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Abstract

Additive manufacturing (AM) is a modern manufacturing technique that facilitates the production of
components layer by layer from CAD files, with more recent developments in the field leading to the
ability to create these components from metal. Laser powder bed fusion (LPBF) is one of the many
techniques used to manufacture metallic components and has drawn significant attention for its
ability to create parts with high degrees of complexity, exceptional strength-to-weight ratios and
internal structures. However, parts produced by AM are documented to suffer from build defects such
as porosity, which can negatively affect not only its mechanical properties but its corrosion resistance,
particularly its resistance to pitting corrosion. Whilst the mechanical properties of components
produced through metal AM have been well documented since the technology’s inception, there are
significant knowledge gaps in understanding the corrosion behaviour of metals produced in this way.
This thesis aims to expand upon the current understanding of this manufacturing method with a

particular focus on its corrosion resistance.

High Entropy Alloys (HEAs) are a class of advanced materials that differ from conventional alloys in
composition. Traditional alloys usually consist of one or two principal elements with smaller amounts
of additional elements to impart specific properties. In contrast, HEAs are characterised by the
presence of multiple principal elements in roughly equal proportions. HEAs' complex and disordered
structure can result in uniqgue mechanical, thermal, and magnetic properties. HEAs have shown
promise in exhibiting high strength, hardness, and corrosion resistance, making them attractive for
various engineering applications. Studies of HEAs have been increasing over recent years; however,
significant knowledge gaps are still associated with this classification of materials, especially
concerning their corrosion resistance. This lack of knowledge is intensified when discussing the

properties of these alloys when manufactured by AM methods.

LPBF was used to produce parts in 316L with process induced porosity by manipulating the process
parameters to investigate the effect density has on the corrosion resistance of AM parts. The corrosion
resistance of these parts were compared to their wrought counterpart using potentiodynamic
polarisation. It was observed that increasing the porosity in the AM parts resulted in poorer corrosion
resistance, both by weaker performance across key metrics and a greater degree of unreliability. It
was also found that the AM parts proved to have a greater corrosion resistance than the wrought
material. However, the decreased consistency in this resistance is often cited as a barrier these

components must overcome to supplace conventionally manufactured components.



316L was also produced through induction casting as well as a schedule more representative of
industry that consisted of a solution anneal at 1080 °C followed by water quenching followed by a cold
rolling reduction by 70 %, and a final anneal at 900 °C. The microstructures and corrosion resistance
of these were investigated using SEM-EDS, XRD and potentiodynamic polarisation, and whilst the
corrosion resistance of the cold rolled sample had increased, it was less than expected due to the

formation of detrimental chromium carbides.

A Swansea University developed AICrFeMnNi HEA was put through the same 3 manufacturing
processes to investigate their effect on the microstructure and corrosion resistance. It was found that,
unlike 316L, the HEA suffered less from pitting corrosion and more from a generalised corrosion
attack. Very similar corrosion results were seen across the manufacturing methods; however, the cast

sample was observed to have the most consistent display of corrosion resistance.

Based on the pitting resistance equivalent number, which relates the amount of Cr and Mo by wt.% in
a stainless steel to its corrosion resistance, it was theorised that the addition of Mo to this HEA could
also increase its corrosion resistance. The results were inconclusive; however, better corrosion

resistance was seen in the AM sample of the HEA with the addition than in the AM sample without.
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1 Introduction

Corrosion is a global issue that infiltrates many aspects of today’s society. Its implications can vary,
from degrading the aesthetic appeal of metallic cladding to negatively impacting a component’s
mechanical properties and structural integrity. There are also many indirect costs associated with
corrosion, such as risk to human safety and environmental consequences. Many studies have been
commissioned over recent years in an attempt to quantify the cost of corrosion to society financially.
One such study was the International Measures of Prevention, Application and Economics of Corrosion
Technology (IMPACT), commissioned by the National Association of Corrosion Engineers (NACE). As
of 2013, it estimated that the global cost of corrosion was $2.5 trillion annually, equating to
approximately 3.4 % of global GDP [1]. This cost stems not only from the replacement of corroded
components, but also the preventative measures such as coatings and paints, and lost production due

to out-of-service plants [2].

The nature of corrosion depends, not only on the material of the component on which it occurs but
also on how it was manufactured. The term corrosion is used to describe the degradation of the
properties of a material. This overarching phenomenon does not occur in the same way for all metals,
nor are its effects felt equally by each material. Environmental and structural factors also have a
significant impact on the type and severity of corrosion. Different manufacturing methods result in
components with different properties, even if the material used is the same. New, innovative
manufacturing methods and alloys are being developed with numerous associated benefits, but with

these developments come several hurdles that must be overcome.

One means by which components can be manufactured is through additive manufacturing (AM). The
adopted definition for AM set out by ASTM F42 F2792 —12a is “a process of joining materials to make
objects from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing
methodologies” [3]. Synonyms for these manufacturing processes include additive fabrication and

additive layer manufacturing (ALM).

AM, as we know it today, originated in the early 1980s with the invention and first patent of the
Stereo-Lithographic Apparatus (SLA) by Charles ‘Chuck’ Hull [4,5]. SLA is a process whereby layers of
an ultraviolet (UV) light-sensitive liquid polymer are solidified to create the desired geometry using a
solid-state crystal laser. It was initially envisaged that AM would be used for rapid prototyping within
research and development, replacing the often complex, tedious, and expensive processes linking an
initial design conception through the maze of developmental iterations to the final marketable

product. However, as the list of usable materials, general output quality and possible complexity of
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the parts produced increased, the goalposts have shifted towards functional components, replacing

those made by conventional manufacturing methods.

Throughout the 1990s, other additive processes were developed, including Laser Sintering (LS) and
Material Deposition Extrusion. Only around the turn of the millennium did efforts become more
focused on the development of laser powder bed fusion (LPBF) techniques [4]. This, along with other
modern technology, has allowed the list of manufacturable materials to extend into metals, which

has, in turn, significantly increased the possible usable avenues for the manufacturing technique.

As the interest, investment, and capability of general AM machinery has increased over time, so has
the level of research into the field, the number of patents filed for new equipment and the revenue
generated by the industry. Until recently, this research has mainly focused on the optimisation of the
AM process to ensure that the mechanical properties associated with built components are similar to
those of components manufactured using subtractive or net-shape methods. Many components made
using AM processes can now compete mechanically with those manufactured through traditional
methods; as such, research is now turning towards the serviceable lifetime of these components. One
of the main difficulties in predicting the service lifetime of metal AM parts is their variability in

corrosion resistance compared to those made using conventional methods.

Their impacts must be understood and validated to advance the field further, increase the

components' failure predictability, and develop techniques to overcome such issues.

In materials science, the emergence of High-Entropy Alloys (HEAs) has ushered in a new era of
exploration and innovation. Unlike traditional alloys, HEAs defy conventional norms by incorporating
four or more principal elements in nearly equal proportions, resulting in a complex and disordered
atomic structure. This departure from the well-established principles of alloy design has opened up a
vast compositional space, offering tantalising possibilities for engineering materials with

unprecedented properties.

The inherent benefits of HEAs are multifaceted. Their equimolar composition contributes to a high
degree of structural disorder, leading to unique and often superior mechanical, thermal, and magnetic
properties. HEAs have demonstrated exceptional strength, hardness, and corrosion resistance, making
them highly attractive for a myriad of applications ranging from structural materials to specialised

coatings.

Despite the remarkable strides made in understanding and harnessing the potential of HEAs, the
research landscape into these alloys remains largely unexplored. While their benefits are evident,

critical gaps exist in our comprehension of HEAs, necessitating a closer examination. Whilst there are
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gaps in the knowledge around HEAs made by conventional manufacturing methods, these are even
more substantial when manufactured by AM. Significant work needs to be done to bring the scientific
community’s knowledge of these alloys processed by this method to a level where they can begin to

replace other, more documented materials such as steel.

1.1 Aims and Objectives

This work aims to develop an understanding of the links between composition, microstructure and
processing on the corrosion behaviour of alloys used in AM, particularly high entropy alloys used in a

LPBF process.

By studying the behaviour of 316L stainless steel alloy as a baseline, the alloy will be processed in three
ways: casting, LPBF, and casting with cold-rolling and annealing. In all cases, the microstructures will
be characterised and tested for corrosion properties. It is known that porosity from LPBF strongly
affects corrosion, but by looking at other processing routes, the full extent of the processing on

corrosion can be put into context for a given alloy chemistry.

The knowledge gained on the behaviour of the baseline 316L stainless steel will be compared to that
of HEAs processed similarly. It has been suggested that high entropy alloys may have an inherent
corrosion resistance. This hypothesis will be tested on a novel HEA (e.g. AICrMnNiFe) developed at
Swansea and prepared by gas atomisation as a pre-alloyed powder in the 15 — 45 um size specific for
processing by LPBF. The HEA will be processed the same way as the 316L stainless steel (i.e., by casting,

LPBF and cold rolling), using the alloy powder as feedstock to ensure identical composition.

Finally, minor modifications will be made to the HEA alloy, adding elements such as Mo to see if the
corrosion resistance changes. In the final step of this work, a Rapid Alloy Prototyping (RAP) route will
be used, and modifications to the HEA will be explored via thermo-calc, casting, and in-situ LPBF builds.
Corrosion testing will be undertaken on the HEA variants in cast, LPBF, and rolled form to determine

the effects on corrosion resistance.

Whilst porosity is expected to be a leading cause of corrosion variability in LPBF, by covering three
different processing routes with lower porosity and different microstructures, it is hoped that the
extent to which processing competes with composition in a standard alloy can be better understood.
Furthermore, while it may not be possible to determine to a full extent whether HEAs are inherently
more corrosion resistant than other alloys, it will allow an incremental verification for the alloys

studied here.
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2 Literature Review

2.1 Additive Manufacturing

AM uses 3D models initially generated using computer-aided design (CAD) software to fabricate digital

geometries out of the desired material layer-by-layer [6-9].

2.1.1 Current State of Industry

Since 1988, there has been strong and consistent growth in the industry year on year, with only 3
years of negative growth in that time [6]. The level of research into AM in recent years has
considerably increased, with interest and investment emanating from many different industries,
organisations, and governments. This is shown through an average revenue growth rate over the last
29 years of 26.6 % and, more recently, an average year-on-year growth of 24.9 % between 2014 and
2017 [6]. The intention of many industries, such as automotive and aerospace, to incorporate AM into
their production processes is demonstrated by the 12.6 % increase in industrial AM system sales
(systems valued at $5000 or more) from 2016 to 2017. Furthermore, the average annual growth for
industrial system sales between 1989 and 2017 was 28.2 %, showing a significant and consistent sector

expansion [6].

One segment of AM technology that has recently enjoyed substantial growth in popularity and sales
is that of metal AM systems. Since the turn of the century, the number of these machines sold per
annum has risen from 16 to 1768, increasing by 79.9 % between 2016 and 2017. This recent, dramatic
increase in sales can be linked to the heightened research and commercialisation of these systems
and the components they produce, as well as the arrival of cheaper metal AM systems, many
originating in Asia. Due to their complexity and relative infancy, the average selling price of these
machines was $407,883 in 2017, down from $551,585 in 2016 [6]. This decrease in average selling

price can be attributed to the emergence of relatively low-cost metal AM systems entering the market.
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Figure 1 Chart displaying the approximate percentage revenues received by industrial machine manufacturers from each
industrial sector [6]

Figure 1 shows the approximate revenue received from the sales of industrial AM systems from each
sector as a percentage. For the 5™ year in a row, the most significant revenue is obtained from the
industrial/business sector. This broad category incorporates many sub-classifications, from industrial
automation equipment to document printers and computers. A similar level of variation is contained
within the consumer products/electronics grouping. Therefore, from this data, it can be ascertained
that a large share of the AM industrial machine revenue is generated by the aerospace, automotive

and medical/dental industries, which collectively hold a market share of 46.2 % [6].

Patent applications are also a valuable indication of industry growth. Regarding AM, patents are
generally related to the development of new technological advancements, sometimes representing
design patents for components produced by AM machines. Between 2015 and 2017, there were 4,957
published applications to the US Patent and Trademark Office, averaging 1,652 a year compared to
2,218 in the 15 years preceding. This dramatic increase represents the progression of the technology

and the heightened level of interest, research, and investment in AM.

The transfer of data between research groups, universities, and industry through partnerships and
publications is vital for increased technology development. Governmental intervention can assist with
creating centres such as the ‘America Makes’ and the ‘High Value Manufacturing Catapult Centres’,

formed by the US and UK governments, respectively [6].
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2.1.2 Benefits of AM

AM opens the door to previously considered impossible, unfeasible, or uneconomic applications. The
possibility of mass customisation means that bespoke parts remain cost-effective. AM has developed
over time, and the list of usable materials, geometric accuracy, and overall output quality has

improved [9].

The list of benefits for AM over traditional manufacturing methods such as machining, drilling,
grinding, and casting is extensive. To begin with, parts made through AM use less material than those
produced by subtractive methods, leading to less waste product. This is compounded as the size and
complexity of part geometries are increased. Complex structures often need many support structures
when produced through AM, but when designed correctly, the material wastage is still significantly

less than in other manufacturing methods [5,9-11].

In line with AM’s initial objective of rapid prototyping, changes can be made to designs quickly and
cost-efficiently simply by editing the CAD file and beginning a new build [9,12]. The only costs in this
process are materials and the energy used to create the part. Comparatively, subtractive
manufacturing operations will need to be redesigned to create the new part. This can be far more
time-consuming as additional machining steps may be required to complete the new geometry.
Furthermore, extra material is also wasted because of this. Changing a casting manufacturing process
is also very costly and time-consuming. Even when small, casting moulds are expensive and, even

when made in-house, require extra time for manufacture and delivery.

Potential part complexity and part reduction are other benefits of the AM process compared to
traditional manufacturing methods [13,14]. Net-shape processes such as casting and injection
moulding are associated with fast cycle times, leading to increased production at a lower cost.
However, their use is limited by the complexity of the geometries the moulds can produce, and
intricate parts must be divided into multiple smaller components, each requiring its own mould. Only
after an arduous assembly procedure requiring several time-consuming joining processes is the

desired part completed.

2.1.3 AM Obstacles

2.1.3.1 Running Costs

AM machines, particularly those that can operate on an industrial level and produce components of a
quality that rivals those made by traditional methods, are exceedingly expensive. As mentioned, the

average cost of an industrial metal AM system in 2017 was over $400,000. This is partly due to the
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complexity of the machines and the technology they employ but also due to the industry’s infancy,

market competition, and the relatively low volume being sold [6].

After purchasing the necessary machinery, another cost associated with AM is the elevated material
cost compared to that needed for standard manufacturing methods. Some manufacturers only offer
machine warranties on the proviso that the customer will solely use material purchased from that
company, reducing competition. Thermoplastics used in material extrusion processes are produced at
a relatively similar cost to those used in injection moulding. However, the cost of production of
metallic power for use in powder bed fusion far exceeds that of its traditional counterpart due to the
complex and expensive processes that were undertaken to create them. Each type of machine will
have its own running costs comprising of those related to operation, such as an inert gas like argon
and electricity, or consumables such as new filters between builds and other clean-down procedures

[5,6,9,10].

2.1.3.2 Cost justification

AM rarely makes business sense if assessed on a like-for-like cost comparison with conventional
processes. However, the price of the technology cannot be constricted to this dictatorial approach of
cost at the point of purchase, and many of the financial benefits AM offers are realised through a
component’s lifespan [15]. For example, a traditionally made part for use in a vehicle may cost half
that of its AM equivalent. However, a weight reduction of 30 % may mean that the savings over its
operation lifetime are more significant than the initial price differential, and AM suddenly becomes
more economically viable. Additionally, significant savings have been realised in industry case studies,
for example, turbine blade repair, airframe component material utilisation, and forged engine

components [10].

2.1.3.3 Machine throughput

Increasing AM component throughput will reduce the cost of AM parts, allowing the machine
depreciation to be distributed across a more significant number of parts over its lifetime. Current build
chamber volumes limit both the size of individual components and the number of parts that can be
produced in one build cycle and, therefore, the effective throughput. The processes that must be
carried out between builds for many systems are time-consuming, and reducing these instances will
increase production. Increasing operating speeds naturally increases throughput and can be achieved
in powder bed fusion systems with the use of multiple lasers working simultaneously to fabricate the
part [6]. This is a relatively new technology and requires further research to determine its effects on

component properties.
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One conceptual technology that is making promising developments is those of continuous production
techniques, an example of which is shown in Figure 2These would allow parts to be made
continuously, with the only intervention being the resupply of the build material and required
maintenance. This would drastically increase production and also allow for the construction of much

larger components [16].

Figure 2 Stratasys H2000 Infinite Build 3D printer [17]

2.1.3.4 Certification & Quality Assurance

As with any new technology entering a market, AM must be assessed to make sure it complies with
the rigorous quality control that governs the sector. These are particularly stringent in the highly
regulated medical and aerospace industries, where the certification of new designs, processes and
materials are often time consuming, complex, and expensive [10,18]. These components must meet
or surpass the existing international standards that govern the industry, which often relate to
materials’ properties or the level of defects. Part quality is not always the challenge for parts produced
through AM methods; however, inconsistency over long production runs is well documented due to

issues such as porosity, cracks, un-melted regions, and surface roughness [6,19].

2.1.3.5 Corrosion Resistance

Metallic parts produced through various AM processes are renowned for having greater variability in
corrosion resistance than their traditionally manufactured counterparts. This is predominantly due to
the physical and chemical processes undergone during their fabrication and the effect these have on
the microstructure. As mentioned previously, the majority of research into AM metal components has

focused on their mechanical properties, bringing them to the point where they can replicate the
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performance of conventional parts. Therefore, work still needs to be done to improve the corrosion

resistance of AM parts and the consistency of this failure method [9].

2.1.4 Additive Manufacturing Methods

2.1.4.1 System Classification

Several processes can build parts using additive layer manufacturing (ALM), creating the designed
geometry by adding material layer by layer. Due to the nature of each manufacturing process, each
ALM technology is bound to a specific list of materials that it can administer. Broadly speaking, these
are plastics, composites, ceramics, and metals. Within these processes, the parameters they employ
to create the desired parts cause large variability in the output’s specification [8,20]. These include
part density, geometrical accuracy, and surface roughness. For metal-based AM systems, the
feedstock can be separated into 3 different categories, namely those of powder bed, powder fed and

wire fed [4-6,9].
The main types of metal AM processes found and the technology they use are those of:

e Powder Bed Fusion (Direct metal laser sintering/Electron beam melting/Selective laser
melting (SLM))

e Binder Jetting (Powder bed/Inkjet head printing)

e Direct Energy Deposition (Laser metal deposition)

e Sheet Lamination (Laminated object manufacturing/Ultrasonic consolidation)

Other processes include:

e Binder Jetting (Plaster-based 3D printing)

e Material Extrusion (Fused deposition modelling)
e Material Jetting (Stereolithography)

e VAT Polymerisation (Digital light processing)

However, these manufacturing methods are limited to the production of polymers, ceramics and

composites.

2.1.4.2 Powder Bed Fusion

The term ‘powder bed fusion’ (PBF) is used to define all processes that use concentrated energy in the
form of an electron beam (EBM) or LPBF to selectively melt or sinter material in powder form, fusing

the layers of powder together to create the desired geometry over time. This technology can be used
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for an extensive list of materials; however, the method used to melt the powder must be tailored to

the material in use and its melting point [5].

All PBF processes share a fundamental set of characteristics. These include a thermal source, usually
in the form of a laser (commonly referred to as laser sintering), to induce fusion between the powder
particles and a method of controlling the direction of such a source with a focusing lens [21]. They also
require a system to evenly and smoothly distribute the powder across the build plate at a predefined
layer thickness (LT), often made up of a powder dispenser and a roller/rake. The construction of parts
by this technique occurs in an enclosed chamber that is filled with an inert gas, usually nitrogen or
argon [21,22]. These help to minimise the oxidation and degradation of the powder. More advanced
machines may use apparatus to direct the flow of the inert gas across the build plate to carry away
any ‘balling’, spatter or unwanted gases created during the sintering of the powder. Also, prior to the
build cycle, the build chamber is bereft of oxygen using a vacuum pump, again to minimise oxidation

of the part during building [22].

For polymers, the neighbouring powder acts as scaffolding for the part and therefore, additional
support structures are rarely required. For metal parts, support structures are required to anchor
them to the build plate [10,21,22]. The geometries associated with some parts can also necessitate
the use of supporting constructs, often those at an angle greater than 45 °. Thermal gradients are high
within the build chamber and can lead to large thermal stresses and distortion if these fixtures are not

used [23].

2.1.4.3 Binder Jetting

Binder jetting works by depositing a liquid binder onto a powder layer by layer. Depending on the
material, other processes, including curing, sintering, infiltration, and consolidation, are used to

complete the part [24-26].

