typically in a wire or powder state, with wire-based DED methods being
analogous to FDM methods. In both cases, a wire feedstock is fused to the

previous layer through the use of a heat source.
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A.2. Wire arc additive manufacturing

Within the DED family of processes, wire arc additive manufacturing (WAAM)
shows promise for the rapid manufacture of high mass components in industry.
This promise is due to a combination of comparable mechanical properties to
the wrought alloys [A-27] and relatively low cost due to the use of mature arc
welding technology. In addition it is capable of manufacture larger components
[A-28] than other methods such as electron beam melting (EBM) which

requires a vacuum environment, limiting component size [A-29].

WAAM processes are defined by the use of a wire feedstock and use an arc
to fuse the feedstock into the parent material. This arc can be initiated at the
feedstock wire, or a tungsten electrode requiring an independent wire feed.
Due to the high temperatures involved, a shield of inert gas protects the melt
pool from rapid oxidation. This is often a mixture of gasses depending on the

material and desired outcomes [A-30].

The drawbacks of WAAM are related to the method by which material is
deposited. Compared to laser or electron beams, the electrical arc transfers
more energy to the workpiece, over a larger area. As such, the resolution is
limited, and the mechanical properties can be reduced due to the heat input.
To control this, interpass cooling can be implemented [A-31]. Defects can also
be generated during deposition; examples of these include porosity,
delamination or cracking. These can be caused by poor quality feedstocks,
improper process parameters or the development of residual and thermal
stresses [A-32].

A.2.1. Arc sources

There are three primary of arc sources used in WAAM processes. The first is
based on GMAW (gas metal arc welding, shown in Figure A-2a) which projects
the arc from the feedstock wire. The equipment required for this form of
deposition is simple, low cost and can be easily fitted to a robot arm or CNC
(computer numerical control) center. Shielding gasses are used to protect the
melt pool from oxidation and can improve penetration through increasing the
heat transfer to the weld pool [A-33,A-34].
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The second is GTAW (gas tungsten arc welding, shown in Figure A-2b) which
uses a non-consumable tungsten electrode to direct a more concentrated arc
at higher temperature. This produces a melt pool into which the feedstock wire
is added. Once again, a shielding gas is used to protect the melt pool, though
only inert gasses such as helium and argon are used. The concentrated arc
decreases the overall heat addition to the workpiece, typically improving

mechanical properties [A-27,A-35].

Finally, PPAD (pulsed plasma arc deposition, shown in Figure A-2c) uses a
tungsten electrode to initiate an arc within the nozzle, but this is used to direct
a stream of ionized plasma at the workpiece [A-36] which generates a melt
pool with a higher energy density and smaller heat affected zone than “free
arc” (GMAW and GTAW) deposition, resulting in further improvements in
mechanical properties [A-26,A-37].

[a] Filler Wire

Shielding
Gas

Melt Pool

Melt Pool IE Shielding

Gas
Filler Wire
Arc

Plasma Plasma Gas

Shielding
Gas

NG

Figure A-2 Forms of arc welding a) gas metal arc welding (GMAW) b) gas tungsten
arc welding (GTAW) c) pulsed plasma arc deposition (PPAD)

Melt Pool
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A.2.2. Cold metal transfer (CMT-WAAM)

CMT (cold metal transfer) is a derivation of GMAW welding, commonly used
in WAAM processes to reduce heat input and dilution or join dissimilar metals
[A-38,A-39]. CMT achieves a reduction in heat input and improves arc stability
through a pulsed arc and retraction of the wire feed with each pulse of the arc.
Current and voltage to the arc are controlled through a synergic curve. The

process is described as droplet cutting and is achieved through 4 steps:

1- The arc melts the tip of the wire electrode.

2- The wire feed is extended until the electrode contacts the workpiece,
extinguishing the arc.

3- Surface tension causes the molten droplet to detach from the wire as it
retracts.

4- The arc reignites, restarting the cycle [A-40].

A.2.3. Twin wire (T-WAAM)

There is interest in creating functionally graded and intermetallic materials.
One means by which this can be achieved is by twin wire WAAM. This uses
two independent wire feeds into the same melt pool. By varying the wire feed

speeds, alloys of varying composition can be produced [A-27].

A.3. Corrosion resistant alloys

Corrosion resistant alloys (CRAs) are used in applications where extreme
environments such high temperature or corrosive atmospheres are likely to be
in contact with the metallic components [A-41]. The most commonly used
example is stainless steel (iron alloyed with chromium at above 11% [A-42])
which is also used in food processing and medical equipment due to the

reduced risk of contamination by corrosion [A-43].