Binder jetting can create parts built from a range of materials, from polymers and metals to
composites and ceramics. It can also be used to rapidly manufacture casts from sand. The process
begins with the CAD file being imported into the printer, and the powder for the part to be built from
is poured into the hopper. An initial layer of the powder is distributed evenly across the build plate at
the designated thickness, and then the printer head moves across the plate, depositing the liquid
binder where necessary to create the geometry at that layer. That layer is then briefly cured before
the build plate is lowered by an amount equal to the LT, and these steps are repeated until the part is

constructed[24].
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Once the binder is dry, a fragile binder-material mix remains. The build must then be removed and
placed in a furnace to cure the part to give it it's mechanical strength. The parameters of this step
depend on the type of binder in use. Composites, polymers, ceramics, and sand moulds can usually
move straight to post-processing steps after this is complete. When cured, metal parts produced by
binder jetting require sintering to sinter the loose powder and burn off the loose powder. However,

this leaves a highly porous part requiring infiltration or consolidation to increase its density.

Binder jetting machines are capable of building parts at relatively high speeds and at low cost;
however, metal parts will take longer due to the necessity for sintering and infiltration/consolidation
[25,26]. Due to the relative lack of research in the field, the materials currently available to
manufacture with binder jetting technology are limited compared to DED and PBF. Resultant parts
created by this method often have a limited level of accuracy and poor surface finish, requiring work

afterwards [24].

2.1.4.4 Direct Energy Deposition

Direct Energy Deposition (DED) processes use focused thermal energy, similar to that of powder bed
fusion technology, in the form of a laser or electron beam to fuse the materials into the desired
geometry by melting [27,28]. These processes differ from LPBF in that the material, in the form of a
fine powder or wire feedstock, is melted as it is being deposited. The heat source also simultaneously
melts the substrate to which the feedstock is deposited. This process has been referred to as blown
powder AM, laser cladding and Laser Engineered Net Shaping (LENS). Polymer and ceramic parts can
be formed using this technology, but it is predominantly used for metal powders. Those DEP machines
that use a wire-based feedstock are essentially extensions of standardised welding technology,

feeding a solid wire into a molten pool.

One significant and unique benefit of DED is that multiple materials can be deposited simultaneously
on the build surface, allowing the possibility for functionally graded parts. Another is that the
deposition head on most DEP systems is on a multi-axis motion system or robotic arm, meaning the

build process is not limited to uniaxial builds as in other processes like PBF [27,28].

As with PBF, the build chamber is confined for safety reasons and to allow for a controllable
atmosphere. While nonreactive metals do not necessarily require the chamber to be filled with an

inert gas, a shielding gas aimed at the melt pool is sufficient to remove the risk of oxidation.
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2.1.4.5 Sheet Lamination

Sheet lamination creates the predefined geometry by stacking sheets of the chosen material and
bonding them. It joins these sheets through the use of either adhesively joined or metallurgically
bonded through the use of brazing, diffusion bonding, laser welding, resistance welding or ultrasonic
consolidation [23]. After each layer is bonded to the substrate, it is machined to create the required
geometry at that designated layer. This is less efficient than other additive processes, as waste
material is created. However, most methods allow the production of complex parts that cannot be
manufactured by conventional subtractive or net shape methods, such as overhangs and concealed

geometries.

Sheet lamination, like PBF and Binder jetting processes, has the ability to construct parts from the four
main material groups: metals, polymers, ceramics, and composites. The bonding method employed is

dependent on the material to be built with [6,9].

Some benefits of the parts built by this technology include the speed at which it can make large parts
with a relatively good surface finish and at low cost. However, it can lead to parts with anisotropic
properties, and there is still a need for post-processing. Also, adhesively bonded parts are more

susceptible to tensile and shear loading conditions in the plane perpendicular to the build direction.

Ultrasonic consolidation is widely regarded as one of the more promising techniques for producing
parts through sheet lamination and is advantageous when attempting to create parts made with metal
composites by using alternate sheets of dissimilar metals. Many AM processes also allow for the
possibility of smart structures such as electronics, actuators, or heat pipes to be integrated into a
component during the build, and ultrasonic consolidation offers several advantages. UC is currently
the only mainstream technology that can form metal structures without subjecting them to extreme
temperatures, and large internal cavities can be designed to enable the placement of these smart

structures [23].

2.1.5 Applications

The automotive, aerospace, and medical/dental/veterinary industries provide the driving force behind
the development of metallic AM [6,9,23,29]. These sectors are, therefore, the areas where metal AM'’s
growth is most pronounced and closest to being manufactured on a larger scale [30]As the
technology's development gains even more momentum, the cost of these processes will decrease

while the range of applications and quality of components will increase.
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2.1.5.1 Automotive

Product development within the automotive industry is critical but is often expensive and time
consuming. Commercial automotive companies have been using AM technology to create prototypes,

which has shortened their product development cycles and lowered costs.

More recently, as the technology has developed and the costs of the processes have decreased, they
have also been using AM for low quantity fabrication of structural and functional parts, often for luxury
or low volume production vehicles [12]. It can also be beneficial in the aftersales market for producing
spare parts on demand and replacing components that have been discontinued because the model’s

production line is deceased.

Motorsport has long been at the forefront of technology, and its approach to AM is no different. The
incredibly low scale production, as well as the complexity of components, means that AM is well suited
for this sector and allows designers more manufacturing freedom, without the restrictions of
traditional processes. These freedoms can incorporate anything from lighter components to complex
internal geometries, which can enhance internal flow path efficiency in fluid systems and reduce

demand on other parts, in some cases by up to 250 % [31].

Within Formula 1, the Fédération Internationale de I'Automobile (FIA) technical regulations for the
2020 season state that the car's mass, excluding fuel, must be above 745kg. This figure must include
the mass of the driver, which in turn must be no less than 80kg [32]. While this must be obeyed, if
parts, particularly those deemed non-critical, can be lightened through AM, other, more essential
parts can be increased in size to enhance reliability and strength. Mass could also be added to different
areas of the car to improve the weight distribution, all while remaining at the minimum threshold

demanded by the regulations.

Motorsport races occur across the globe throughout the year. This requires the transportation of race-
ready cars and a significant number of spare parts, amongst other items, around the world at
eyewatering expense. Often, updates in aerodynamic parts occur between race weekends, sometimes
within a weekend itself, and new components must be flown directly to a track. Through further
research and technological advancement, AM could be utilised in the event of a crash or failure to
manufacture replacement parts on-site, thus reducing the number of components requiring transport
between tracks. This is particularly relevant when the sport is making significant changes to reduce its

emissions and lower operating costs.
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2.1.5.2 Aerospace

The requirements of the aerospace industry are often far greater than those of other sectors,
particularly when discussing the complex geometries and advanced materials required by their in-
service components. Materials such as titanium alloys, nickel superalloys and high temperature
ceramics are often used due to the extreme conditions undergone during a normal operation and
these can be expensive and time consuming to manufacture using standard methods. Additionally,
the production of aerospace components usually occurs in much lower quantities compared to other
industries. This works within one of the current limiting factors of AM, that larger scale production of

parts becomes uneconomically viable beyond a certain point.

One early example of the use of AM for an end-use component within the aerospace industry occurred
on the 5th of November 2015. On this date, Rolls-Royce concluded the first test flight of one of the
largest aero-engine components produced by ALM at that time in their new Trent XWB-97 engine. The
48 stators housed at the inlet, which guide the air into the compressor, were made from titanium by

ALM [33].

Boeing and Bell helicopter have also been using additively manufactured polymer parts for non-
structural parts since the mid-1990s on both military and commercial aircrafts. Space agencies such
as NASA, the ESA and SpaceX are utilising AM's capabilities to produce vital components for rocket

engines like igniters and combustion chambers [6].

2.1.5.3 Medical/Dental /Veterinary

The medical, dental, and veterinary industries best demonstrate AM's practicality for mass
customisation and bespoke designs. In these industries, the need for the production of two identical
parts is incredibly rare, with each patient requiring anything from minute to major adaptations to an

initial design to optimise it for their needs and specifications.

The list of possible applications within these industries is extremely extensive, including both intrusive

procedures and external aids.

There is a huge market in these sectors for orthopaedic implants, prosthetics development, surgical
and diagnostic aids, and tissue engineering [30,34]. The capability to fabricate trabecular structures
for implants increases osteointegration, with the porous surface creating a better environment for

bone tissue to grow into [6,29].

Due to the nature of the environments they reside in, the materials feasible for these components are

largely restricted. When in place, they must not cause any internal damage, both physical and through
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other means, such as the chemical composition of the component. There is currently a limited number
of approved polymer materials that are classified as safe for invasive procedures; however, metal
systems are used regularly for a wide range [34—36]. Often, titanium is the material of choice, but it is
very costly. Cobalt chromium and stainless steels with higher concentrations of elements such as
molybdenum are both plausible alternatives, provided they have the required biocompatibility for the

application.

2.1.6 Process Parameters

The processes employed in the fabrication of AM parts have a dramatic effect on the physical and
microstructural characteristics of the final part, as well as the inclusion of defects. These include part
density and porosity, residual stresses, and grain boundary variation. A huge amount of work has gone
into understanding the impacts these process parameters have on the mechanical and

electrochemical properties through both computational and experimental methods [37-47].
The process parameters for LPBF systems can be allocated into four classifications:

e Laser parameters
e Scanning parameters
e Powder parameters

e Temperature parameters

Laser parameters include laser power (P), spot size, and exposure time (ET), with the scanning
parameters including scan speed (V), hatch spacing (HS), and scan pattern (the path the laser traverses
when melting the powder). These, when combined with the LT and through the use of equation 1,

gives the volumetric energy density (VED) of the laser.

P X ET 1

VED = 5 X HS X LT

VED has a direct relationship with the final part density, as shown by the graph in Figure 3. The
optimum laser parameters and energy density value fluctuate for different materials, but the trend

displayed can be observed across all metals that have been successfully processed by AM.
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Figure 3 Part density vs laser energy density for 316L [48]

Figure 4 shows a graphical representation of melt pool formation from two different orientations, also

depicting how different energy densities generate distinct melt pools. A preferential melt pool

uniformly overlaps all surrounding pools, leaves no unmelted powder, and is achieved by using a

machine’s optimum parameters for the given material. It is highlighted in the figure as ‘normal’. These

constraints will likely produce a part with the highest density. Increase the energy density further, and

keyholing is often seen, with the laser penetrating much deeper into the substrate and creating pores.

This higher energy density can also cause vaporisation of the metal, the gas of which cannot escape,

forming gaseous cavities within the part. If an insufficient energy density is incident on the powder,

the melting will be incomplete [49].
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Figure 4 Melt pool geometry vs energy density [50]

2.1.7 Powder Parameters

Powder parameters are important to consider when building through LPBF, as they have a direct effect
on the final quality of the part. Generally, a higher-quality powder, which is to say, a powder with
smaller and more spherical particles, creates parts of superior quality compared to those made with
a powder consisting of larger, irregularly shaped particles. Finer particles are also known to absorb

laser energy more efficiently than rougher particles, reducing the input required to create the part.

Higher quality powder, along with an effective, uniform powder distribution mechanism, has a
significant effect on powder bed density, which typically ranges from between 50 % and 60 % for most
commercially available powders, as well as being crucial for surface quality [20]. A higher powder bed
density naturally translates to a higher final part density as well as higher thermal conductivity and,

therefore, beneficial properties, provided all other variables are controlled [9].

2.1.8 Temperature Parameters

The temperature of the build plate and the temperature of the atmosphere within the build chamber
can both be controlled during the build. Often, inbuilt systems are used to preheat the chamber

atmosphere and build plate prior to and during the process. This has been shown to reduce the laser
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power requirements for the build and help diminish the effects of any nonuniform thermal expansion

or contraction instigated throughout the parts construction [23].

With all these parameters, trade-offs must be made between dimensional accuracy, electrochemical
and mechanical properties, build rate, surface finish and cost, among others. With regards to which
ones to prioritise, it depends completely on the application of the final part, and the level of post

processing that can be performed to enhance its properties.

2.1.9 Powder Metallurgy

The quality of the metallic feedstock, and in this case the powder used in AM practices, influence the
quality of the final part. Powder quality is controlled by the size, shape, composition, and internal

porosity. The causality of these differences stems from the processes used to produce the powder.

2.1.9.1 Powder Production

The two main methods used in powder production are those of gas and plasma atomisation, which
utilises induction heating and plasma torches, respectively, to melt the metal. Both these processes
occur within an inert gas or vacuum to minimise oxide or other contamination and are displayed in
Figure 5. High-velocity gas is directed at a stream of molten metal, breaking it into droplets which, as
they fall into a collection chamber, solidify in spherical formation. Variations in the parameters
involved will influence the shape and diameter of the particles formed, as well as their uniformity
[51]The production method used depends on the material to be atomised, the production volume,
and the level of purity required. Novel methods for powder production are being developed to reduce

the cost of creation while still providing the requisite quality.
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Figure 5 Gas atomisation and plasma atomisation [52]
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2.1.9.2 Powder Recycling

As mentioned previously, one of the main expenses incurred during AM is the cost of building
materials. During the fabrication of parts created by powder-based mechanisms, all the powder that
is not fused to create the geometry would theoretically be wasted. In builds with tall, intricate parts,
the unused powder can make up the majority of the building mass, the loss of which would amount

to high operational costs and leave the technology uneconomically viable [53].

To circumvent this expenditure, operators can employ powder recycling, thus lowering the quantity
of new powder that must be used to create each part. This can be done simply by collecting the unused
powder from the build chamber and replacing it in the hopper. However, this approach can allow for
larger and more irregular particles, formed through effects such as balling, to be recycled. To avoid
this, sieving is used to only allow particles with a certain diameter to be reincorporated. [53]. This
slightly increases the level of waste; however, it is beneficial to the quality control of parts to be made

from this powder. The feedstock is then topped up with virgin powder.

The possible effects of powder recycling have been researched, and the general consensus is that,
with the use of sieving, particle size distribution (PSD) remains fairly constant, regardless of the
number of times it is reused. This is displayed in Figure 6, which shows minimal change in 316L PSD
over a 30-build sample period. Some reports suggest an increase in the flowability, possibly due to the

reduction of smaller particles and, therefore, reducing the packing factor [54].
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Figure 6 Particle size variation over the rebuild period for 316L [48]

35



2.1.10 Post Processing

The post-processing of AM parts is an important stage in the manufacturing production line and is
used to a far greater extent than parts made by conventional methods. The degree to which it is
required is dependent on the technology and process parameters used to fabricate it, as well as its
intended application. Different AM processes generically cause a certain quality of surface finish,
density, and microstructure. These are important consequences that must be considered when
choosing the technology used in the creation of a component. A process that requires a greater level
of post-processing to bring it to a level that meets the stringent requirements of engineering
applications will incur higher production costs as well as increase the throughput time of the part

[6,9,55].

Mechanical operations are used to remove the parts from their build plate and increase the quality of
the surface finish to the desired level. To affect the part on a microstructural level, thermal processes,

in the form of heat treatments and hot isostatic pressing (HIP) are used.

2.1.10.1 Surface Treatments

AM processes often result in a poor surface finish, which is often unsuitable for certain applications
[6]. The unsatisfactory quality must be improved upon as, aside from affecting the aesthetic
appearance of the part, high surface roughness can have detrimental effects on the part's fatigue and
frictional properties, as well as possibly acting as crack initiation points [55]. Often, it is difficult to
characterise overall surface roughness in AM parts due to varying surface qualities that are dependent
on build orientation. Treatments to improve the surface quality include the sole use of mechanical
actions, such as machining, media blasting and shot peening. Mechanical processes combined with

chemicals, such as electropolishing, can also provide desirable qualities [56,57].

Initially, media blasting is normally used to clean the part and remove any remaining residual powder
from its fabrication. The mediums usually used for this process consist of sand or glass beads. Shot
peening is essentially an extension of this, using compressed air to fire small steel ball bearings (or a
comparable media) against the part to flatten the surface. It is often described as having a micro-

forging effect, smoothing the surface as well as having the capacity to strengthen it [6].

The methodology for machining AM parts is the same as that for conventionally manufactured parts.
Machining is the removal of material, so extra material is usually added when necessary to a CAD
design where machining will be required. Micromachining combines a chemical reaction on the

surface of the material with fluid flow to remove all waste material.
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Other, more complicated methods, such as anodising, plasma spraying, and electroplating, can be
used to produce a very high-quality surface finish. Plasma spraying, in particular, can improve
corrosion protection and wear resistance and give preferential electrical characteristics [58]. These
processes, however, are infrequently used due to their high cost, and therefore, a part's final
application and environment must be considered when assessing the surface treatments to be

employed.

2.1.10.2 Post-Heat Treatments

Once any material removal required to create the final geometry has occurred, thermal processes are
usually used to alleviate residual stresses generated during the additive process, as well as impart
superior mechanical and chemical properties [6,9]. Residual stress within parts of metal AM is
unavoidable due to the rapid temperature changes they undergo during fabrication. As the metal
endures these variations, it expands and contracts within microseconds while still being constrained
by the structure around it. When contraction occurs, shear forces between layers are produced.
Depending on the power of the fusion method, multiple layers beneath the surface may be re-melted

during the process.

Each specific metal alloy is likely to have a ‘recipe’ involving temperature, hold time and cooling
method. These recipes have been optimised so that once the process has been undertaken, it leaves
behind a material with preferential properties. Materials often have recipe variations so that the

microstructure and other properties will be affected in different ways, depending on the application.

The cooling process is as important as the heating of the alloy as it can have a significant effect on the
microstructure and characteristics of the final alloy. A slow cooling rate of 1-20 °C/s through the
austenitic region is used in the annealing of metals. This requires a furnace with controlled cooling, as
exposing the metal to the air outside the chamber will cause it to cool at a faster rate. The aim of a
full anneal on steel is to raise the temperature of the alloy above its austenitic temperature for a
sufficient time so that it forms a fully austenitic grain structure. Once this is achieved, the slow cooling
mentioned previously aims to transform the microstructure from austenitic to pearlite. Pearlite is
made up of a lamellar structure comprising of ferrite and cementite. This results in the alloy becoming
more malleable and ductile but compromising other mechanical properties such as yield strength and

hardness.

Other microstructures are achievable with the application of different temperatures and cooling rates.
TTT and CCT diagrams are useful tools when designhing a heat treatment recipe to manipulate the

microstructure of a metal to achieve the desired result. A crucial factor to consider when using these
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diagrams for steels, alongside phase diagrams, is the carbon content in the metal. Hypoeutectoid
steels are steels with less than 0.76 wt.%C, and those with greater are designated hypereutectoid.
Increased carbon composition results in greater formation of cementite through the treatment,
increasing hardness and strength but compromising ductility and toughness. Another is the alloying
additions to the metal and their effect, as different elemental compositions will cause variations in

the eutectoid temperature.
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Figure 7 Isothermal transformation diagram for iron-carbon alloy 0.76 %C [59]
Figure 7 shows the TTT diagram for an iron-carbon alloy. The initials ‘A’, ‘B’, ‘P’, and ‘M’ represent the
austenite, bainite, pearlite and martensite regions, respectively. The beginning of the transformation
is designated by the red line and the end by the green, with the dashed curved line representing the
point at which a 50/50 split is achieved, either between austenite and pearlite or austenite and bainite.
At higher temperatures of transformation, the carbon diffusion rate is also higher, leading to a coarser
structure. Once austenite has partially or fully transformed into pearlite or bainite, it cannot be
transformed further unless the alloy undergoes austenisation. For iron-carbon alloys with different

elemental compositions, a proeutectoid phase is likely to coincide with pearlite.

Martensite is a non-equilibrium phase and, therefore, does not appear on the iron-carbon phase
diagram. It can be seen that the formation of martensite for this particular alloy in Figure 7 occurs

instantaneously at approximately 215 °C. As further cooling occurs, the alloy becomes less austenitic
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and more martensitic, as shown by the phase composition at 165 °C and 125 °C being 50 % and 90 %

martensitic, respectively.

TTT diagrams are, however, not the most practical to use in real life as the alloy must be rapidly cooled
but then maintained at a controlled, elevated temperature. This is exceptionally hard to dictate. They
can be modified for the use of continuous cooling methods by delaying the time it takes for the
reactions to begin and end, as well as lowering the temperatures they occur at. This creates the CCT
diagram. A slow, continuous cooling process is likely to result in a coarser pearlitic structure, whereas
a faster cooling time will produce a finer formation. Due to the nature of continuous cooling, bainite
will not typically form when plain carbon steel is cooled to room temperature using this method. This
is because the austenite will have fully transformed into pearlite before the bainitic transformation

becomes possible.

For alloyed steel, there is a critical cooling rate which, when exceeded, will produce a totally
martensitic structure. Slower rates will produce structures with a combination of martensite and

pearlite unless they are slow enough to create a 100 % pearlite formation.

2.1.10.3 Hot Isostatic Pressing

Hot isostatic pressing is a form of heat treatment that also incorporates a high, uniformly distributed
pressure to improve a material’s properties. Usually, an inert gas, such as argon, is used in the
containment vessel so that the material does not react chemically whilst undergoing the procedure.
The HIP process variables include the temperature/s and pressure/s that the atmosphere is taken to,

the time the atmosphere is held at these levels, and the method used to cool the material.

The technique is usually applied to sintered and cast parts to increase their density, which is closer to
the theoretical value. The advantages of hipping are well known; aside from increasing the density, it
can eliminate surface and internal porosity, improve mechanical properties, and create a finer grain
structure, among other improvements [60,61]. These will take the part's metallurgical properties
closer to that of its conventionally made counterpart [62]. HIP is regularly used on AM parts that are
to be employed in critical applications, such as in the aerospace industry, which has much finer

tolerances, as part failure can be catastrophic.

2.2 Metallurgy

2.2.1 Steels

Metals can be separated into two categories: ferrous and non-ferrous; the former means the

composition is dominated by iron, and the latter is not. Steel is ferrous and is one of, if not the most
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common metals used in engineering applications due to its low cost, high strength, and good
formability. Steel can be classified into 4 sub-groups: plain carbon steels, low alloy steels, tool steels
and stainless steels. Plain carbon steels can be further devolved into low carbon, medium carbon, and
high carbon steels, containing up to 0.25 wt.%C, 0.25 — 0.6 wt.%C, and >0.6 wt.%C, respectively. Iron-
based alloys containing greater than 2 wt.%C are no longer classed as steel. Instead, they are branded

as cast irons [63].

Steels have an immense variety of uses, with the carbon content being a significant contributor to
these. Lower carbon steels have high ductility and toughness properties, as well as reasonable
strength, and accounts for the lion's share of global steel production [63]. Medium steels are often
used for applications such as casting, forging, and axles, while the hardness and strength of high-

carbon steels make them the choice material for tools and dies.

Steels can be further alloyed with a large number of other metallic elements to provide useful
mechanical, chemical, and conductive properties specific to the end application, meaning the number

of possible combinations is immeasurable.

One major negative of standard steel is that it corrodes freely under a range of standard atmospheric

conditions, with its characteristic red rusting due to iron.

2.2.2 Microstructure

Steels are comprised of different microstructures, namely ferrite, austenite, cementite, pearlite,
martensite, and bainite. These different microstructures, when occurring at varying levels, provide the
steel with distinct characteristics. For example, ferritic microstructures are associated with strength,
corrosion resistance, and stress-corrosion resistance, whilst austenitic microstructures offer increased
toughness and weldability. Duplex stainless steels utilise all of these credentials as they generally

comprise of a 50/50, ferritic/austenitic split.

Iniron, the element that steels comprise the most of, two main types of crystal structures are present,
body centred cubic (BCC) and face centred cubic (FCC). The former is present at temperatures below
910 °C (a-Fe) and above 1400 °C (6-Fe), with the latter (y-Fe) occurring at the intermediate

temperatures. These structures are illustrated in Figure 8 and Figure 9, respectively [64].
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Figure 8 Diagram of BCC structure [59]

Figure 9 Diagram of FCC structure [59]

The type of microstructure or phase can be manipulated through the use of heat treatments,
compositional changes, and external pressures. The lines on the iron-carbon phase diagram in Figure
10 represent the boundaries between these at certain temperatures and compositions. The key focus
of this system is the degree to which carbon is dissolved in interstitial solid solution. FCC structures
have larger interstitial holes than their BCC cousins, leading to a much lower solubility in BCC

microstructures (ferritic) than FCC (austenitic).

Figure 10 indicates that, in the a-Fe phase, the solubility of carbon is at its minimum of 0.005 wt.%C
when at 0 °C, and a maximum of 0.022 wt.%C at 727 °C. As the temperature is increased past 912 °C,
the lattice structure becomes FCC as it enters the austenitic phase which has a much higher solubility
for carbon. It maxes out at 2.14 wt.%C at 1147 °C and a minimum of 0.76 wt.%C at 727 °C, the
temperature, prior to any further decrease, which would take it back into the a-Fe phase. The 6-Fe
phase, whilst still ferritic, has carbon solubility over 4 times higher than that of the a-Fe, at 0.09 wt.%C,

occurring at 1493 °C, just before the melting point of pure iron at 1534 °C.
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Finally, the diagram also indicates that a fully cementite microstructure is only present once the

carbon solubility surpasses 6.7 wt.%, at which point the alloy becomes iron carbide.
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Figure 10 Iron-carbon phase diagram [59]

The eutectic reaction occurs at 1147 °C, where liquid iron containing 4.3 wt.%C forms y-Fe with 2.14
wt.%C, and cementite with 6.7 wt.%C. The eutectoid point is the point at which the austenitic
microstructure produces a-Fe with a carbon solubility of 0.02 wt.% and FesC, again with 6.7 wt.%C.
This latter reaction occurs when the alloy is in a completely solid state. Additional alloying elements

have significant effects on the eutectic and eutectoid temperatures.

It is important to understand this diagram and others such as Isothermal transformation diagrams
(TTT) and Continuous cooling transformation diagrams (CCT) as, whilst phase diagrams show how an
alloy proceeds towards an equilibrium state depending on its composition, there is no indication of

the time required to achieve it.
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2.2.3 Available steels

2.2.3.1 Stainless Steels

Stainless steels differ from generic steels due to the alloying addition of chromium, with the minimum
quantity of Cr required for it to be classed as stainless being 11 wt.%Cr [65]. This supplement provides
the steel with a superior level of corrosion resistance, as a passive layer of chromium oxide forms to
cover the damaged surface or corroding site, protecting it from further attack [66]. Duplex and super
duplex stainless steels contain substantial amounts of alloyed chromium (22 % and 25 %, respectively),
providing them with significant pitting corrosion resistance, even in the harshest of environments.
Chromium is, however, very expensive and due to this, its use is limited where possible. Large amounts

of it can also compromise the material's mechanical properties and workability [67].

The designations for each wrought steel grade are most commonly known by the three-digit number
prescribed to them by the American Iron and Steel Institute (AlISI). For example, numbers in the 200
range contain all manganese and nitrogen austenitic stainless steels, whereas those in the 300 range
represent those austenitic stainless steels containing nickel. The ‘L’ notation succeeding some
numbered grades denotes that it contains a low carbon content, <0.3 %. This lower carbon content is
often associated with increased corrosion resistance as well as slightly lower strength at extreme
temperatures. The global production of stainless steel was circa 52.2 million metric tonnes in 2019,

over 27 million more than it was ten years before [68].

2.2.3.2 316/L Stainless Steel

Grade 316 stainless steel is the second most common austenitic grade after 304 and is widely regarded
as the ‘marine grade’ stainless steel due to its increased resilience to chloride-rich environments
[69,70]. Grade 316L differs from standard 316 as its chemical composition contains a lower percentage
of carbon. The benefits of this include its immunisation from sensitisation, greater corrosion
resistance, and the inhibition of carbide precipitation at grain boundaries. It is, therefore, often used
in components that require a degree of welding [29,70]. The chemical composition ranges for 316L

stainless steels can be seen below in

Table 1.
Table 1 Chemical composition ranges for stainless steel 316L [70]
Element C Mn Si P S Cr Mo Ni N Fe
Min - - - - - 16.0 2.00 10.0 - Bal

Max 0.03 2.0 0.75 0.045 0.03 18.0 3.00 14.0 0.10 Bal
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Large quantities of nickel are often found in stainless steel to increase its ductility, weldability, and
formability [71]. The addition of molybdenum is used to further increase the alloy’s control of pitting

corrosion.

Due to its strength and corrosion resistance, 316 is often used in applications such as aerospace,
pharmaceuticals, cutlery, and marine, with 316L used for those environments with more corrosive

properties [72,73].

2.2.4 Cold Rolling

Cold rolling is a process used in the production of metal sheets, strips, and coils, where the metal is
passed through a series of rollers at room temperature or below. The process is called "cold" because
it does not involve heating the metal above its recrystallisation temperature. During cold rolling, the
metal is gradually deformed as it passes through the rollers. The process can be used to reduce the
thickness of the metal, create a smoother surface finish, and improve the mechanical properties of
the metal, such as its strength and hardness. Cold rolling is commonly used to produce steel sheets
and strips, but it can also be used with other metals, such as aluminium, copper, and brass. The
resulting metal sheets and strips are used in a wide range of applications, including automotive parts
and construction materials. Cold rolling, accompanied by heat treatments, has also been shown to

increase the corrosion resistance of alloys when the right level of deformation is achieved [74-77].

2.2.5 AM Corrosion

As referenced earlier in this review, one significant obstacle to the industrialisation of metal AM is its
increased irregularity to corrosive processes compared to its traditionally manufactured counterparts.
Research into the causes of this has significantly trailed behind the development of the mechanical

properties of AM components since their introduction, as the latter is the industry focal point.

There are many theories as to why this transpires, some stemming from the thermal processes
involved during manufacture, initiating consequences such as internal residual stresses, unique
microstructures, and dislocation cells [78]. As the layers of powder and substrate are repeatedly
heated and rapidly cooled, the diffusion of its constituent elements occurs at distinct locations and
different speeds. This has been shown to cause higher concentrations of certain elements around the
perimeter of the melt pool, which, in turn, can increase its susceptibility to corrosive environments,
especially if these areas include those elements added to improve corrosion resistance, such as
chromium and molybdenum [29,79,80]. Surface finish defects, whilst present across the majority of

manufacturing processes, are more prominent where metal AM is concerned. However, this is
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correctable to a degree with the techniques described previously. Much focus, though, is directed to

the porosity that occurs during the fusion stage of the AM procedure.

AM porosity can be divided into two sub-categories: porosity caused by incomplete fusion and
porosity caused by trapped gas during the melting process. The overall porosity can be varied by
optimising certain manufacturing conditions such as laser energy density, scan strategy and other
process parameters [81]. The effect of varying the laser energy density incident on the metallic powder

has on the relative density of the part produced is displayed in Figure 3.

Much of the relevant literature suggests that increasing the energy density applied has the effect of
reducing porosity until such a point is reached that further increasing results in vaporisation and
balling of the metallic powder. This has been observed to increase porosity by causing gases to become
trapped within the build [82]. Prior to this energy density, the porosity present is prominently due to

the incomplete fusion of the powder.

Small, porous sites on the surface of AM metals provide an ideal environment for pitting corrosion to
occur. Pitting is particularly common throughout AM corrosion studies and regularly occurs at sites of
high porosity; however, more research must be conducted to understand why it initiates at certain

sites more frequently.

2.2.6 316L Corrosion

As previously mentioned, 316 stainless steel has a greater resistance to chloride environments when
compared to other grade variations in the 300 series, particularly with regard to pitting and crevice
corrosion. This is partly due to the alloying addition of molybdenum (2-3 %) [69]. 316L further
increases this corrosion resistance with the benefit of lower carbon content. Some literature reports
that AM 316L, due to its finer grain structure compared to its wrought equivalent, had better barrier

characteristics due to an increase in its passive film growth rate [83].

In some instances, corrosion of AM 316L has been shown to dramatically increase the surface
roughness of the sample compared to a traditionally made specimen under the same conditions [84].
Mass loss under the same conditions is also experienced to a greater by the AM specimens, an
important quantifier in the lifespan of a material, as significant mass loss will, while potentially
compromising the aesthetic appeal of a component, can, more importantly, lead to its mechanical
failure. This was also shown over a 2184 hr exposure to a 0.75 M sulphuric acid solution by Miller et
al. where the LPBF specimen’s tensile strength and strain measurements were affected significantly

more than the traditionally manufactured [72].
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Again, due to the thermal processes undergone during the melting and rapid cooling of the metallic
powder during fabrication, essential elements alloyed to specifically increase corrosion resistance are
known to congregate along grain boundaries. This elemental segregation, when compared to the
often homogenous structure of wrought metals, can lead to increased susceptibility to corrosion in

the areas where metallic additions such as chromium and molybdenum are deficient [29].

Trelwicz et al. reports that AM 316L, when undergoing a potentiodynamic scan in a solution of
deaerated 0.1M HCI, demonstrated a substantially reduced passive region and a greater passive
current density than the wrought specimen [85]. Both of these results implicate a weakened corrosion
resistance for the LPBF sample when compared. It is also suggested that these disparities were more
due to the AM specimen’s microstructural inconsistencies than its porosity. This again brings the

discussion forward as to what the main protagonist for corrosion among AM alloys is.

Literature suggests that AM 316L, when undergoing cyclic polarisation, displays a higher pitting
potential (Epit) than that of the wrought 316 SS. It is hinted that this is due to the impacts that the SLM
process has on limiting the size and concentration of inclusions on the surface of the metal. It also
indicates that an increase in the level of porosity within a sample results in a lowering of the

repassivation potential (E;) as well as increasing the frequency that metastable pits occur [86].

2.3 High entropy alloys

2.3.1 History of High Entropy Alloys

Traditional alloy development has focused on selecting the main metal component of the alloy based
on the most desirable properties. Alloying elements are then added in various quantities to provide it
with additional preferential properties [87—90]. Stainless steel is an example of this, with Fe making
up the bulk of composition as the primary element for its strength properties, with Cr added to

increase the corrosion resistance.

Modern multi-principal element alloy (MPEAs) research began as the undergraduate thesis of Alain
Vincent and his supervisor Brian Cantor in the late 1970s at Sussex University. During this time, Cantor
developed the base equiatomic alloy FeCrMnNiCo, known as the ‘Cantor alloy’[91]. This research was
continued by Peter Knight as another undergraduate project at the University of Oxford in 1998 before
being repeated again by Isaac Chang in 2000 at the same institution [91]. The work was combined with
his predecessors, refined, and published in 2004 [87]. Initially, 20 and 16-element alloy systems were
investigated, with each element present in equal atomic proportions, at 5 at.% and 6.25 at.%,

respectively [87,91]. Both resulted in alloys that were multiphase and brittle. However, their phases
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were predominately single FCC primary. Further research was completed on equimolar alloys

consisting of between 5 and 9 elements [87].

HEAs were proposed in 1996 by the Alloy Research Group, National Tsing Hua University, to escape
this conventional method of alloy innovation in order to increase the degrees of freedom and to
explore the possible manipulation of solid solution phase stability through the regulation of
configurational entropy [89,92]. The classic compositional definition of a HEA is an alloy system
containing five or more constituent elements, with each of these elements existing in quantities
ranging between 5 at.% and 35 at.%. Based on this principle, alloys consisting of up to 20 elements
could be created [89,91-94]. There is also a secondary definition, motivated by the ‘high entropy’
segment, which states that the configurational molar entropy of the alloy ‘S be greater than
1.61R for an alloy with 5 components (where SS refers to solid solution phases and R is the gas
constant) [92]. This value increases with the number of constituent elements, as shown in Table 2,
below. This definition is, however, flawed, with factors such as temperature and pressure affecting an

alloy’s entropy.

Table 2 Configurational entropies of equiatomic alloys with constituent elements between 5 and 13 [91]

N 5 6 7 8 9 10 11 12 13
AScons | 1.61R | 1.79R | 1.95R | 2.08R 2.2R 2.3R 2.4R 2.49R | 2.57R

Since then, the level of research interest in HEAs has been gathering pace, with significant effort going
into understanding the complex thermodynamic effects taking place in these alloys as well as how

their relatively unexplored benefits compare to traditional alloy systems [95—-101].

2.3.2 The Four Effects of High Entropy Alloys

The effects that the microstructure and properties of HEAs are subjected to differ from those that
conventional alloys undergo. Those undergone by the former are high entropy, severe lattice

distortion, sluggish diffusion, and cocktail effects.

2.3.2.1 High Entropy

Many describe the high entropy effect as the most important of the four discussed effects. This is
because it can improve the formation of solid solutions, making the microstructures produced simpler
and with less likelihood of intermetallic formation. This is attributed to their high mixing entropies
[91,92,102,103]. This high degree of disorder in HEAs can lead to unique microstructures and several

exceptional properties, such as high strength, excellent ductility, and good resistance to wear and
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corrosion. It is widely accepted that, due to this effect, the number of phases in the alloy created is
far lower than the Gibbs phase rule. This states that given an alloy at constant pressure in equilibrium,
the number of phases (P) will be equal to the number of components (N) plus 1 minus the number of

thermodynamic degrees of freedom (F), as shown by Equation 2 below [91,103].

P=C+1-F 2

Contrary to this, however, it has been observed that on analysis, HEAs composed of compatible
elements are comprised of fewer solid phases than expected and as low as one single phase, a

characteristic credited again to their high mixing entropies [102].

Overall, the high entropy effect in HEAs represents an innovative approach to the design and synthesis
of advanced materials, which has the potential to revolutionise a wide range of industries, including

aerospace, automotive, and energy.

2.3.2.2 Severe Lattice Distortion

The severe lattice distortion effect in HEAs refers to the significant disruption of the crystal lattice due
to the random arrangement of multiple elements in equimolar or near-equimolar proportions. The
random distribution of various elements in HEAs creates a highly disordered structure, which leads to

significant local lattice distortions [104,105].

The severe lattice distortion effect has important implications for HEAs' mechanical and physical
properties. First, the high degree of lattice distortion creates a large number of lattice defects, such as
dislocations and vacancies, which contribute to HEAs' high strength and ductility. Second, the severe
lattice distortion can lead to the formation of complex microstructures, such as nanocrystalline and
amorphous phases, which contribute to the exceptional properties of HEAs, such as high corrosion

resistance and excellent wear resistance.

The severe lattice distortion effect is believed to arise from a combination of factors, including the
high degree of compositional complexity, the suppression of intermetallic compound formation, and
the formation of solid solutions between multiple elements. This effect is one of the critical
characteristics of HEAs and has been extensively studied in recent years as part of efforts to
understand the unique properties of these materials and to develop new, high-performance alloys for

a range of applications [92].
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2.3.2.3 Sluggish Diffusion

The sluggish diffusion effect in HEAs refers to the phenomenon where the diffusion of atoms within
the material is slower than in conventional alloys due to the high degree of compositional complexity
and the resulting high configurational entropy. This effect is caused by the fact that in a HEA, many
different elements are randomly distributed throughout the crystal lattice, which can create local

compositional fluctuations and impede the diffusion of atoms [92].

In conventional alloys, the diffusion of atoms is relatively fast and follows well-established diffusion
paths. However, as previously mentioned, in HEAs, the large number of elements and their random
distribution create a highly disordered structure, which can lead to diffusion pathways that are not
well-defined. The difference in these neighbouring atomic structures creates varying energies across
sites, with atoms in lower energy regions essentially becoming trapped and unable to move to a higher

energy vacancy.

The sluggish diffusion effect has important implications for the properties of HEAs. For example, it can
lead to the formation of complex microstructures and the suppression of phase transformations,
which can contribute to the high strength, ductility, and resistance to wear and corrosion that are
observed in many HEAs. However, it can also make it more challenging to process and fabricate HEAs,

as it can lead to the formation of unwanted phases or the segregation of elements during processing.

2.3.2.4 Cocktail Effects

The cocktail effect in HEAs refers to the synergistic or combined effects of multiple elements in the
alloy on its properties. In a HEA, many different elements are randomly distributed throughout the
crystal lattice, which can lead to a wide range of compositions and a high degree of compositional
complexity. As a result, the interactions between the different elements can lead to unique and often

unpredictable properties, which are not observed in conventional alloys [104,105].

The cocktail effect arises from the fact that a HEA's properties are not simply a linear combination of
the properties of its constituent elements but rather the result of the complex interactions between
these elements. For example, the addition of a small amount of a particular element to a HEA can have
a significant effect on its mechanical, physical, or chemical properties, even if the individual element

itself does not have a strong effect.

The cocktail effect, a key concept in the design and synthesis of High Entropy Alloys (HEAs), has
revolutionized the field of materials engineering. By strategically selecting the composition and

distribution of the constituent elements, we can now create alloys with customized properties for
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specific applications. This breakthrough has sparked significant interest in HEAs, a novel class of

materials that hold the potential for superior properties compared to conventional alloys.

2.3.3 Methods for Alloy Design

The selection methods used when designing new HEAs differ from that of conventional alloy systems
with a base metal, mainly due to the 4 effects highlighted above. It’s a complex process with plenty of
factors that need consideration, including its desired properties, cost, and applications.
Experimentation was the only way to understand these effects in the early years of HEA development.
This involved synthesising every composition and characterising the resultant alloy through optical
analysis or mechanical testing. This is, however, incredibly time-consuming, even for a few
compositions, and so it is impractical as a method to understand more about these new alloy systems.
It was, therefore, essential to narrow down compositions that would give the desired properties

before manufacturing them.