In the oil and gas industry, subsurface and offshore equipment is exposed to
a wide range of corrosive agents. These include drilling mud, sour and sweet
gas (Hz2S and COz2 respectively) as well as saltwater [A-44]. While stainless
steels are often suitable, in some conditions even these alloys will rapidly
degrade and nickel-based CRAs are employed such as the Inconel families of

alloys [A-45]. The requirements for the material properties of CRAs and when
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they should be used are given in the standard APlI6a CRA for wellhead
equipment [A-46].

Other CRAs use a cobalt base such as Stellite 6; these alloys are expensive
and are most frequently used as a surface coating to dramatically improve
wear resistance. Example uses include heavy gun barrels [A-47], ice axe
hammers [A-48] and turbine blades [A-49]. Due to its response to neutron
radiation, it is unsuitable for some nuclear reactor designs due to the alloy
releasing the radioisotope cobalt-60 from valve faces coated in this alloy [A-
50].

A.3.1. Stainless Steels

Stainless steels are a broad family of alloys with a range of compositions and
structures, with the most common being austenitic (such as 304 and 316) [A-
51]. Other crystal structures such as ferrite and martensite can be achieved
through variation in the chemical composition which reduces cost or increases
strength respectively [A-42]. More specialised alloys exist such as

precipitation-hardening [A-52] and duplex stainless steels [A-53].

Duplex stainless steel is popular in the offshore industry, combining ferritic and
austenitic microstructures [A-54]. This enables high corrosion resistance and
strength while reducing the usage of nickel, improving cost effectiveness [A-
55]. The usage of duplex alloys in harsh environments has led to the
development of super-duplex alloys. These are often alloyed with elements
such as tungsten or molybdenum for a further increase in strength, but require

careful processing [A-56].

Precipitation-hardening (PH) stainless steels have corrosion resistance
equivalent to austenitic grades, but through the correct heat treatment can
achieve strengths higher than other martensitic grades [A-51]. The hardening
effect is achieved through a precipitation process caused by alloying with
copper, molybdenum, aluminium or titanium [A-57]. A range of heat treatments
are employed for finished components to tailor the strength and impact
toughness to the application [A-58]. One of the most commonly used grades
is 15-5PH (UNS15500), which is used by the aerospace, marine and energy

industries due to its high strength and corrosion resistance [A-59].
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A.3.2. Inconel 625

Inconel 625 (also known as ERNiCrMo-3 when used as a welding electrode),
is a nickel-based CRA, frequently used in applications such as chemical
processing, aerospace and marine engineering due to its excellent strength
and resistance to crevice and pitting corrosion [A-60]. Inconel 625 is primarily
alloyed with chromium, molybdenum and niobium which improves its strength
through the formation of intermetallic phases and precipitates within a Ni-Cr
matrix [A-61,A-62]. The microstructure of Inconel 625 is sensitive to heat
treatment, with long aging treatments cause an increase in the precipitates
produced, while also dissolving some intermetallic phases. The high corrosion
resistance provided by the alloy makes it popular as a clad coating for steel
components [A-63,A-64].

The commonly referenced phases in Inconel 625 include the metastable
strengthening phase, y” [Nis(Nb,Al,Ti)] and the brittle Laves phase [Cr,M0)]. y”
typically transforms into & [Nis(Nb, Mo)] during prolonged aging treatment or
high temperature service. The formation of metallic carbides from the & phase
is also reported in higher temperature regimes. The precipitation of y” and
Ni2(Cr,Mo) has been found to cause microstrain during high temperature
service. This can be eliminated through a repurposing aging treatment at
higher temperature to form & and carbides [A-65]. In cast Inconel 625, the
precipitation of & causes an increase in strength following aging and this effect
is more significant at higher concentrations of Nb due to elemental segregation
[A-66].

An investigation of the fracture surfaces revealed that aging at too high a
temperature creates large & phase plates which decrease strength. Whereas
the growth of y” phases at lower temperatures cause an increase in strength
[A-67]. However, in a study of cast Inconel 625 following long-term aging,
higher strength was achieved. This is suggested to be related to the
precipitation of the & phase, increasing brittleness which has been
corroborated by results following 10,000hr aging at 700°C [A-66].

The Laves phase is an intermetallic phase of composition [AB2] [A-68]. In many

alloys in which it occurs, this causes a reduction in mechanical properties in
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addition to an increase in brittleness [A-69]. In Inconel alloys this takes the
form of a dense, Nb rich phase [A-70]. The segregation of this phase on grain
boundaries is also found to decrease corrosion resistance [A-35]. Other
studies have found that the Laves phase can dissolve upon reheating to form
0 [Nis(Nb, Mo)], which is corroborated by the findings of reduced hardness in
the upper regions of additively manufactured Inconel 625 due to exposure to

extended heating during deposition [A-37].