Early work in the 1920s by metallurgist William Hume-Rothery led to some simple rules on the
solubility of an element when it is dissolved into a host metal. Firstly, the radii of the solvent’s atoms
must not differ by more than 15 % from that of the solute. Developing this rule further, complete
solubility can be achieved when the size factor is kept to less than 8 % [91]. If the constituent elements
have atomic radii within these bounds, solid solutions are more likely to form instead of intermetallic
compounds. These formations have an effect on the lattice distortion of the alloy created. Secondly,
the solubility of a solute in its host is likely to decrease when there is a more significant difference in
electronegativity, as intermetallic compounds are likely to form. Finally, increased solubility is
expected to occur if the crystal structures of the elements are the same and if the solute and solvent
have the same valency [91]. Once predictions have been made and compositions chosen, RAP can
make these alloys in small quantities with high throughput whilst replicating the mechanical

properties of alloys made through traditional methods [106—-115].

However, it is concluded that these criteria cannot be taken in isolation to predict the formation and
characteristics of the resultant alloy. Further thermodynamic and topological parameters can be used

alongside these methods to predict the solid solution formation conditions in HEAs.

2.3.3.1 Entropy of Mixing

The entropy of mixing (ASmix) is a thermodynamic parameter used in the development and
characterisation of HEAs to evaluate the degree of disorder or randomness associated with mixing
constituent elements in an alloy. It is defined as the change in entropy that occurs when two or more

elements are combined to form a solid solution.

50



The ASmixis related to the formation and stability of HEAs. In general, HEAs with high entropy of mixing
tend to have better mixing and form single-phase solid solutions. In contrast, those with low entropy

of mixing tend to have poor mixing and form multiphase or multiplex alloys.

Miracle et.al discuss an operational designation for HEAs as an alloy with either an ideal or regular
configurational entropy with maximum AS.x > 1.5R, where R is the gas constant = 8.314J-mol™-K™

[92].

2.3.3.2 Enthalpy of Mixing

Enthalpy of mixing is another thermodynamic parameter used in developing and characterising HEAs
to evaluate the energy associated with the random mixing of constituent elements in an alloy. It is
defined as the difference in enthalpy between the mixed alloy and the hypothetical reference state

where the constituent elements are separate and at the same temperature and pressure.

The enthalpy of mixing is related to the formation and stability of HEAs. In general, HEAs with low
enthalpy of mixing tend to have better mixing and form single-phase solid solutions. In contrast, those
with high enthalpy of mixing tend to have poor mixing and form multiphase or multiplex alloys. A
negative enthalpy of mixing is also associated with the formation of intermetallic compounds, with

the inverse leading to clustering and elemental segregation [91].

Other methods of selection for alloy systems are based on parameters such as the non-dimensional
Omega, atomic size mismatch, valence electron concentration, and finally, the itinerant electrons per

atom and average atomic radius, also known by the e/a and 7 [116-118].

2.3.4 High Entropy Alloys Studied for Corrosion

HEAs that have been manufactured and studied for their corrosion resistance cite many different
properties associated with HEAs that increase their corrosion resistance to a level greater than their
individual alloying elements would suggest, and beyond that of some widely used stainless steels
[119-124]. HEAs often incorporate large quantities of elements with inherent corrosion resistance,
such as chromium, nickel, and molybdenum. These elements form protective oxide layers on the alloy
surface, acting as a barrier against corrosive environments. These properties include the fact that HEAs
are often characterised by a single-phase, homogeneous microstructure, which reduces the presence

of interphase boundaries [125,126].

Traditional alloys often have distinct phases and grain boundaries that can act as preferential sites for
corrosion initiation. The absence of such features in many HEAs contributes to their improved

corrosion resistance. However, it is reported that in some cases where secondary or intermetallic
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phases form, such inhomogeneity can result in micro-galvanic localised corrosion due to elemental

segregation [127-129].

304 SS is the most commonly used stainless steel in the world but comparing its corrosion resistance
to a CugsNiAlCoCrFeSi HEA provides mixed results. It is reported that the HEA is more resistant to
general corrosion at room temperature in the deaerated H,SO4 and NaCl solutions tested, but once
corrosion has been initiated, the rate of corrosion is faster than the 304 SS due to weak passivation.
Additionally, an elevation in experimental temperature appears to affect the HEA to a greater extent,
increasing its corrosion rate [130,131]. Additional research reiterates the strong corrosion resistance
of a variety of HEAs that have been shown to be significantly more noble than carbon steels and
aluminium alloys and some nobler than austenitic stainless steels such as 304 SS [132]. Multiple
investigations into the corrosion resistance of single phase AITiVCr HEAs report excellent results, and
whilst returning a less noble Ecorr than 304 SS, its passive region and E,i: achieved far exceeded it, the
latter by 1142 mV [133,134]. Analysis of the passive film noted an unusual mixture of metallic ions and
oxides, the latter predominantly Al with decreasing quantities of Cr,03 and V,03[134]. This particular
HEA highlights the exceptional corrosion resistance HEAs can exhibit with the right composition and

microstructure, outperforming traditional alloys.

Similar to stainless steel, the addition of Cr to the alloy system is noted to improve corrosion
resistance; however, some manufacturing processes can lead to Cr segregation, which increases the
bulk matrix's susceptibility to corrosion [29]. Research citing elemental segregation, whether to a
secondary or intermetallic phase or precipitating out of the matrix, as having a negative effect on the
corrosion resistance of HEAs is repeated regularly in literature and highlights the importance of single-
phase solid solution [126—129,132]. This is due to these phases acting as preferential sites in localised
or galvanic corrosion but also due to a weakening in the passive layer, the latter more prevalent with

Cu segregation [127,129,133].

2.3.5 In-Situ Alloying of HEAs

Traditional fabrication through LPBF uses a pre-alloyed powder. However, to increase the exploration
of HEAs for AM, gas atomisation of individual compositions would be time-consuming and expensive,
thus compromising the large degree of compositional flexibility associated with HEAs. In-situ alloying
within AM refers to creating alloys directly during manufacturing rather than using a single, pre-
alloyed powder. This process offers several benefits, including increased customisation, flexibility,
innovation, and sustainability. For AM processes, the in-situ alloying tends to work by using a pre-
alloyed powder as a foundation before adding an additional element in powder form [135-137]. It

has, however, also been conducted using purely elemental powders to create refractory HEAs, but
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with noted vaporisation of lower melting point elements [138—140]. The in-situ modifications can take
advantage of the exceptional customisability of HEAs, allowing the tailoring of existing alloys to suit a
desired application. These additions can be made rapidly, with limited waste, reducing costs and
increasing the sustainability of the development process. An example of this principle has been shown
with the additions of Mo to an HEA and alloyed in an induction furnace, strengthening the corrosion

resistance as the Mo concentration is increased [119].

However, this process has encountered issues when the alloying addition fraction is greater than 5
at.%, as the additional elements tend to stay unalloyed, particularly in the LPBF process [136,140].
Even at lower proportions, additions have been shown to induce swelling and cracking, increase
brittleness, and result in poor chemical homogeneity [141,142]. It is also important to use a powder
with a similar particle size to reduce processing issues. It is also clear that different elemental additions
do not respond the same when sintered in-situ to pre-alloyed powder during LPBF, with a 3.52 %
magnitude difference in relative density between Ti and Cu additions on the same CoCrFeNi alloy with

optimised parameters [137].

2.4 Corrosion

2.4.1 General Corrosion Theory

Corrosion, a complex electrochemical process, involves the degradation of material properties

through reactions with the surrounding environment [143,144].

This phenomenon is commonly classified into two categories: 'wet' and 'dry'. Dry corrosion is less
prevalent and predominantly influenced by factors such as high temperature and gases (e.g., in
furnaces). The majority of present research focuses on wet corrosion. Due to this, wet corrosion is the
focal point of this thesis. In wet corrosion, the material is exposed to an environment where water or
other solutions facilitate the movement of ions, enabling electrochemical reactions to take place. The
liguid medium can contain dissolved salts, acids, or other corrosive substances that enhance the
corrosive process. Factors such as humidity, temperature, and the specific chemical composition of

the liquid play crucial roles in influencing the rate and extent of wet corrosion [145].

Wet corrosion is a significant concern in various industries, as it can compromise the structural
integrity and functionality of materials and components over time. Understanding the mechanisms
and factors influencing wet corrosion is essential for developing effective corrosion prevention and
mitigation strategies, especially in applications where moisture is prevalent, such as in marine
environments or chemical processing industries. This classification is pivotal for understanding the

corrosion mechanisms relevant to AM components in real-world applications.
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The fundamental driving force behind metal corrosion lies in the higher free-energy level of the
metallic state compared to the resulting corrosion products. The thermodynamics of metal formation
from ore contribute to the inherent instability of the resultant metal. The formation of metals from
their ore is an endothermic process, with the resultant metal being in a thermodynamically unstable
state [146]. Local conditions that elevate the metal's energy state above the activation energy
threshold (AG*) initiate corrosion. As a consequence, there is a reduction in the metal's Gibbs free
energy as it undergoes a transformation into corrosion products. These energy transformations are

displayed in Figure 11.

Redox reactions are integral to corrosion processes, wherein the metal functions as both the anodic
and cathodic cells in the presence of an electrolyte, facilitating the transfer of ions. The occurrence of
minute surface or environmental differences can create similar electrochemical cells, adding a layer
of complexity to corrosion dynamics. A simple example of a redox reaction is that of the corrosion of
iron to form hydrated iron oxide (rust). At the anode, iron is oxidised, and water is reduced in the
presence of oxygen at the cathode, as shown by equations 3 and 4, respectively. These reactions
combine in equation 5, creating rust. The metal completes the electrical circuit, allowing charge to

flow between the two sites, and the electrolyte permits ion transfer.

Fe - Fe?t + 2e~ 3
2H,0 + 0, + 4e~ — 40H"™ 4
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Figure 11 Gibbs Free Energy diagram for a metal [143]
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2.5 The Electrochemical System

2.5.1 Electrode Potentials

An electrode potential is the measure of the thermodynamic stability. More specifically, it is a measure
of the tendency of a chemical species to undergo reduction or oxidation in an electrochemical cell. All
metals have different electrode potentials that are regulated against the standard hydrogen half-cell.
Those pure metals with the most positive potentials are in the most stable state and are the easiest
to extract from their ore, with the most negative being the most thermodynamically volatile with a

higher tendency to corrode.

These electrode reduction potentials are linked to the Gibbs Free Energy, AG, through Faraday’s law
in equation 6, where n represents the number of electrons transferred, F is the charge on one mole

of electrons, and E is the electrode potential.

AG = —nFE 6

Table 3 A Selection of electrode reduction reactions and their respective electrode potential [144]

Electrode reduction reaction  E°/V

Au*+e=Au +1.68
Pt* + 2e = Pt +1.20
Cu*+2e=Cu +0.34
2H* +2e=H; 0.00
Sn** +2e=Sn -0.14
Ni%* + 2e = Ni -0.25
Fe? +2e=Fe -0.44
Cr¥*+3e=Cr -0.71
Zn** +2e=12n -0.76
APt +3e = Al -1.67
Mg* + 2e = Mg -2.34
Na"+e=Na -2.71
Ca*+2e=Ca -2.87

Table 3 details a selection of reduction reactions and their respective electrode potentials. Platinum
(Pt), with a potential of +1.20 V, has a much lower predisposition to corrode when compared to
aluminium (Al) at -1.67 V. The standard hydrogen electrode (SHE) is often used as a reference
electrode, and its electrode potential is defined as zero. The electrode potential of other half-reactions
is measured relative to the SHE. If a species has a positive electrode potential, it tends to be reduced
(gain electrons), while a negative electrode potential indicates a tendency to be oxidised (lose

electrons).
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The electrode potential of a half-reaction is a measure of the electric potential (voltage) generated by
that half-reaction when it operates as a reduction reaction under standard conditions. Standard

conditions typically include a concentration of 1 M for all ions involved, 1 atm pressure, and a

temperature of 25 °C.

The hydrogen half-cell is connected to the metal/metal salt redox couple to be measured by an
external circuit containing a voltmeter which will record the potential and it is submerged in a 1 mol
dm3 solution of its own metal ions. Depending on the setup, a salt bridge or porous separator is used

to complete the electrical connection between the two halves of the cell.

If a sample of Fe was dipped into a solution containing Pt ions, the Fe will be oxidised due to its more
negative potential. This is outlined in equations 7 and 8.
Pt?* +2e = Pt = 1.20V 7
Fe = Fe?* +2e = —(—0.44)V 8

The overall displacement reaction is given by equation 9.

Fe + Pt?>* = Fe?* + Pt 9

The overall cell potential Ecen is calculated with the addition of these half-cell potentials, consequently
Ecen = 1.64 V. Because the cell potential is highly positive, this reaction is thermodynamically favourable

and is likely to occur of its own accord without any external energy.

2.5.2 Practical Corrosion

As mentioned previously, wet corrosion is generally the mechanism by which metals undergo chemical
degradation and requires 4 electrochemical components to occur. The chemical cells created to

support corrosion comprise of:

e Anode — Metal oxidation occurs
e (Cathode — Reduction reaction occurs
e Electron flow between the electrodes

e An electrolyte or aqueous medium to facilitate the electron flow

The cell cannot function if one of these components is interrupted.

The Pt plating of Fe described earlier is corrosion in an artificial sense, with the positive iron anode

oxidised, losing electrons to the negative platinum cathode, which is reduced. Often under normal
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operation, a metal will instead be subjected to an atmosphere consisting of oxygen and water acting

as a cathode, as opposed to another metal.

The generic anodic reaction undergone by metals in this case is shown in equation 10 where M is the

metal, n refers to the number of electrons, and e denotes the electron being transferred.

M = M™ +ne 10

Hydrogen evolution in equation 11 is the predominant cathodic reaction which occurs in a strongly

acidic environment (with a pH much lower than 7) or in the absence of oxygen.

2HY + 2e = H, 11

At a pH of around 7 and above, and in the presence of oxygen, the oxygen reduction reaction (ORR) is

more likely to occur via equation 12.

2H,0 + 0, + 4e = 40H™ 12

Figure 12 below, illustrates how the ORR occurs on the surface of a metal, with the flow of electrons

from the anode to the cathodic site.

Electrolyte OH

Figure 12 Schematic of oxygen reduction and metal oxidisation [144]

Corrosion initiation is contingent upon the negativity of the AG in the global reaction, leading to the
dissolution of the metal at the anodic site. This process results in the release of metal ions into the
electrolyte, accompanied by an excess of electrons. Functioning as an electrical circuit, the metal
facilitates charge flow from the anode to another site on its surface. At the cathode, a combination
with water occurs, reducing oxygen and vyielding hydroxide ions. Subsequently, the metal and
hydroxide ions combine on the surface through the electrolyte intermediate, forming the

characteristic metal hydroxide associated with metallic corrosion.
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The spatial distribution of anodic and cathodic sites is variable, ranging from ubiquity across the
surface to individual sites with relatively larger separations. The latter scenario gives rise to localised
corrosion environments capable of inducing more extensive damage due to the emergence of anodic
focal points. Minute disparities in surface potential, originating from subtle chemical or physical
irregularities, determine the locations of the anodic and cathodic sites. These irregularities include
discontinuities in protective films, nonuniform chemical composition, and fluctuations in oxygen

concentration and pH.

While the electrode potential of a reaction serves as an indicator of the thermodynamic likelihood of
corrosion, it does not elucidate the rate at which corrosion will manifest. As previously discussed,
variables such as temperature and concentration are influential factors in this regard. The presence
and quality of coatings, paints, or films also contribute to rate determination. The literature further
indicates that environmental factors, including humidity, electrolyte thickness, and exposure to

ultraviolet radiation, exert notable impacts on corrosion rates [147-153].

Corrosion can have a detrimental effect not only on the aesthetic appeal of a material but also on its

mechanical properties.

2.6 Mechanisms of Corrosion

2.6.1 Crevice Corrosion

Crevice corrosion is a localised form of corrosion that occurs in confined spaces or crevices between
two surfaces in close contact, where access to corrosive agents is restricted. This type of corrosion
typically manifests in gaps, joints, or overlaps between metal surfaces, creating an environment with
limited exposure to the external environment. These restricted areas can lead to a chemically
inhomogeneous electrolyte composition as well as oxygen depleted zones, causing metal dissolution

within it at the anodic site and oxygen reduction over the rest of the metal surface [144].

Initially, both the anodic and cathodic processes occur at equal rates on the metal, irrespective of
location. A large number of these sites are created on the surface, and electrons flow between them.
To balance the charge change, the metal ions develop along with those created at the cathode due to
oxygen reduction. The oxygen levels in the electrolyte region within the confined environment are
diminished as it is consumed by the reaction at the cathode, and more oxygen diffuses through the
electrolyte to replenish these sites. However, the oxygen is not distributed uniformly, with the

surfaces outside the crevice serviced first, creating a differential aeration cell.
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Without oxygen in the crevice, the cathodic reaction cannot occur, and it becomes the focal point for
anodic activity, with the more accessible areas of the metal surface becoming the cathodic sites. The
site fills with positively charged metal ions, creating a net positive charge to the electrolyte within the
crevice and triggering a potential difference. Negative ions, often chloride, are attracted to the area,
forming a metal chloride, which in turn reacts with the water in the electrolyte, producing H+ ions and
an aggressively acidic environment. An autocatalytic environment has been created that will support

itself and become more destructive.

2.6.2 Pitting Corrosion

Pitting corrosion stands as a distinctive and potentially destructive form of localised corrosion,
characterised by the development of small pits or craters on the metal surface. This phenomenon
poses a significant challenge due to its propensity to cause notable damage even when the overall
corrosion rate is relatively low. It can be caused by inconsistencies such as a physical defect in a
protective layer/coating or the metal itself, as well as impurities like inclusions or precipitates. It is one
of the more destructive forms of corrosion, with pits often equal to or deeper than their diameter,

making it difficult to detect [145].

It differs from crevice corrosion in that, where crevice corrosion is instigated due to variable oxygen
concentrations within the electrolyte stemming from the geometry of the metal, pitting occurs due to

metallurgical processes. Once initiated, however, it propagates in a similar way.

A schematic for pitting corrosion is depicted in Figure 13. Once initiated, the mechanism of
propagation is similar to that of crevice corrosion and the Fontana Greene mechanism. Within the pit,
oxygen is used up and is replaced at the surface instead of the pit, with the anodic site forming within
the cavity and creating a differential aeration cell. As metal hydroxide is formed from the metal ions
and water, the corrosion products form over the top of the pit, concealing it from the environment.
This further restricts oxygen diffusion into the pit, but allows passage for smaller ions like Cl-, which
stabilise it. Many pits die due to poor coverage from their corrosion product around the anodic site,
allowing oxygen into the cavity and reducing the rate of reaction. Like crevice corrosion, pitting is also
deemed to be autocatalytic, provided the environment is sustained [154]. Alloy composition and
microstructure, particularly the concentration of elements like Cr and Mo, play crucial roles in

influencing pitting resistance [155].
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Figure 13 Schematic of pitting corrosion [144]
2.6.3 Bimetallic corrosion

Bimetallic dissimilar metal or galvanic corrosion occurs when metals with different electrode
potentials are in direct physical contact, creating an electrical connection in the presence of an
electrolyte. It is a very common corrosion classification due to many components and structures
comprising multiple metals and metallic joining methods. The metal with the most negative electrode
potential, and therefore the most easily oxidised, forms the anode and the other acts as the cathode.
The metal harbouring the anodic site corrodes preferentially to that of the cathode and, critically, does
so at a faster rate than if it was on its own. It does, however, leave the cathodic site unaffected, leading

to a useful benefit of this phenomenon [144].

Sacrificial metals can be used to protect another, more structurally significant metal through bimetallic
corrosion, provided it has a more negative electrode potential. In the event that the more important
metal is exposed, the sacrificial metal will develop the anodic site and corrode preferentially to the
other metal, acting as the cathode and leaving it unscathed. The corrosion product would then form
over the damage, protecting the integral metal from further harm. The quantity of sacrificial metal

required to perform this role depends on the aggressiveness of the electrolyte present.

Galvanised steel uses zinc to this end, with a thin layer of it on the surface of the iron, which corrodes
preferentially due to it having a more negative E.. value, as shown in Table 3.
2.7 Kinetics of Corrosion

The rate at which corrosion occurs is dependent on the environmental conditions present in the

system. Variables such as temperature, solution of concentration and pressure are just some known
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to do as such. An increase in temperature increases the kinetic energy of the particles, which, in turn,
increases the number of successful collisions [145]. Similarly, an increase in the concentration of the
corrosive medium raises the number of corrosive particles in the system, again increasing the number
of successful collisions. The presence of a catalyst in a system will also increase the rate of reaction in
a system by providing it with an alternate reaction pathway with a lower activation energy. The rate
of corrosion has a direct relationship to the current flowing between the anode and cathode and,

therefore, also the rate of electron transfer between the two.

Each reaction involves the transfer of electrons between the two sites; therefore, a current is
associated with each. Anodic current and cathodic current can be denoted as ‘ia” and ‘i’ respectively,
with the exchange current density or equilibrium current, as ‘iy’. Under equilibrium conditions,

equations 12 and 13 apply, and there is no net metal loss.

iqg = —l, = iy 13
ic=0 14
2.7.1 Polarisation

Enforcing a power source upon a metal will move its potential away from its equilibrium potential (Eeq)
to a new potential, E. The difference between the Eeq and E equates to the polarisation, n. Artificially
manipulating the potential value associated with a metal away from its equilibrium value will alter the
rate of metal dissolution at the anode or metal replating at the cathode site. A graph with axis of
overpotential and current density, including data for anodic and cathodic current density when

subjected to different levels of polarisation provides the graph seen below in Figure 14.

Polarisation n /V

“ve

Ic

Figure 14 Polarisation vs current density [144]

The connection between ic and i,, with the inclusion of polarisation, is defined by the Tafel equations
15 and 16 for anodic and cathodic reactions respectively, where a is a constant related to the relevant

electrode material.
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These equations and the graph in Figure 14 show an exponential relationship between polarisation
and current. This data can be linearised by taking the natural log of current to produce the graph in

Figure 15, for a metal submerged in its own ions. This is the beginning of the Evans diagram.
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Figure 15 Polarisation vs current [144]
2.8 Evans Diagram
Under normal conditions, a metal rarely experiences dissolution in an environment consisting of its

own aqueous ions. Figure 16 also shows Tafel plots associated with the oxidation and reduction

reactions to show how the metal will interact with water.

log i, log i

Figure 16 Polarisation vs current density for metal in aerated water [144]
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Figure 16 shows that the standard reduction potential of the metal E% is lower than that of the
oxygen/water system and that it is, therefore, likely to be the anode in the couple. The E° of the water
and metallic systems are different, and the potential of the system must increase or decrease to adopt
a potential that they both share. This is the point in Figure 16 where the anodic dissolution and

cathodic reduction (i. and ic) lines meet, this is called the mixed potential.

As previously stated, the chemical reactions which occur during the corrosion process are oxidation
and reduction electrochemical reactions. The Evans diagram is a simple representation of these
reactions in a straightforward electrochemical system [156]. It requires straight lines representing
both the cathodic and anodic activity of the system. Where these lines converge reveals the point of
corrosion potential (Ecorr) and corrosion current density (icorr). This, on an Evans diagram for a zinc
electrode in hydrochloric acid, as seen in Figure 17, is where the hydrogen reduction and zinc oxidation

lines meet.
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Figure 17 Evans diagram for zinc in hydrochloric acid [156]
2.9 Passivity

Passivity in corrosion refers to the ability of certain metals and alloys to resist corrosion through the
formation of a protective oxide layer on their surface. This passive film acts as a barrier, preventing
further corrosion by isolating the metal from the surrounding corrosive environment. The passive film
is typically a thin layer of metal oxide, nitride, or other compounds that adhere tightly to the metal
surface [157]. A characteristic of passive films is their ability to self-heal. If the passive film is damaged

or disrupted by external factors, it can regenerate under favourable conditions, restoring the
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protective barrier. The presence of a passive film significantly reduces the corrosion rate of the metal.
The film acts as a physical and chemical barrier, hindering the access of corrosive agents to the

underlying metal.

Chromium is well known as an efficient passivator which is alloyed in varying quantities into a wide
range of stainless steels, such as duplex and super duplex stainless steels, to improve corrosion
resistance. It combines with oxygen to create a thin chromium oxide/hydroxide layer that reduces the

speed of anion and cation transfer [158].

2.10 Pourbaix Diagram
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Figure 18 Pourbaix diagram for zinc [159]

Pourbaix, or potential-pH diagrams, were conceived by Belgian chemist Marcel Pourbaix. They
summarise the pH and potential dependent nature of a metal and whether it is in an active, passive,
or immune state. The lines are calculated using the Nernst equation, and the regions are determined
by the potential and pH of the environment. They allow for the quick interpretation of a metal's
thermodynamic condition with respect to its environmental condition and its suitability for a particular
purpose, specifically those involving pH and potential restrictions. Similar to an electrode potential,

the Pourbaix diagram does not show the speed at which the metal will corrode.

Figure 18 shows the Pourbaix diagram for zinc, with corrosive regions between the pHs of 0 and 8, and
11-14, with a passive region in between. Dashed lines labelled 1 and 2 represent the boundaries for
water oxidation and reduction lines, respectively, with hydrogen evolution tending to occur
preferentially at the cathode below 1 and oxygen reduction favoured when the environment lies

between 1 and 2.
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The Pourbaix and Evans diagrams can be combined to show which state a metal is in with respect to
its potential and current density, whether active, passive, or transpassive. Figure 19 shows a simplistic
model for a typical anodic metal dissolution curve.
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Figure 19 Potential vs current [159]

The plot shows that, as the polarisation increases, the metal moves through an initial active phase
with increasing current density until it reaches its passivation potential. The inclination of this slope is
dependent on the metal involved and is explained by the Tafel constant, B. The passivation potential
is the point at which the anodic site/s becomes covered in a corrosion product that forms a protective
layer and causes the current to reduce radically. As the potential increases further, the metal remains
within the passive region until it reaches its pitting potential. This is the point at which the potential is

great enough to eradicate the passive layer, triggering corrosion to reoccur.

2.11 Electrochemical Techniques

Electrochemistry can be defined as the science concerned with the mutual transformation of chemical
and electrical energy. Electrochemistry plays key roles in various fields, from corrosion and batteries
to fuel cells and electroplating [82,160]. A visual or theoretical appreciation of a material's chemical,
surface, and electrical properties limit the understanding of the user dramatically compared to the
information that can be offered through the use of electrochemical techniques. They have a place in
many other fields of science, particularly when understanding many essential biological processes
[160]. As mentioned previously, electrochemical processes are responsible for metallic corrosion,
which causes $2.5 trillion worth of damage annually. Understanding these processes will help

engineers design solutions to reduce this expense.

2.11.1 Potentiodynamic Polarisation

When studying corrosion, most existing electrochemical tests consist of enforcing an external

potential on the working electrode and measuring the subsequent current density. This is required
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because under normal, even optimum environmental conditions, any perceptible degradation of most

metals will take years to occur, if ever [161,162].

This is no different for potentiodynamic polarisation. The applied potential is varied from a starting
value, during which the current/current density are monitored. After the initial sweep to a
predetermined value of potential or current density is achieved, the scan can be reversed, with the
variables remaining under continued examination. The generic effect of a polarisation sweep can be
seen in Figure 20, with the change of curve inclines explained by the phases it undergoes, previously

mentioned in Figure 19.
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Figure 20 Example of a full cyclic potentiodynamic polarisation sweep [163]

The Ecorr, sShown through this method, can be used to predict the localised corrosion vulnerability of
metals. Predetermined values for the Er, and I, dictate the point at which the potential begins to
reduce, usually whichever condition is met first. These points can be relative to the open circuit
potential (OCP) of the system or to the readings taken by the reference electrode. After the Epi occurs
following the initial active and passive stages, the current density rapidly increases with minimal
increase in potential. The scan is then reversed, with the current density reducing as potential is
decreased, producing a curve with a similar shape to that of a tensile bar that has undergone plastic

deformation. Some metals, under certain conditions, may repassivate during this stage, reforming a
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protective layer over the localised corrosion site. Other quantitative data such as the pitting transition

potential Ey, and corrosion potential Eseccorr can also be gleaned from cyclic polarisation scans.

Potentiodynamic experiments comprise of a 3-electrode cell, the working electrode that measures the
potential of the specimen is measured relative to the reference electrode, often filled with a KCl
solution. The third is the counter electrode with an insert metal such as Pt. The latter two electrodes
are immersed in the aqueous solution whilst an electrical connection must be made between the
working electrode and the metal to be tested, which is also submerged [82]. The atmosphere in test
chamber can be left to its own devices however, nitrogen and other gases can be used to purge it of

oxygen. A diagrammatical representation of the set-up described is shown in Figure 21.

Some parameters that may affect the potentiodynamic curve include the scan rate, inclusion of

aggressive ions, pH, temperature, and surface defects.

Working electrode

//' ‘\ OOOOO\

Potentiostat

Counter

Reference electrode

\ Solution (aq)

Figure 21 Schematic of potentiodynamic polarisation set-up

2.12 Scanning Techniques

Scanning electrochemical techniques, when used to study metallic corrosion, usually necessitate the
use of a scanning microtip electrode a small distance above the metallic surface to be analysed. The
referenced electrode can be inert or made to vibrate with a relatively small amplitude perpendicular

to the scanning directions.

The electrode can be used to measure localised values for the potential or current as it traverses the
surface of the corroding surface, the data from which can be used to create a visual representation of
localised disparities in the measured parameters with the help of computational facilities. This
highlights one of the advantages of these methods, which is the ability to resolve differences in
variables such as surface reactivity and reaction rate which is particularly useful as metallic surfaces

are rarely homogenous.
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When compared to a potentiodynamic sweep, these techniques provide information regarding the
electrochemical reactions in much greater detail than merely providing average potential and current

readings across the whole metallic surface.

2.12.1 Scanning Vibrating Electrode Technique (SVET)

The scanning vibrating electrode technique (SVET) is a descendant of the early scanning reference
electrode technique, in which the scanning electrode microtip is vibrated relative to the examined
surface [82]. At known points, the vertical component of flux is measured above a corroding metal
surface in a solution [164]. The microtip functions potentiometrically, with the electrode registering
the vibration frequency proportional to the electrical field strength. The field is generated by the ionic
current flux passing through the electrolyte, the signal of which is, therefore, proportional to the
current density. A greater current density stems from an area of elevated anodic activity, signifying an

elevated level of corrosive activity.

As the electrode traverses the parallel air space above the corroding surface, discrete variations in
these signals are identified, depending on the electrochemical reactions taking place. From this,
different topographical maps can be created, such as the one in Figure 22, to represent changes across

the surface over time.

Figure 22 SVET plots of current density vs location [165,166]

2.12.2 Time-lapse Microscopy

Time-lapse microscopy (TLM) is used to observe any progressive visual changes undergone by a system
at a microscopic level. It has been used in previous work specifically to view cellular processes and cell
interactions as well as the corrosion of metals [167-169]. It works by taking images at designated
intervals, enabling the operator to compress the visuals of an experiment lasting hours, days, and

sometimes weeks into a matter of minutes.
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Many systems that can conduct this procedure are built in-house, adapting current microscopes or

creating customised jigs with the required capabilities.

To monitor corrosion cells, some systems operate a flow-cell setup with the microscope lens outside
the electrolyte. Constantly flooding the system with fresh electrolyte replicates a real-world
atmosphere, such as rainfall or a chloride environment. A failure of this can be that appropriate
maghnification and focus cannot be obtained by the microscope due to the distance between the lens
and the sample surface. The microscope cannot be submerged as it will disrupt the flow of the

electrolyte.

Other systems use a submerged lens with a waterproof sheath to observe the corroding surface.
Setups such as these require the sample to be fully immersed in a static pool of electrolyte. This
negates the failure of the flow-cell setup, allowing the lens to get close enough to the surface to

observe it in the required detail.

2.13 Summary

Traditionally manufactured stainless steels show excellent corrosion resistance, a trait that is
replicated and reportedly heightened in parts produced through AM processes such as LPBF. However,
this notion of increased performance cannot be applied generically across all additive components,
with processing parameters, post-processing, and experimental setup all reportedly affecting the final
corrosion resistance. Literature suggests that, of these conditions, porosity in the final part is most
detrimental to corrosion resistance as it creates a preferential site for pitting corrosion to initiate. This
highlights the importance of optimising the processing parameters in addition to utilising post-

processing methods to minimise porosity, thus achieving parts with maximised corrosion resistance.

HEAs are a relatively new class of alloys founded on the principles of a composition consisting of 5 or
more elements occurring at between 5 at.% and 35 at.%. These alloys are reported to exhibit
properties that outperform those of traditional alloys such as steel due to four key effects: high
entropy, lattice distortion, sluggish diffusion, and the cocktail effect, resulting in a lower likelihood of
forming intermetallic phases and an increased chance of establishing a single solid solution. In-situ
additions through AM have been studied, both with traditional alloys and HEAs, in an attempt to tailor
the material properties to meet specific requirements. However, limitations of this method have been
encountered, including the maximum magnitude of the addition before processing complications are
realised. Work still needs to be done, both with AM and HEAs, before they are integrated into

engineering applications more frequently.
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3 Experimental Procedures

3.1 Introduction

Below is an examination of the methodologies used for the gathering of data for this thesis.

3.2 Powder Mixing

3.2.1 HEAX

To create the mixture, it was calculated that, for every 1000 g of HEA1, 24.59 g of Mo would be needed
to achieve the required composition. It was determined that approximately 5kg of powder would be
needed to complete 2 optimisation builds, 2 builds containing cylinders to be remelted for casting,
and potentially one for tensile specimens if required. 122.950 g of Mo was weighed out and added to
the powder mixer containing 5 kg of HEA1. This was then run for 2 hours to allow for good integration
of the powders. Often, it is standard procedure to heat the mixture to 50 °C for a period of time to
remove any moisture. However, this was not necessary as both the HEA1 alloy and Mo had been

sealed and stored under argon since their production.

The predicted composition of the powder mixture based on the addition is presented in Table 4.

Table 4 Desired Composition of HEAX

Element Fe Cr Ni Mn Al N Si C Mo
Desired w% 31.55 27.23 22.10 9.72 5.39 0.74 0.74 0.13 2.40

3.3 Particle Size Distribution Analysis.

PSD was investigated using a Malvern Mastersizer 3000 Hydro EV. To begin, a large beaker was filled
to approximately 500 ml with distilled water, making sure that the inlet/outlet and stirrer were
suitably immersed. If agglomeration could potentially occur, a surfactant can be added to disperse the
particles more effectively. Manual measurement was selected in the toolbar before naming the
sample and selecting its particle type from the drop-down menu of spherical, non-spherical and
opaque. In the tab for material properties is a bank of pre-loaded materials that can be selected to
provide their refractive and absorption index. If the desired material, or one similar, is not pre-defined,
custom materials can be made. The last setup stage was to select the dispersion solution used and the
stirrer speed, which were set to distilled water and 2000 rpm, respectively. Some optimisation may
be needed for the stirrer speed, as escalating it can increase the number of bubbles produced,
potentially interfering with the analysis. Too low, however, and the powder may not be fully dispersed

within the solution.
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On the measurement screen, ‘initialise instrument’ is selected before the background interference is
read. The powder to be evaluated is slowly added to the solution until the obscuration level reaches
approximately 14 %. Once this has been completed, ‘measure sample’ is selected, which runs 10
successive tests, printing the Dv (10), (50) and (90) values after the test is finished. An average of the
10 tests is produced, summarising the results, which can be exported to Excel or as a PDF. Other values
calculated are D [3,2] and D [4,3], which are the Sauter Mean Diameter (SMD) and the De Brouckere
Mean Diameter, respectively. The former is more relevant for a finer particle size distribution and is,
therefore, more pertinent for assessments of LPBF powder where the common size fraction is
between 15 um —45 pm. A tween surfactant was added to the distilled water dispersant when testing

HEAX to reduce the agglomeration of the smaller Mo particles, as seen in Figure 76.

3.4 Rheometry

To understand the flow characteristics and other rheological properties of the powders tested, they
were subjected to two tests that studied their stability and variable flow rate. These tests were carried
out on a freemantechnology FT4 rheometer using their 25 mm x 25 ml split vessel and 23.5 mm blade.
The stability analysis was carried out first to understand whether processing the powder results in any

property changes.

Once the test was selected, the blade was inserted into the machine, the split vessel assembly and
funnel were locked onto the measuring platform, and the weight on the scales zeroed. The powder to
be analysed was subsequently decanted into the vessel so that the split line was no longer visible. The
change in mass was recorded, and the test started. The test is made up of a series of conditioning and
test cycles. The conditioning cycle was employed prior to every test to negate any variability caused
by the operator and remove any residual stress, air pockets, or localised compaction from a previous
test. It involved lowering the rotating blade into the vessel to a set depth in an attempt to homogenise
the packing of the powder. Once the first conditioning cycle was completed and the carriage was
parked, instructions were given to split the vessel and collect the displaced powder before
reassembling the vessel. This process ensured that the same volume of powder was tested each time

for repeatability and also provided the data for the Conditioned Bulk Density (CBD) to be calculated.

The test was then resumed, with another conditioning cycle occurring before the initial test cycle. The
test cycle, like the conditioning, was performed by the carriage lowering the blade into the vessel and
rotating it at 100 mm/s blade tip speed. The total energy consumed during this test (forced flow) is
recorded, providing the user with the Basic Flowability Energy (BFE) as well as the energy required to

lift the blade upwards out of the powder at the end of the test (low stress), offering the powders
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Specific Energy (SE). This process is repeated a further 6 times to monitor repeatability and, therefore,

stability of the powder.

Once this is completed, the variable flow rate study can commence using the split vessel of powder in
its current form. For this study, 4 test cycles are completed in the same manner as the stability study,
with the first being with a blade tip speed of 100 mm/s, the second at 70 mm/s, and the 3 and 4% at
40 mm/s and 10 mm/s, respectively. Conditioning cycles are performed prior to each of these tests as
before. This test again provides the total energy used during the test and uses it to calculate the Flow

Rate Index (FRI), as shown in equation 17.

Energy Test 4 17

Flow Rate Index, FRl = —————
ow ftate fnaex Energy Test 1

The FRI is a measure of the powder’s sensitivity to flow rate and is quantified in Table 5.

Table 5 Flow rate sensitivity and its associated powder type

Flow Rate Sensitivity FRI Powder Type
High >3.0 Cohesive
Average 1.5<FRI<3.0 Maijority of powders
Insensitive = 1.0 Large particle size/surface treatments
Pseudoplastic/Newtonian <1.0 Powders containing flow enhancers

3.5 Reduced Build Volume

Reduced Build Volumes (RBV) can be fitted into some LPBF machines and present advantages and

disadvantages to the user compared to operating within the machine's full build volume.

Notably, the RBV offers cost savings by minimising the material and energy consumption per
manufacturing run. This, combined with faster build times, provides a quick and comparatively cheap
pathway to rapid prototyping and proof of concept. To change the powder used for a full build, the
entire machine needs to be stripped and cleaned down, a process which can take a small team days
to complete. The RBV only requires itself and the chamber it resides in to be cleaned, which is
significantly quicker, allowing the rapid testing of novel or unoptimised powders. Due to the dosing
mechanism in the RBV and the size of the build plate in which it operates, it is also possible to
manufacture components with very small volumes of powder, which is a valuable addition when

developing new powders.
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As mentioned, however, there are some negatives associated with the use of the RBV. Because the
baseplate of the RBV is not heated as it is with the full build volume, heat transfer out of the parts
during printing is greater, and, therefore, it is not a true representation of the full manufacturing
process. Also, due to the baseplate’s small size, part throughput and maximum component size are

limited when compared to the full build volume.

3.5.1 Installation

The RBV is most often used when the amount of feedstock available is limited, so a full hopper build
is not feasible, or when a limited production run is needed, and a full material changeover would be

inefficient.

To use the RBV, it first must be installed, with the unit being placed onto the z-axis and loosely bolted
in place. The z-axis is then lowered to -210mm, causing the RBV to seat centrally before raising it to
the top and fully tightening bolts, securing the base to the z-axis. After this, it is once again lowered
to the previous height, and the taper clamps tightened, securing the top of the RBV so that it remains
level with the base of the chamber. ‘RBV present’ is then selected in the machine’s settings. Finally,
the full hopper doser must be set to closed to ensure no contamination of powder, and the gas

deflectors must be removed, as they have not been optimised for use with the RBV.

3.5.2 Operation

Once installed, the rear dosing chamber has a depth of 67mm, thus determining the maximum build
height of the RBV. When the height of the build is known, spacers are added to the doser, decreasing
its depth to the minimum level required for the build to be completed. For safety, this is the build
height, including any supports and the height of the substrate, plus an additional 3mm. The z-axis is
sent to the absolute top, at which point an RBV substrate is placed upon it and fixed in place using 2
screws at the front and back of the plate. The process of measuring the height of the build plate and

installing the wiper blade replicates that of the full build procedure.

Once this has been completed, the powder must be loaded into the doser. A sealed container
containing the feedstock is placed into the chamber along with the powder compaction tool, and the
door is closed. Using the door gloves, the lid is removed, and the powder is poured into the doser in
stages. Between each stage, it is compacted to make sure no cavities are present until the doser is
completely full, plus an additional 1mm of powder. This additional powder is to facilitate the filling of
any and all cavities between the doser and the overflow chute when the wiper blade is first moved
forward, whilst demonstrating that at that z-axis height, there is an even distribution of powder across

the substrate. When the level of powder deposited in the doser is acceptable, the chamber is flooded
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with argon and the remaining powder is sealed within the tub, ensuring that it remains in an inert
atmosphere. The tub is then removed from the chamber, and the door is closed, with the remaining

machine prep steps following that of a full build.