A.3.3. Inconel 718

Inconel 718 is a high strength nickel-based alloy with higher iron content than
Inconel 625 in addition to reduced molybdenum and chromium [A-60]. This
increase in iron content leads to the ability to perform precipitation hardening
while also displaying increased strength and hardness. In addition, this alloy
also has high resistance to corrosion and creep as well as excellent weldability
[A-71].

The strength of Inconel 718 is derived from the precipitation of y” particles
([NisNb] body centred tetragonal structure) within the matrix [A-72]. A & phase
is also identified as a stable transformation product of y” following overaging.
This phase can also be generated directly from the y matrix during heat
treatment [A-73]. It is noted that the heat treatment temperature has a large
impact on the hardening of the alloy, with high temperature (975°C) correlated
with reductions in hardness due to reduced formation of the intragranular &
phase [A-74]. The common phases are metallic carbides which improve
performance, while the Laves phase takes the form of platelets following long
duration exposure to high temperature. Akin to the microstructure of Inconel
625, The Laves phase is also found to be detrimental to performance but can
be reduced through heat treatment at the cost of promoting grain growth [A-
75].
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A.4. Fatigue testing

Fatigue testing is a practice of exposing a material to cyclic loading at stresses
below its ultimate strength to induce failure after a number of cycles [A-76].
The phenomenon of fatigue was first identified following the failure of a number
of train axles [A-77]. This led to the concept of endurance limit by August
Wohler in 1870 [A-78]. For a cyclic stress below this value, it was proposed
that the lifespan of a component is indefinite. The fatigue of components has
led to a number of engineering failures throughout the 20" century with the
most notable of these being the catastrophic loss of 3 de Havilland Comet jet
airliners in 1954, caused by stress concentration sites in the corners of square
openings in their fuselage [A-79]. This series of air disasters was the inspiration
for the episode “Operation Crash-Dive” of the 1965 TV series “Thunderbirds”
which directly references metal fatigue as a possible cause for the crash of the

fictional “Fireflash” aircraft [A-80].

There are a wide range of factors which can impact a fatigue test. These can
be broadly divided into two categories: sample factors and test process factors.
Examples of sample factors include the geometry of the material to be tested,
surface roughness [A-81] and stress concentrators such as notching [A-82].
Test process factors include the amplitude, range and mean of the testing
stress [A-83]. In addition, the ratio between maximum and minimum stress
and the frequency of cyclic loading can impact the result of fatigue testing [A-
84].

A number of systems can be used to determine the fatigue life of components.
The two most common are rotating-bending and axial loading. In the former, a
sample of cylindrical cross section is subjected to a bending load while rotating.
This is analogous to the stress an axle experiences throughout its service life
[A-77] with an experienced stress ratio is -1. In axial testing, a universal testing
machine is used to apply stress along the length of the sample according to
any stress profile the machine is capable of, permitting a range of stress ratios,
amplitudes and means. However, frequency is often limited, making such

testing time consuming [A-85].
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A.5. Environmental impact analysis

A primary area of development in the manufacturing sector is the reduction of
environmental impact of the processes used. This can be measured in a
number of ways, corresponding to harmful outputs or resources consumed

during the manufacture, life and decommissioning of a component or product.

Commonly measured emissions include carbon dioxide (CO2) and oxides of
nitrogen (NOx), being two prevalent and harmful greenhouse gases [A-86].
Primary energy is also commonly considered, as this accounts for energy lost
in thermal or mechanical processes such as turbo-electric electricity
generation [A-87]. More detailed metrics include the acidification and
toxification potentials of different processes and feedstocks [A-88]. The
quantity of material used to produce a component is also considered to assess

the efficiency of a production process.

A number of case studies exist, detailing the environmental impact of
manufacturing of a given product. These include the investigation of the
manufacture of a bulk carrier including shipyard operations [A-89],
manufacture of propulsion machinery and sea trials. In addition, an in depth
study on each operation performed during the production of high speed steel
machine tooling was undertaken [A-90]. Both studies conclude that the
extraction and primary production of raw materials is a significant contributor
to the environmental impact of these manufacturing processes. A limitation of
these studies is the lack of comparison to other processes or materials, to

quantify an environmental benefit of a change in design, material or process.

Studies have also been performed on the energy consumption and carbon
emissions of WAAM manufacture of steel and aluminium components [A-91,A-
92], comparing them with casting and CNC machining. These show a large
reduction in energy requirements and carbon emissions. There is also interest

in the sustainability of the manufacturing of titanium components [A-93].
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