3.6 Additive Manufacturing Process Parameters

Orthogonal arrays, which come in various forms from L4 to L81, can reduce the need for exhaustive
testing by selecting a set of factors and levels to systematically investigate their effects on a given
outcome. Each factor level combination appears an equal number of times, ensuring an unbiased
evaluation of their effects. Data from these experimental results are analysed to identify significant
factors and interactions, subsequently guiding further optimisation. For LPBF, the main variables
adjusted when optimising the parameters for new materials are power (P), exposure time (ET), hatch
spacing (HS), and point distance (PD), which combine, as outlined in equation 1 with the layer
thickness (LT), to give a value for volumetric energy density (VED). L9 and L25 arrays were
implemented to determine these optimised parameters, as the former maximised the usable area on
the RBV build plate, which could then be expanded to an L25 for the full build volume, as outlined

below, to investigate the build parameters in greater detail. The structure of these arrays is displayed

in Table 6.
Table 6 The structure of L9 and L25 arrays
Orthogonal Array  Experimental Runs Max Number of Factors Number of levels
L9 9 4 3
L25 25 6 5

The initial development of AM parameters for documented metals began with a baseline. 316L has
been well studied in LPBF, and therefore, Renishaw could supply an optimised parameter set
compatible with their machine. As with most machines, it could not be taken for granted that any two
are exactly the same, and therefore, a supplementary optimisation with the AM400 had to be

undertaken, the generic method of which is outlined below.
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Figure 23 Density cube used for optimisation and corrosion testing

Initial optimisation occurs on the RBV, as it offers much quicker results without needing a complete
clean-down and does not require the large quantity of powder used by a full build plate, albeit with
some drawbacks. It also establishes whether there are any glaring errors in the parameter set or
whether there is an issue with the machine’s processing. For preliminary optimisation, an L9 array is
prepared based on the initial parameters and applied using QuantAM to density cubes displayed in
Figure 23, before the file is transferred to the machine to build. Once built, the cubes are analysed for
bulk porosity, with the highest densities sectioned and optically analysed. The data gained from this
is used to further hone in on the optimised parameter set. Once the density analysis has taken place,

an L25 array is developed for the full build volume to achieve the optimum set, as it did with the RBV.

The specific AM process parameter development will be discussed in more detail in their relevant

material sections.

3.7 Casting

To produce cast samples, each material was melted using an induction coil in an argon atmosphere
within a glove box. 40g of the material to be cast was initially weighed out in powder form in a fume
cupboard. To aid conduction, the powder was then compacted into a cylinder using a Baileigh
hydraulic press with 10 to 15 tonnes of force. This was broken down into 2-3 steps, as attempting to
compact the entire volume of powder into a billet at once resulted in limited consolidation and
structural integrity. Once this was completed, the billets of compacted powder and a ceramic crucible
were loaded into a vacuum port connected to a glovebox, ready to be purged to maintain the

atmosphere within the chamber.
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Once flooded with argon, the contents of the port were transferred into the chamber, with the
crucible placed on a boron nitride block, which itself was in the centre of an adjustable stage, as shown

in Figure 24.

Figure 24 Diagram of the experimental set-up within the glove box for casting, including a scissor lift, boron nitride block
and crucible

As much of the material that could be safely placed into the crucible was done before the stage was
raised so that the crucible was in the centre of the induction coil, with the pyrometer laser incident
on the material within. The pyrometer that was used operates within the range of 350-1800 °C, as
temperatures below this are not relevant to the process. Initially, a current of 80A was induced
through the induction coil, which was operated using the foot pedal and controlled using the control
pad. After approximately 15 seconds, the current was increased by 20A to 100A. When the current is
this low, it must be varied based on time, as it is not significant enough to take the temperature of the
contents of the crucible into the operating window of the pyrometer. This is then done again so that
the current is 120A, at which point the temperature reading starts to increase. From this point
onwards, further increases in current were made in 20A increments; however, they were initiated

when the rate of increasing temperature began to dwindle.

Once the crucible's contents have begun to melt, there is space for the rest of the material to be

added. For safety purposes, this must be done quickly and while no current is flowing through the coil.
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It was also standard procedure to drop the current in the coil by 40-60A when restarting the melt after

the new material was added, as this, again, would be less likely to result in any thermal shock.

3.8 Drop Casting

The procedure to create drop cast samples followed the same method as that to create standard cast
samples, followed by additional steps. As soon as the initial cast is completed, it is allowed to cool by
approximately 100 °C to allow some solidification of the alloy before dropping the stage down so that
the crucible can be lifted off and placed upon the drop cast mould. The stage is then raised so the
crucible is again within the induction coil but predominantly beneath it. This is to focus the current
through the top portion of the material, as doing this too low could result in some of the material
melting and dropping into the mould before the entire sample is molten, resulting in an incomplete
cast. By the time the crucible is within the confines of the coil, the temperature of the alloys processed
would drop to approximately 700 °C, so as with adding new material to the cast, the current must
initially be dropped prior to resuming the procedure. The metal is reheated until molten, at which

point it drops into the mould.

3.9 Heat Treatments

3.9.1 Solution Anneal

The alloys studied in this thesis underwent 2 separate heat treatment cycles. The first was a solution
anneal at 1080 °C for 1h per inch thickness before water quenching [74,170,171]. This was achieved
by placing 2 samples of each alloy into the furnace at room temperature before increasing the
temperature to 1080 °C at a rate of 25 °C/m. Once this temperature was reached, they were held for
35 minutes. After this interval, the first sample was removed and quenched in a large bucket of water
whilst the furnace door was resealed and left to return to temperature. This process was repeated for
all of the samples to ensure the same quenching temperature for each alloy. Due to the small size of

the samples, there was no need to change the water between quenches.

3.9.2 Post-Rolling Anneal

Once each sample had been cold rolled, it was put through an additional annealing cycle where it was
held at 900 °C for 35 minutes. This temperature was chosen as it has been shown that this cycle has
resulted in a similar yield strength, % elongation, and strain hardening component as the starting

material [172].
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3.10 Cold Rolling

Cold Rolling was conducted on each alloy tested. The samples to be cold rolled were manufactured
through the drop casting route before going through the solution anneal described in section 3.9.1.
These samples were then skimmed in the workshop to remove any oxide layers around the exterior
whilst leaving as much material as possible. This was to ensure that no oxides were ingrained into the

structure during the rolling process.

The initial thickness of the samples was measured prior to rolling to calculate the reduction needed
to achieve the desired final depth. The desired total reduction was aimed to be completed in 10
passes, and the reduction per pass was kept the same where possible. This, however, was not always
possible, as there were no fixed increments to adjust the gap between the rollers. There was also a
degree of slack within the system that was presented when material was passed through the rollers.
It was also beneficial to reduce the size of the reduction per pass as the total reduction approached
the required level to avoid an overshoot. The total rolling reduction was again chosen based on the
information presented by Ravi Kumar. B [172]. The reductions that were realised by rolling for each

alloy are shown in Table 7.

Table 7 Cold rolling reductions, target and achieved (mm)

316L HEA1l HEAX

Start 555 5,60 5.70

50 % Reduction Target 2.78 2.80 2.85

70 % Reduction Target 1.67 168 1.71

50 % Reduction 273 2.80 2.86

70 % Reduction 1.65 1.66 1.71

3.11 Sample Preparation for Optical Microscopy and SEM and Corrosion

3.11.1 Cutting

Once dipped for bulk density analysis, 2mm thick samples were cut from the top face of the AM density
cubes using a Buehler IsoMet®4000 linear precision saw. The feed rate was set to 4mm/min and the
blade speed to 4900rpm for all cuts. Cast specimens were cut in the same way, whereas drop casts
initially had their necks removed via a Buehler AbrasiMet®250 abrasive cutter before then following

the same procedure. This was to ensure the specimen cut was representative of the bulk material. For
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each method of production, 2 slices of each were initially cut from the bulk material, with one to be

prepared for imaging and the other for corrosion analysis.

3.11.2 Mounting & Polishing

Samples for imaging and SEM-EDS went through an additional cutting stage to create an internal face
in the XZ and XY planes. These were then hot mounted in conductive Bakelite resin and distinguished

using a Dremel engraver.

All samples went through the same 5-stage polishing recipe outlined in Table 8. A head and platen
speed of 60rpm and 150rpm were applied at every stage, respectively. Fresh water was used for stage
1, with Buehler MetaDi supreme polycrystalline suspension compounds of diamond size from 9 um to
1 um applied for the rest of the polishing pads. All these compounds were deposited using the Buehler
automated pipetting system, except during stage 4, where the polishing compound was delivered by
hand. Between each stage, the pad, rotating head, and samples were rinsed with water, followed by

Isopropyl Alcohol (IPA), with the samples then dried using a hair dryer.

Table 8 Polishing Recipe Used for All Materials Tested

. . Polishing Head
Stage Pad Time (Mins) Force (N) Compound Rotation
1 Diamond DDG 10 5 Water Contra
2 Hercules H 10 4 9 um Contra
3 Trident 10 3 6 um Comp
4 Microfloc 10 2 3 um Comp
5 Microfloc 10 1 lum Comp

Once this recipe had been followed, the surface finish was analysed using a microscope to see whether
any scratches persisted. If they were present, stages 3 to 5 were repeated until the desired finish

remained.

Samples for EBSD went through a final polishing stage which comprised of a 90 second polish with
colloidal silica before a water stage for the same duration. This procedure slightly etched the samples,

revealing some of the microstructure.

3.11.3 Corrosion Preparation

3.11.3.1 Set-up1

Samples due for corrosion experimentation went through 2 iterations of preparation. For method 1,

they were put through the same mounting process as those prepared for imaging; however, once
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polished, they then needed to be removed from the resin before an electrical connection could be
soldered to the rear of the specimen. Once this was done, the wire connected to the sample was fed
through a cavity beneath the platform of the specimen holder shown in Figure 25 and then up through

the stem to be connected to the potentiostat. This setup, however, led to multiple problems.

Figure 25 Corrosion sample holder - iteration 1 (A), specimen prepped for testing (B)

Firstly, extracting the samples from the bakelite was a complex undertaking as the only way it had
been successfully performed was to wrap the sample in a protective layer of blue roll. It was then
clamped in a vice with one side of the resin exposed before using a saw to cut approximately 2mm
behind the sample. The remaining bakelite could then be removed with pliers. This was, however, a
complicated process that also risked damaging the surface of the sample, requiring it to be re-

polished.

Once the sample had been removed, a wire was soldered to its rear, providing the electrical
connection needed for the corrosion experiments. However, due to the amount of manoeuvring
necessary to thread the wire through the specimen holder, the solder often failed, needing to be

redone.

The 0.4356cm? sample area to be tested was removed from a strip of double-sided tape using a

Vaessen Creative craft punch. This was then placed in the corner of the sample, as shown in Figure 25
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and used to hold it in place in the sample holder with additional tape. Air bubbles present under the

tape were extricated using a sawn flat edge of a balsa wood stick.

Once the experiment was running, if there was any significant material degradation during the test,
the electrolyte could ingress beneath the tape used to seal it to the holder, down the sides of the
sample and into the basin beneath. This caused erratic readings as the electrical contacts on the

underside of the sample influenced the readings.

3.11.3.2 Set-up 2

Figure 26 Corrosion specimen setup - iteration 2

To circumvent many of the issues triggered by the first iteration of the setup, a wire was soldered to
the rear of the sample prior to mounting in epoxy resin and cured using a hardener. Copper tape was
used as an intermediary surface between the wire and metal, as shown in Figure 26, as this aided the
soldering process and created a stronger bond. Before the resin was added to the mould, the electrical

connection was tested with an ammeter.

Once these samples were polished, they were immediately ready for corrosion experiments. The only
further requirement being a test area had to be outlined on the surface, which was achieved using

double sided tape and a craft punch as was done in setup 1.
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3.12 Etching

Etching is a valuable preparation stage in metallographic analysis, facilitating the observation of the
microstructural features of a material, making it easier to examine and analyse under a microscope.
Etching creates a differential contrast between various microstructural constituents of a metal or
alloy. Different phases, grains, and inclusions may have similar appearances under an optical
microscope, but etching selectively reveals these features, making them distinguishable. 316L requires
aggressive etchants such as Kalling’s No.2, Adler’s or Carpenters. Alternatively, electrolytic etching can
be employed with a solution of oxalic or nitric acid. Table 9 outlines the etchants used for each alloy
and their respective manufacturing methods. Cast samples did not require etching due to an already

visible microstructure.

Table 9 Etchant details

Alloy = Manufacturing Route Etchant Condition
AM Kalling’s No.2 Immersion for 5s
316L Wrought Electrolytic, 75s at 10V
70 % Nitric acid

Cold Rolled Electrolytic, 1 minute at 10V

HEA1 AM Kalling’s No.2 Immersion for 2-3s
&

Cold Rolled 70 % Nitric acid Electrolytic, 45s at 10V

HEAX

In hindsight, a dilution of Kalling’s No.2 may have been more practical, as the short immersion times
outlined in Table 9 meant over-etching was more likely to occur. Additionally, cold rolled samples in
the rolling direction and the surface orientation were mounted within the same mount for ease of
analysis. Because these samples were electrolytically etched, the current density was greater on the
rolling direction sample due to its smaller surface area which led to faster etching, making it more

difficult to achieve an optimal etch on both samples simultaneously.

3.13 Density Analysis
3.13.1 Bulk

Once manufactured, the density cubes were removed from the build plate using a combination of
pliers and a mallet. Initial density analysis was conducted using a Biolin Scientific Sigma 700 force
tensiometer and Archimedes calculations. Firstly, two equal lengths of dental floss were cut and tied
into loops, with one to be used for zeroing the scale and the other to suspend the samples from the

machine’s hook. The cubes were dipped into a 100ml beaker that was filled with a 50ml solution
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containing distilled water and 3 drops of washing-up liquid. The relevant parameters set in the

machine’s software for the test were a probe speed of 20 mm/min and an immersion depth of 21mm.

The weight of the floss was offset by zeroing the scale with a loop on it; thus, when the cube was
suspended, it would give its actual weight, and the calculations would be legitimate. Once the mass
of the cube had been recorded, it was manually lowered until it was hanging just above the surface of
the water, and the test was started. Once the set immersion depth had been reached, the apparatus
returned to its default position, and the change in mass measured was outputted and recorded in
Excel. During the dipping cycle, the temperature of the water and surrounding air were also monitored

and used in the density calculations.

3.13.2 Optical

Once samples had been polished to the required 1um finish, they were imaged on a Zeiss Observer
inverted light microscope. The software’s stitching capabilities were used to capture the entire surface
of the samples in each image without compromising the quality. Images were captured at 2.5x
maghnification with a 10x objective lens to provide detailed stitched images without exceeding the file
size limit to be exported. These images were then imported to ImagelJ to analyse the surface porosity

present in each sample.

For this, the image to be investigated is transformed into an RGB image before splitting the individual
channels and displaying them. The channel with the best contrast and highest quality was selected,
and the image was cropped to achieve the largest area of the sample possible while excluding
irregularities. With the AM samples, the outer edges of the samples were removed during the crop,
as the boundary parameters for processing had not been optimised and could, therefore, influence
the results. Once this has been completed, the threshold of the image is slowly increased from zero,
causing the darker areas of the image (the porosity) to turn red. Once all porosity is red, the threshold
is applied, and the image is converted to a binary format displaying the porosity in black and the rest
of the sample in white before the particles are analysed. Analyse particles was selected from the
toolbar with ‘display results’ ticked, outputting a value for the total area white area, and therefore the

density value.

3.14 SEM EDS

3.14.1 Loading and Initial Operation

Polished samples were loaded into the EVO LS25 SEM before the chamber was evacuated and the

sample raised to the 10mm analytical position. Once complete, the filament was turned on with an
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initial accelerating voltage and probe current of 15 kV and 250 pA set as standard. The brightness,
contrast and focus were then adjusted to provide the clearest possible image, followed by optimising
the gun shift and tilt to provide the brightest, most stable image for operation before undergoing
aperture and stigmatism alignment. The former was achieved by increasing the magnification to 4x
greater than the anticipated analytical magnification and focusing on a feature such as a pore or
inclusion. The reduced frame tool was activated to maintain image quality whilst decreasing the frame
time before selecting the wobble function. The x and y aperture knobs were then adjusted so that the
feature in focus remained stationary instead of drifting between frame passes. Once refocused and
the wobble function deselected, a stigmatism correction was performed by rotating the x and y
rotaries one at a time to achieve the clearest image for both. When a sample area of interest had been
identified, the image was refocused before increasing the resolution to 2048x1576 px and decreasing
the scan speed to ~ 9 to maximise image quality. The scan was frozen at the end of the frame before

saving the image to a report file.

3.14.2 EDS

To complete EDS analysis, the AZtec software was loaded once the initial optimisation and any imaging
had been completed. A report file was created before describing the specimen to be analysed,
including details such as its compositional elements and any coatings present. An EDS-Map was then
run to get an initial insight into the composition of the sample and identify any potential
inhomogeneity, such as multiple phases or precipitates. This was achieved by initially taking an image
of the desired area and selecting ‘automatic lock’ to account for any beam drift during the scan. The
parameters were then set for the EDS mapping, with conditions such as process time, dwell time, and
run time varied in combination to achieve the desired frame time, count rate and dead time. If a low
count rate is achieved, increasing the probe current will result in an increase in this number. However,
this will be at the cost of resolution. After ~ 30 minutes, the scan is stopped and studied for any
heterogeneity. If detected, point scans are placed at these locations to quantify the magnitude of the
differences. As with the maps, point scan parameters, such as the process time, are designated prior

to investigation to achieve the desired count rate before moving on to the following location.

3.14.3 Grain Size Analysis

Grain Size Analysis was conducted using the EBSD facilities within the same AZtec software as EDS,
however there was some additional setup steps. Once the initial alighments, magnification and focus
steps had been completed, the sample and its holder were tilted by 70 ° towards the horizontal, before

being raised to the analytical position. The focus was re-optimised before adjusting the magnification
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to the desired level for the analysis. Once this was complete the proximity sensors were disabled and

the EBSD detector inserted into the chamber.

Before deciding on an area for analysis, the crystal structures that make up the respective alloys had
to be selected. This let the software know what to look for during analysis and speeds up processing
time. One confirmed, the acquisition area was chosen in conjunction with the step size as both
affected the total duration of the analysis. The step size had to be smaller than 10% of the average
grain size expected and the area had to be large enough to be fully representative of the material, but

not too large as to lead to immense processing time. The test could then be launched.

The software had multiple outputs, but the one of interest was the contrast band, which was exported
to a second machine for grain size analysis. Channel 5 was opened, and the file dragged in to the Tango
platform, opening the file and allowing the removal of dead spots or spikes. Once this had been done,
the detection criteria for a grain was set to a grain boundary angle of greater than 4 ° before ‘analyse
grains’ was selected and the data output exported to excel. Any grains detected that were less than
3x the step size were discounted, as they didn’t have the sufficient reliability. Finally, a MATLAB script
was used to plot the data and extract the metrics of minimum diameter (dmin), maximum diameter

(dmax), and mean diameter (dm).

3.15 X-ray Diffraction

X-ray diffraction (XRD) is a non-destructive technique that can be used to investigate single crystal or
polycrystalline materials. Simply put, X-rays emitted from a source are reflected through a sample
before reaching a detector. The interference these X-rays undergo can be analysed to determine
things such as the position and arrangement of the crystal structures of the sample [173]. One
particular use is its ability to assist in the identification of a sample’s constituent compounds based on

the diffraction patterns that are detected [174].

XRD was completed to analyse the crystal structures present in the alloys after each manufacturing
process. The XRD divergent slit/Bragg-Brentano 26 methodology was used for this analysis on a

BRUKER D8 Discover with a Cu anode and a 1.5406 A wavelength.

Once the program is loaded, the Da Vinci tab is selected. This window and its settings contain a mix of
user-defined and automatically updating test parameters. Those that auto-update do so based on
things such as the beam path, slit sizes and whether any filters have been applied. The setup used is

displayed in Figure 27.
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3.15.1 Loading & Alignment

The tested samples underwent the same mounting and polishing procedure as those for SEM and
optical analysis. To load a sample, DIFFRAC.SUITE is opened, the Z axis is set to 0, and the positional
lasers are turned on. The sample is then placed on the central stage, and its height is increased by
placing shims underneath it until the two lasers intersect on the sample’s surface to roughly set the z
height. The rotary absorber is set to 80.93, the detector to 0D mode, and its opening to 0.075 to
improve spatial accuracy. Within the scan type, ‘Z’ is selected and set to test between -1.4 mm and 2
mm at 0.05mm increments to ensure the height of the sample is detected accurately and the test is
run. The resultant scan has a drop-off in counts from a maximum to O as the top of the sample is
reached. To accurately determine the z height of the sample, take half of the maximum value, and

where this point crosses the line, the value is selected and then sent to the instrument.

3.15.2 Test Set-up

To set up the test, a blank standard XRD file is opened. Because all the alloys tested contain large
guantities of Fe and Mn, within the Da Vinci subsection, the lower discriminator needed to be changed
from 0.11 V to 0.19 V to remove much of the background radiation. The z-axis height of the sample
found in the previous steps is brought into the program by updating the drives. The scan range for
316L was determined based on significant available literature, whereas those of HEA1 and HEAX as
alloys of novel composition went through an initial test of a greater range before reducing it in further
tests to reduce scan time. These ranges are displayed in Table 10. All tests contained 3600 steps with

a time/step of 1s for high resolution.
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Table 10 XRD setup ranges for 316L and HEAs

2Theta (Abs. start) 2Theta (Abs. stop) Step Size
316L 35° 80° 0.014°
HEA1l & HEAX 30° 95° 0.018°

The file is saved before loading it in the jobs subsection and starting the test. Once completed, the

data is automatically saved, and the sample is removed.

3.15.3 Phase Identification & Analysis

The file to be analysed is imported into the DIFFRAC.EVA software and selected in the data tree.
Initially, the ‘strip kalpha2’ tool is used to isolate the stronger kalphal wavelengths for investigation.
Once isolated, the search/match function is selected, and the ‘open crystallography database’ is
chosen. Within the chemical filter, the elements expected within the composition of the alloy are
selected and turned blue, indicating that at least one must occur within the patterns suggested; the

rest are excluded before selecting ‘match.’

A search list is created from the conditions set out in the database and chemical filter, containing all
the structures whose peaks in some way match those in the XRD test data. These matches are then
analysed to identify those that best compare with the peaks and selected. In the event that these
matches do not perfectly align, a degree of tuning may be applied to centralise the expected peak with
that of the observed peak using the ‘tune cell’ tool. The auto-scale function is then applied to match
the intensity of the expected peaks with that of the observed. This process is repeated with multiple
elements until all the peaks have been accounted for. As all samples tested were mounted in Bakelite
resin, a scan was conducted on a pure Bakelite specimen to observe any background wavelengths that
should be excluded. This scan is shown in Figure 28. Whilst there are distinct peaks observed from the
Bakelite sample, the counts at these peaks are relatively low compared to those detected when
analysing the scans conducted on the alloys presented in this work. Nevertheless, peaks at 35 °, 42.5
°to 46 °,54.5° 57.5° 60 °, 77.5 °and 84 ° are noted in case they interfere with the data from the
tested samples. To remove any potential interference from the Bakelite, its data was initially scaled
down in the Y axis, as the counts observed when incident on the sample directly would be greater
than those seen when in the background of a metal sample. Once this had been completed, the
reduced Bakelite scan was subtracted from the scan data of the metal sample. This provided a more

accurate representation of the crystal structures without any unexplained peaks.
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Figure 28 XRD analysis of Bakelite

Once all peaks have been identified, their phase proportions can be plotted on a pie or bar chart, as
well as identifying the space group the structure belongs to and its crystal lengths. However, there
were failures with this method. Due to the cubic structures identified using the pattern-matching
process, the intensities and wavelengths could not be tuned individually, and therefore, deviations
were seen when comparing this method of calculating the phase proportions from the sum of the

intensities of each peak for some data sets.

3.16 OCP & Potentiodynamic Polarisation

3.16.1 Solution Preparation

All potentiodynamic polarisation experimentation used the same 3.5 %wt sodium chloride (NaCl)
solution as the electrolyte. It was created in 1L batches by initially measuring out 1L of deionised water
in a beaker before placing it on a magnetic stirrer. 35g of >99.5 % pure NaCl was then weighed out
onto a measuring tray before turning the stirrer on and adding the NaCl incrementally to the solution

until it had completely dissolved.

3.16.2 Experimental Setup

Setup 2 from the corrosion in Figure 26 was used in all potentiodynamic polarisation tests due to the
ease of sample preparation and the comparative lack of problems associated with the experimental
procedure. Once the preparation steps had been completed as discussed, the sample is taped face up
around the perimeter of the bottom of a wide beaker, with the wire extending out over the rim. This
ensures that the sample doesn’t move during the experiment and that the exposed wire is removed
from the active environment to avoid interference. The reference and counter electrodes are
suspended from clamps attached to a retort stand and positioned so that the reference electrode is

as close to the sample as possible without contact, and the counter is as far away as possible. The
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electrolyte is then steadily poured into the beaker without disturbing the sample until it and the tips
of the electrodes are entirely submerged. Any air bubbles present on the test area of the sample must

be removed, which was achieved with the end of a pipette so as not to scratch the surface.

Once these steps were completed, the electrodes and sample were connected to their counterpart
wires originating from the potentiostat by crocodile clips, and the machine turned on. All tests were
conducted on a Gamry Interface 1010 potentiostat using the Gamry Framework™ software provided.
The sequence wizard within the software created an experimental framework including an open
circuit potential (OCP) and a cyclic polarisation (CP) test that would occur back-to-back without any
delay or need for intervention. Each stage needed inputs to set the parameters required. For all open
circuit potential tests, the duration was set to 600s to allow the system time to settle and achieve an

equilibrium, and the surface area of the test specimen was also input as 0.4356¢cm?.

CView was used to plot the data from each test and extract the key data points. When determining
the value of a material’s Epi: from the plotted data, it was defined as the point at which the current
increases rapidly. Where there was no sharp increase and instead a gradual current increase as the
potential was increased, the E,i: was defined as the value at a predesignated current density. For
consistency, this value was chosen as 2x10* Acm™. This is a higher current density than often seen for

pitting potential; however, it was selected to minimise the chance of defining it too early.

3.17 Additional Notes

For simplicity, the manufacturing processes pursued in this thesis will henceforth be designated as
displayed in Table 11.

Table 11 Manufacturing processes and their production notes

Process Production Notes
AM Manufactured by LPBF, as built with no heat treatments or additional finishing
Cast 40g cast as outlined in 3.7, no heat treatments or additional finishing
CR Drop cast as outlined in 3.8 before solution annealing (3.9.1), cold rolling (3.10), and

finally a post-cold roll anneal (3.9.2)
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4 An Investigation into the Effect of Density Variation on the
Corrosion Performance of Additively Manufactured 316LSS

4.1 Introduction

This investigation aimed to optimise the LPBF processing parameters for 316L and subsequently
introduce deviations from these to impose variations in density across the array. These samples then
underwent corrosion testing to understand the effect of porosity on corrosion resistance. The wrought
samples in this scheme of work were cut from 2mm thick annealed sheet 316L supplied by
Goodfellows. The wrought samples were used as a baseline to compare to the AM samples’ corrosion

resistance.
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4.2 Powder Analysis

Figure 29 presents SEM images of the 316L powder feedstock used to manufacture the cubes in this

study.

SEl 20kv WD10mm SS60
MACH1 Swansea University

SEI 20kV WD10mm SS60 x1,000 102pm —

MACH1 Swansea University Sep 15, 2023
Figure 29 SEM micrographs of 316L powder at 250x (a) and 1000x (b) magnification
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Figure 29 observes that the powder used was primarily spherical; however, a small percentage of
particles display more irregular, prolate spheroid geometries. There is also evidence of satellites and
a degree of agglomeration with smaller particles. An EDS scan was conducted on the powder to check
for inhomogeneity, the point scans of which are shown in Figure 29 (b); however, an even

compositional distribution was observed across the specimen, as displayed in Table 12.

Table 12 EDS point scan analysis of Figure 29 (b) (wt.%)

Spectrum Fe Cr Ni Mo Mn Si S P

1 67.04 1749 10.86 195 1.48 0.93 0.21 0.04
2 6796 173 10.6 193 1.29 0.74 0.15 0.04
3 679 17.11 1044 19 1.53 0.87 0.21 0.04
5 66.47 174 11.22 232 137 1.03 0.16 0.04

Average 67.34 17.32 10.78 2.03 1.42 0.89 0.18 0.04
Deviation  0.72 0.16 034 0.2 0.11 012 003 O

PSD analysis was conducted, the results of which are displayed in Figure 30 and Table 13.
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Figure 30 316L powder PSD
Figure 30 shows that the diameter of particles within the powder sample was between approximately
12.7 um and 66.9 um. Additional particles were detected with a diameter in excess of 352 um;
however, this is due to air bubbles in the system as a result of the stirrer, with the SMD of 30.6 um
given by D [3,2] in Table 13. Dv (10) and Dv (90) advise that 10 % of the particles analysed lie below
20.8 um and 90 % below 49.5 um, which concurs with the fact that the powder size was meant to be
within the 15 um —45 um range. Approximately 3.76 % of the total volume is attributed to the bubbles

above 352 um previously discussed.
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Table 13 Particle size by volume for 316L powder

Percentile Size (um)

Dv (10) 20.8
Dv (50) 31.5
Dv (90) 49.5
D [3,2] 30.6
D [4,3] 59.0

A selection of the data produced during stability and variable flow rate testing is presented in Table
14. Comparing the FRI of 1.17 to the flow rate categories in Table 5 suggests that the 316L powder
tested was insensitive to flow rate. This implies that the powder behaves consistently when applying

a varying driving force.

Table 14 Rheometric characteristics of the 316L powder

BFE(mJ) SE(mJ/g) FRI CBD (g/ml) Split Mass (g)
786.46 2.89 1.17 4.29 107.29

This is important in the LPBF process, as the recoater blade aims to create the most evenly distributed
powder bed possible. A low FRI reduces the likelihood of powder agglomeration, providing a

consistent material delivery.

4.3 Optimisation and Experimental Setup

4.3.1 Optimisation

Renishaw provided optimum parameters for producing 316L by LPBF for their machine. To confirm
these, further optimisation was undergone in the RenAM400 using an L25 array of the density cubes
displayed in Figure 23. To do so, the parameter inputs of power (P), point distance (PD), hatch spacing
(HS), and exposure time (ET) were varied by 10 % on either side of the optimum, as outlined in the
methodology section 3.6. Once the build was completed, the parts were removed from the build plate,
and their bulk density was measured 3 times and averaged. The 6 samples with the highest density
from this test were sectioned, hot mounted, and polished to a 1um finish, as specified in the
methodology. Once prepped, they were optically imaged using the observer microscope and exported
to Imagel for porosity analysis. This optimisation concluded that the parameter set provided by

Renishaw was confirmed to manufacture the part with the highest density.
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4.3.2 Build Setup

Figure 31 5x9 build setup for 316L density cubes

To conduct this investigation, an L9 array with 5 repeats was created, as shown in Figure 31, with the
best parameters confirmed by the optimisation used for the production of sample 4. The other
sample’s parameters were defined using the Taguchi L9 array setup for 4, 3-level factors outlined in
Table 15, with the resultant parameters and calculated energy densities displayed in Table 16. For
cube 4, the parameters were overridden from the standard L9 set-up to represent the optimum

parameters in the build.

Table 15 L9 Taguchi array for parameter selection

Cube PD HS ET P
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 2 2 2
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

94



Table 16 316L build parameters for repeated samples 1-9

Cube PD(um) HS(um) ET(us) P (W) VED (J/mm?3)

1 65 120 70 175 3141
2 65 110 80 195 43.64
3 65 100 90 215 59.54
4 60 110 80 195 47.27
5 60 110 90 175 47.73
6 60 100 70 195 45.50
7 55 120 90 195 53.18
8 55 110 70 215 49.75
9 55 100 80 175 50.91

4.4 Bulk Density Analysis

Table 17 and Table 18 display the results from the mass and density analysis, respectively, for each
cube across the 5 blocks. The error in each cube's reading across the 5 blocks measured by standard

deviation is most significant when the mass and density of the components are lowest.

Table 17 Mass analysis for 316L by cube and block number (g)

Cube Blockl Block2 Block3 Block4 Block5 SampleAvg Std Dev
30.971 31.405 31.055 31.391 31.345 31.233 0.183
31.797 31988 31.764 32.018 31.881 31.890 0.101
31915 31.989 31.926 32.082 32.042 31.991 0.065
31.740 31.945 31.665 31.987 31.799 31.827 0.122
31.798 31.993 31.796 31.991 31.905 31.896 0.088
31956 32.037 31.923 32.026 31.992 31.987 0.043
31.716 31.956 31.720 31.973 31.735 31.820 0.119
31.804 32.101 31.839 32.038 31.986 31.953 0.114

9 31949 32.040 31941 31.967 32.014 31.982 0.038
Mean 31.738 31939 31.736 31941 31.855
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Figure 32 Bulk density of 316L cubes
Figure 32 exhibits the bulk density of each cube from the build, with each L9 block colour-coordinated.
Significant variation is experienced in the measurements of the cubes at position 1 in the array,
showing that non-optimal parameters result in poorer part quality and decrease the repeatability of

these parts.

Table 18 Density analysis for 316L by cube and block number (%)

Cube VED (J/mm3) Block1l Block2 Block3 Block4 Block5 Sample Avg Std Dev
1 31.41 96.463 97.451 96.758 97.319 97.661 97.130 0.448

2 43.64 99.214 99.050 99.097 98.725 99.160 99.049 0.171
3 59.54 99.157 99.164 99.116 99.224 99.098 99.152 0.044
4 47.27 99.154 99.086 98.992 99.028 99.033 99.059 0.056
5 47.73 99.110 98.956 99.096 99.160 99.085 99.081 0.068
6 45.50 99.122 99.189 98.906 99.101 99.027 99.069 0.097
7 53.18 99.105 98.804 99.114 99.190 98.986 99.040 0.135
8 49.75 99.146 99.166 99.124 99.212 99.003 99.130 0.070
9 50.91 99.125 99.162 99.109 99.116 99.163 99.135 0.023
Mean 98.844 98.892 98.813 98.897 98.913
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Figure 33 Graph of VED vs average bulk density

Figure 33 shows a correlation between an increased VED resulting in a greater bulk density
measurement. The graph reproduces what is seen in literature for 316L, as well as other alloys, that
lower energy densities than the optimum result in lack of fusion porosity and consequently, lower part
densities. As VED is increased towards the optimum, there is a range in which a high density is
achieved, as shown in Figure 33 between 43.64 J/mm3and 59.54 J/mm?3. Beyond this range, it is
common for the parts to accrue porosity associated with keyholing and vaporisation. However, this
effect is less significant than lack of fusion and is not obvious in the results presented. A more
expansive selection of VEDs than exhibited here would be needed to accurately determine at which

point lack of fusion is no longer significant, and vice versa for keyholing, but that is not the focus of

this study.
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4.5 Optical Density Analysis

Density (%)

100
99
98
97
96
95
94
93
92
91

90

Table 19 Density measurements from bulk and optical analysis

Cube Bulk Optical
Sample Array Density Density  Difference
(%) (%)
1 1 96.46 95.11 -1.353
3 3 99.16 99.84 0.683
7 7 99.11 99.74 0.635
10 1 97.45 93.05 -4.401
16 7 98.80 99.74 0.936
19 1 96.76 90.36 -6.398
22 4 98.99 99.88 0.888
25 7 99.11 99.75 0.636
29 2 98.72 99.81 1.09
30 3 99.22 99.81 0.586
37 1 97.66 93.68 -3.981
40 4 99.03 99.66 0.627
Bulk Optical
Density Density

7 10 16 19

22 25 29
Cube Number

30

37 40

Figure 34 Bulk and optical density comparison for 316L
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Table 18 observes that the average bulk density of the cubes built with parameter set 3 was the
highest, also exhibiting the highest VED. This contradicts the statement that cube 4 was built with the
optimum parameter set in each array. However, the optical analysis presented in Table 19 shows that

the highest density was measured at 99.88 % from sample 22, belonging to cube array 4.

Table 19 and Figure 34 show that the bulk density measured using the Archimedes calculation differs
consistently from those output from the optical analysis. The optical measurement is consistently
higher for the cubes where the bulk density has been observed to be >98 %, whereas the opposite is
true for those cubes with a bulk density <98 %. The difference between the two analytical methods is
also more pronounced when the density measurement is lower. These results suggest some failures
within the methods for one, if not both, of these analytical techniques. The bulk density analysis is
calculated on assumptions such as a value for ‘theoretical density’ as well as repeatability errors
encountered when weighing the mass of cubes before dipping. These errors, however, only amounted
to a maximum standard deviation of 0.013 once further repeats were conducted. The average
standard deviation of the density readings from this method was 0.078. However, multiple samples
had to be tested more than the 3 times stated in the methodology to reduce their individual error and

single out anomalies.

As mentioned in the methodology, the edges of the samples were cropped out of the final image to
be optically analysed, as the boundary parameters had not been optimised. This could be responsible
for some of the disparity seen between the two techniques. The optical density is also observed from
a single slice or cross-section of the cube, and it, therefore, cannot be stated with absolute certainty
that the slice analysed is characteristic of the bulk sample. It is assumed that the porosity present at
each layer will be consistent during the build as there are no changes in processing parameters
throughout the build. Ultimately, the Archimedes methodology is a non-destructive technique;
however, its precision encounters constraints when applied to nearly fully dense components. This
limitation arises from the inherent challenge of determining the actual theoretical density of an
additive manufacturing alloy, which is dependent on multiple factors. Moreover, the accuracy of
measurements may be compromised by variations in surface quality [175,176]. For these reasons,

optically analysed density is the authoritative measurement over the dipped density.
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Figure 35 Binary images of (a) AM samples 19 and (b) 22 post thresholding

Figure 35 displays the binary images produced when calculating the density of samples optically.
Samples 19 and 22 have been presented to show the clear distinctions between a high and low
porosity. Sample 19, with a calculated density of 90.36 %, shows a significant number of irregularly
shaped pores with large diameters. They also occur in a regulated formation, appearing to follow the
laser scan path, with even larger pores occurring where the laser path from other layers intersect.
Conversely, sample 22, with the highest density recorded of 99.88 %, presents comparatively few

pores, sporadically located, much smaller in size and with a more circular geometry.

100



4.6 Microstructure

The microstructure of the 316L AM and wrought samples was investigated using optical microscopy

and SEM analysis.

4.6.1 Additive Manufacturing

¢ 20 pm 500 X SE1 EHT = 15.00 kV IProbe= 500pA WD =9.59mm  FANKWY
Width = 228.7 um Swansea Uni Faculty of Sci & Eng 2 Nov 2023

Figure 36 SEM micrograph of AM 316L in the XZ plane at 500x magnification

Particular focus is directed towards the melt pool boundaries of the AM 316L sample depicted in
Figure 36. Whilst porosity occurs with certain regularity along the majority of these boundaries, there
are regions where significantly larger formations exist. These formations also seem to occur in zones
where two or more boundaries intersect and have more of an ellipsoidal geometry than the smaller,
circular porosity present along the majority of the boundary. EDS mapping of the area depicted in
Figure 36 was undertaken to identify any compositional variations between the bulk material and the
boundaries of the melt pool, such as a higher concentration of Cr at the boundary indicating the
presence of chromium carbides. However, upon review of the data, no such distinctions appeared

other than a diminished count rate at the site of the two largest pores.
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Figure 37 EDS point scan map of AM 316L in the XZ plane at 4000x magnification

Further investigation at greater depth was conducted on the most prominent central pore shown in
Figure 37, to examine whether the absent counts resulted from the pore geometry affecting the X-ray
detection or a variation in composition. Point scans were taken at spectra 9-11 to acquire a baseline
for the bulk material, 12 and 13 to investigate the compositions in the smaller, more regular pores,

and 14-18 to map the largest pore.
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Table 20 Spectrum analysis data for SEM image in Figure 37 (wt.%)

Region Spectrum No. Fe Cr Ni Mn Mo Si N S P
9 68.33 17.00 1042 1.64 159 0.84 0 0.13  0.05
10 67.87 17.20 1032 165 184 083 0.13 0.12 0.04
Bulk 11 67.07 17.25 11.11 165 1.88 0.79 0.1 0.10 0.05
Avg 67.76 ' 17.15 10.62 165 1.77 082 0.08 0.12 0.05

12 70.56 19.66 698 2.21 035 0.14 0.05 0.04 0

Melt Pool

ek 13 67.65 1838 10.12 1.77 152 049 0.03 0.02 0.02
Avg 69.11 19.02 855 199 094 032 0.04 0.03 0.01

14 7139 20.10 5.83 243 0.16 0.06 0.02 0 0
15 69.72 19.70 7.63 239 043 009 0.01 0.01 0.02
Ellipsoidal 16 66.77 18.12 10.49 185 194 0.69 0.07 0 0.09

Pore 17 67.44 17.79 10.25 1.77 197 0.76 0.02 0 0
18 69.49 1842 8.82 2.01 1.03 0.2 0.02 0 0.02
Avg 68.96 18.83 860 2.09 111 036 0.03 0.00 0.03
Max 7139 20.10 11.11 243 197 084 0.13 0.13 0.09

Min 66.77 17.00 583 1.64 0.16 0.06 0 0 0
Average 68.63 1836 9.20 194 127 049 0.05 0.04 0.03
Standard Deviation 157 112 179 031 072 033 0.04 0.05 0.03

Evaluating the point scan data in Table 20, the bulk spectra 9 — 11 exhibit an almost homogenous
composition, with the only sizable variations being Fe and Ni, with ranges of 1.26 wt.% and 0.79 wt.%,
respectively. The region defined as the melt pool boundary and investigated by spectra 12 and 13
show compositional differences compared to the bulk average, with 12 being 2.8 wt.% higher in Fe
and a noticeable elevation in Cr and Mn. Ni, Mo and Si are also depleted by 34 %, 80 % and 83 %,
respectively, indicating elemental segregation and an inclusion. Spectrum 13, however, presents
minimal distinctions from the bulk, implying that not all the points of interest along the grain
boundaries can be categorised into one division. When considering the ellipsoidal pore, spectra 14, 15
and 18 show the most significant variations from the bulk, with reduced levels of Ni, Mo and Si
balanced with increases in Fe, Cr and Mn. These compositions compare with what was observed at
the melt pool boundary in spectrum 12; however, there is little evidence in Figure 37 to explain why

spectra 13, 16 and 17 deviate from this trend.
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4.6.2 Wrought

Figure 38 displays the surface of an annealed wrought sample provided by Goodfellows and prepared

Figure 38 Optical microstructure of wrought 316L at 500x magnification

by polishing and subsequent electroetching in nitric acid. The optical image shows a cellular
microstructure often seen in steels that have been through rolling and annealing treatments, with a
grain size range between 5 um and 50 um [61,76]. What appear to be defects are observed along the
grain boundaries; however, on closer inspection, these seem to be a result of the preparation and not

porosity, as the boundary can still be seen within the defect.
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Figure 39 SEM micrograph of wrought 316L at 4Kx magnification

Table 21 EDS composition of wrought 316L

Element Fe Cr Ni Mo Mn Si N P S
Weight% 6895 17.45 9.66 1.81 1.45 0.42 0.17 0.05 0.05

To investigate the structure and composition of the wrought samples at greater magnification, SEM-
EDS was undertaken on the area in Figure 39, the average composition of which is in Table 21. There
were no distinguishable differences in the maps produced by the EDS, with particular attention paid
to the grain boundaries. Nevertheless, spectra were taken from across the sample at the bulk and at
various points along the boundary, as well as the area immediately adjacent to it, specifically looking

for regions rich or depleted in Cr that would indicate the presence of chromium carbides.

Table 22 Compositional point scan summary of wrought 316L (wt.%)

Statistic Fe Cr Ni Mo Mn Si N S P
Max 69.29 1797 9.76 234 1.76 0.45 0.42 0.17 0.08
Min 68.55 1735 9.1 137 1.24 034 0.07 O 0

Average 68.95 1762 9.5 171 1.44 0.41 0.25 0.08 0.05

Standard Deviation 0.25 0.19 0.22 0.3 0.18 0.04 0.13 0.07 0.03
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Table 22 shows the resultant summary of these spectrums. The most significant of these is the
standard deviation, which exhibits a tight grouping, suggesting homogeneity across the points
sampled. This is consolidated when observing the maximum and minimum compositional values, the

most extensive range of which is 0.97 wt.% for Mo.

4.7 Corrosion Testing

Samples 1, 3, 7, 10, 22 and 29 were used for corrosion testing as they provided a wide range of
densities from the selection available. OCP and CP tests were carried out on each specimen; the

methods and parameters used are outlined in section 3.16.
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Figure 40 OCP data from 316L AM samples 1, 3, 7,10, 22 and 29 over 600s

Figure 40 displays the OCP measurements for each test conducted on the AM samples. Across the
data plotted, the OCP readings appear stable for the duration of their respective scans, apart from
those of AM 1-2, AM 7-2, and AM 29-3, which have a significant drop in potential within the first 5
minutes of the scan, before reaching an equilibrium, likely due to changes in the air formed oxide. The
average OCP measurements displayed in Table 23 are a valuable tool in understanding a material's
corrosion resistance. Stainless steels, among other alloys, develop a passive oxide layer on their
surface that protects them from corrosion. The OCP can indicate the stability and integrity of this
passive layer. A more noble (cathodic) OCP suggests that the passive layer is stable and effectively
protects the alloy from corrosion. The data shows an overall correlation between the optical density

and the OCP. Sample 10, which had the lowest density tested, exhibits the most negative average OCP,
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whereas sample 22, with the greatest density of the AM samples, produced the most positive OCP of
0.067 V. The only deviation from this trend is that of sample 7, which produced the second most

positive OCP whilst having the 3™ lowest density.

Table 23 Summary of corrosion data for AM and wrought 316L samples ordered by density

Optical AVg OCP EI"I'OI' AVg Ecorr Ecorr AVg Epit Epit AVg Er

2Pl Density(®) (V) (D) (V) (D) (V)  (sD) (V)
10 93.05 -0.112 0.169 -0.109 0.158 0.808 0.468 -0.232
1 95.11 -0.110 0.047 -0.141 0.041 0.727 0.155 -0.238
7 99.74 -0.032 0.051 -0.172 0.015 0.964 0.178 -0.190
29 99.81 -0.108 0.088 -0.131 0.068 0.969 0.061 -0.216
3 99.84 -0.045 0.042 -0.111 0.058 0.953 0.179 -0.156
22 99.88 0.067 0.077 0.024 0.098 1.018 0.096 -0.183
WRT 100 0.113 0.037 0.030 0.038 0.415 0.049 1.164
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Figure 41 Cyclic polarisation plots for 316L AM sample 1
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Figure 42 Cyclic polarisation plots for 316L AM sample 10

Figure 41 and Figure 42 display the CP curves for AM samples 1 and 10, which have the two lowest
densities of the cubes tested. While some elements of the repeats for each sample display similarity,
the overall impression is one of erraticism. Significant metastable pitting is observed between the Ecorr
and Epi: sections of the graphs, suggesting either the poor formation of a passive oxide layer over the
initial pitting site/s or that other corrosion sites are initiating as the potential is increased across the
cell. Of the AM samples tested, 1 and 10 exhibited the lowest Eyi: values, with sample 10 showing a
significantly larger standard deviation for this metric than all other samples. This deviation, as well as
lower average Epi: values, show that density is a driving factor in not only the corrosion resistance
performance but also its repeatability. The latter is often cited as a significant barrier to AM

components replacing those made by traditional manufacturing methods.
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Figure 43 Cyclic polarisation plots for 316L AM sample 22
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Figure 44 Cyclic polarisation plots for 316L AM sample 29

Comparatively, the CP data produced by AM samples 22 and 29 in Figure 43 and Figure 44 show a

significant improvement in corrosion performance and reliability. Looking at the form of the respective
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plots, each repeat shows extensive repeatability. The key turning points appear to occur at very similar
potentials and currents. The distinct lack of any metastable pitting across the tests is perhaps more
significant, showing that the passive layer produced by these samples offers much greater protection

from further corrosion than samples 1 and 10.

From Table 23, AM 22 and AM 29’s average E,i: values are 1.018 V and 0.969 V, respectively, averaging
0.226 V higher than the mean measured on AM 1 and AM 10. Not only this, but the dispersion in the
Epit values experienced across the samples with lower density is significantly greater than that of those

with higher density, once again reinforcing the reliability issues associated with non-fully dense parts.
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Figure 45 Optical density vs key corrosion metrics for 316L AM

Graphical representations of the 316L corrosion metrics in Table 23 are displayed in Figure 45 against
the sample's respective optical densities. This illustration uses a non-linear scale to alleviate the tight
distribution that would otherwise be produced due to the small dispersion of the higher optical
densities. Whilst this figure does show that an increase in density correlates with an increase in
corrosion resistance, it does have some discrepancies and does not encapsulate all the observations
that have previously been made. For example, the lack of stability seen between the Ecrr and E,ic values
of samples 1 and 10 in Figure 41 and Figure 42 respectively is not represented, so sole reliance on this

figure for drawing conclusions on the effect of density on corrosion resistance should be avoided.
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Figure 46 Cyclic polarisation plots for 316L wrought samples
The wrought samples were tested under the same parameters as the AM. The OCP tests yielded the
most positive potentials of all the samples tested, suggesting the wrought material had the greatest
stability. Not only did it have the most positive OCP, but also the lowest standard deviation. One metric
that the wrought samples underperformed in compared to the AM samples was the Egi, which was
significantly lower than all the AM densities tested. However, the error for the Egi: values, like the OCP
again the lowest of all samples tested. The plots produced also appear to be the most reproducible,
with every part of the CP scan following a tight cluster of results. The average E: of the wrought
samples is significantly higher than the AM samples. However, this is unreliable due to only some
samples repassivating, and of the ones that did, many did so by their return scan profiles crossing by

the reversal point before returning to below the forward scan line.

4.8 Discussion

The parameters outlined in Table 16 and subsequent density results presented in Figure 32 display
how easily a machine operator can manipulate levels of porosity in AM parts by controlling the input
parameters. They also clearly exhibit trends, such as a large parameter operating window for 316L
whilst producing components of 99 % density (Archimedes), and the optimisation of these parameters
results in the greater repeatability of component quality outlined in literature [177]. The results from

the mass and density analysis in Table 17 and Table 18, respectively, show how the location of parts
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on the build plate affects the component quality, with the average mass and density of blocks 1 and 3
(furthest from the gas outlet) being 31.737 g and 98.83 %, whereas the same metrics for the blocks
closest to the outlet (2, 4) are 31.940 g and 98.89 %. This reinforces what is stated in literature, that
an increase in distance from the gas inlet and recoater blade negatively influences part density

[178,179].

The corrosion results presented in Table 23 and displayed graphically in Figure 41 - Figure 45
demonstrate the importance that bulk density and surface porosity have on the corrosion resistance
of metals, specifically those manufactured by AM. Samples of AM 1 and AM 10, with an average optical
density of 94.08 % and investigated by CP, show large variations in corrosion performance at all points
of interest. When considering the magnitude of their average OCP and E,i: values and comparing them
to the wrought data, they come out 0.244 V below and 352.5 V above. What this suggests is a greater
predisposition for corrosion within the high porosity AM samples, resulting in a negative OCP well
below that of the wrought, but a better passive oxide layer formation once the potential is raised
beyond the E.rr. This correlates with literature which proposes that this is due to the fine grain
structure in AM stainless steels relative to the wrought [66,72]. The average E,i: data suggests that
even low-density 316L AM specimens have a greater corrosion resistance than their wrought
counterparts; however, what is more concerning is the level of reliability in the corrosion mechanisms.
Whilst the profiles of all 6 wrought plots in Figure 46 are virtually identical, those of AM 1 and 10 in
Figure 41 and Figure 42 show huge variations, with Eyit and Ecorr standard deviations 0.062 and 0.263
higher than the wrought. This level of failure uncertainty in a component increases the risks for those
in the AM component supply chain and, therefore, makes it difficult to supplant wrought material

where design freedom and mechanical properties are not required.

The high density AM 22 specimen tested in Figure 44, however, shows much more promise for
supplanting wrought components. Whilst its average OCP is lower than the wrought by 0.046 V and
the standard deviation for this metric is 0.04 higher, it is a significant improvement on the lower
density samples mentioned previously. The average E,i: of AM 22 diminishes that of the wrought by
0.603 V, and whilst the standard deviation of these values is ¥97 % greater at 0.096, there must be a
trade-off between the significantly higher overall corrosion resistance and the slight decrease in

reliability of high density 316L AM and 316L wrought.

Overall, the trends across every metric measured in Table 23 proposes that a decrease in AM surface
porosity results in better corrosion resistance and a more reliable product, with the increased porosity
decreasing the stability of the alloy as well as the strength of the passive film [29,81,180]. It is difficult

to isolate the effects of pore size and shape from the total porosity surface area with the experimental
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work in this study, as the corrosion test sites were often compiled of a combination of both, as
displayed in Figure 35. Further work needs to be done to isolate this variable, such as timelapse
microscopy [181]. The AM samples did not exhibit any major bulk compositional inhomogeneity
across the EDS maps, and whilst some differences were present when pores were investigated with
spectrum analysis, these are likely to occur at most sites and, therefore, the greater the number of
defects, the greater the heterogeneity. Different corrosion mechanisms were seen between the
different density AM samples when observing the surface after exposure to electrochemical testing.
Low density samples had a large number of small pitting sites, most likely occurring at pre-existing
pores, whereas the high density specimens exhibited degradation more affiliated with crevice
corrosion at the boundary of the test area. This is suspected to occur due to the lower frequency,
shape, and size of the pores exhibited in the high density samples, as shown in Figure 35, presenting
numerous sites for pits to preferentially occur [66,79,81,154]. The increased porosity promotes
differential aeration, and thus, the pores act as crevice corrosion initiation sites as they become
anodically focussed due to the ease of oxygen diffusion to the bulk metal surface for the cathode
compared with more tortuous diffusion of oxygen into the crevice [79,144,154]. This then promotes
the establishment of the Fontana Greene crevice corrosion mechanism that can produce acidification
in the crevice, leading to accelerated localised corrosion [145]. As the sites in the high density samples
are much less frequent and smaller in size, the boundary preferentially corrodes where the site has
limited access to the external environment and oxygen depletion and metal dissolution can occur,

creating a differential aeration cell.

4.9 Conclusions

e The AM process parameters were successfully optimised for 316L, shown by a maximum
achieved optical density of 99.88 %.

e Overall part quality measured by bulk density and component mass was seen to deteriorate
as the distance from the recoater blade and gas inlet was increased.

e Process-induced porosity was successfully achieved by altering process parameters in the
form of a Taguchi L9 array, resulting in a range of optical densities from 90.36 % to 99.88 %.
Clear distinctions are observed between the porosity in low and high density components,
such as the size and location of pores.

o Slightly greater compositional heterogeneity is observed with the AM sample vs the wrought.
However, this is expected due to the annealing heat treatment performed on the wrought

sample, homogenising the microstructure.

113



All samples produced by AM had lower OCP values than wrought, indicating greater instability.
However, on average, all densities of AM parts outperformed the wrought when analysing the
E,it values of each sample, indicating that AM samples produce a superior passive oxide layer
that offers impressive protection to pitting sites when formed.

Whilst all AM densities did display better Epir metrics, the error in these values is of significant
concern, particularly for those with suboptimal density. A trend is observed, with an increase
in porosity resulting in a decrease in corrosion resistance.

The highest density AM sample presented significantly better E,i: values than the wrought, but
with close to twice the error. Whilst this error is not of a large magnitude, it is still a barrier to
overcome before the AM components can consistently replace traditionally manufactured

components.
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5 An Investigation into the Different Manufacturing Methods of
316L Stainless Steel and their Effects on Microstructure and
Corrosion Resistance

5.1 Introduction

This chapter, and the subsequent 2, focus on how the manufacturing process affects the
microstructure and corrosion resistance of stainless steels and HEAs. The processes investigated are
that of AM, cast, and cast with subsequent heat treatments and rolling steps, the latter in an attempt
to increase the corrosion resistance of 316L. 316L has been studied in great depth for all 3 of these
processes and, therefore, acts as both a subject for method verification and a baseline for other novel
alloys. Unlike in Chapter 4, only the optimum parameter set was studied for the AM samples tested.
The methodologies for producing the cast and cold rolled samples are outlined in sections 3.7 and

3.10, respectively.

5.2 Density Analysis

Due to the geometry of the samples created by the casting and rolling processes, it was inefficient to
use the same bulk density analysis techniques as was used with the AM samples. Therefore, a
comparison of optical density measurements was used instead. The process for collecting these was

the same as that outlined in section 3.13.2.

Table 24 Optical density of 316L samples produced by optimum AM, cast, and CR

Sample AM (22) Cast CR
Optical Density (%) 99.88 99.65 99.89

The measured densities of the samples are of a comparable level, with a 0.24 % range observed. This
suggests that, whilst it should be considered an important variable when discussing each process's
corrosion resistance, it is less likely to be a defining factor. The CR sample is seen to have a density
higher than that of the cast sample, which could indicate that the mechanical deformation of the cold

rolling process has eradicated some of the porosity present.
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Figure 47 Volume fraction of all phases for 316L produced by Thermo-Calc

Figure 47 shows the simulation result of the volume fraction (¢;) for 316L for all phases from 500 °C
to 1500 °C, produced by Thermo-calc using the TCFE12: Steels/Fe Alloys v12.0 database. As the molten
alloy cools from 1450.83 °C, the liquid phase begins to reduce as the BCC_A2 starts to form, which
rapidly peaks at a ¢; of 0.657 at 1426 °C, representing the 6-ferrite. The FCC_A1, representing the bulk
austenite, then begins to form preferentially, reaching a maximum potential ¢; of 0.998, with no 6-
ferrite present and the remaining fraction attributed to MS_B1, referring to a MnS inclusion. As further
cooling occurs at 900 °C and below, an o phase presents before a Mo, Fe, and Cr rich phases designated

as C14_LAVES. The compositions of each of these phases at their highest ¢; are outlined in Table 25.
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Whilst many factors will affect the volume of these phases and their respective compositions, such as

the cooling rate, the element ratio within the phase is a useful tool when analysing other data, such

as that from EDS and XRD.

Table 25 Composition of selected 316L phases at their highest respective volume fraction (wt.%)

Fe Cr Ni Mo Mn Si N P (o S

BCC_A2 6899 17.56 9.18 2.12 144 0.69 0.007 0012 0003 O
FCC_LA1  67.88 17.25 1040 203 159 078 0.01 0.04 0.01 0
SIGMA 47.21 4438 367 0.29 437 0.07 0 0 0 0

MnS 0 2.81 0 0 6028 0 0 0 0 3691

Cl14_LAVES 33.85 1931 036 4646 002 0001 O 0 0 0
M23C6_D84 562 70.40 0.14 1863 0.04 0 0 0 5.18 0

Whilst the BCC and FCC phases differ in composition, these differences are not significant, with the

largest absolute variation coming from an increase in Ni from the BCC to FCC of 1.22 wt.%. The o phase

forming below 900 °C presents significantly elevated levels of Cr and Mn as well as large reductions in

Fe, Ni, Mo and Si. The phase labelled C14_LAVES’s composition appears abundant in Mo with close to

average levels of Cr and Fe at a concentration half of what is anticipated in the bulk, with Ni and Mn

barely reported. Based on the compositions presented in Table 25, it would be preferential to keep

the @i of 0 and C14_LAVES phases to a minimum to lessen the depletion of corrosion resistant

elements such as Cr and Mo from the bulk FCC and BCC phases. Chromium carbides, indicated by the

phase M23C6_D84, are suggested to form at 863 °C and below; however, only to a maximum «; of

0.002.
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5.4 XRD
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Figure 48 XRD scans for wrought, CR, AM, and cast 316L samples

Figure 48 shows an XRD waterfall plot for the wrought, CR, AM, and cast samples investigated in this
work. All specimens were examined using the same process parameters outlined in the methodology
section 3.14. The wrought, CR, and AM XRD scans follow similar peak profiles, with obvious peaks at
26 angles of approximately 43.54 °, 50.67 ° and 74.55 °, as correlating with literature [66,182]. For all
3 samples, the first FCC peak at 43.5 ° exhibits a greater intensity than that of the second FCC by an
order of magnitude between 1.7x to 3.12x. The cast sample, however, displays inverse characteristics,
with only one significant FCC peak at 28 = 50.67 ° at a far greater intensity than any shown by the
other manufacturing routes. The BCC peaks, at ~44.42 ° and 64.62 °, are also most significant in this
sample. However, this is likely due to a higher overall count rate across the sample and not necessarily
identifying a higher proportion of BCC within the cast specimen compared to the other process routes.
This is reinforced by calculating the phase proportions within each sample in Table 26, showing that

similar proportions were achieved across each sample.
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Table 26 XRD data extracted from scans shown in Figure 48

316L XRD Intensities (cts)
FCC Peak Intensity BCC Peak Intensity

1 3 5 2 4
(43.54°)  (50.67°) @ (74.55°) (44.42°) (64.62°)

Wrought 1904.91 1074.79 3828.83 91.2243 20.31 98.39 %/1.61 %
CR 3658.71 = 1379.04 1443.97 164.514 54.796  96.73 %/3.27 %
AM 18523.6 5943.48 1584.26 434.433 33.174 98.24 %/1.76 %
Cast 29.543 | 41619.5 34.22 466.49  428.348 97.90 %/2.10 %

FCC/BCC

Table 26 shows the intensities extracted from the XRD scans shown in Figure 48. Intensities are given
in counts, the sum of which is used to calculate the FCC/BCC phase ratio. These ratios show that all 4
manufacturing routes have produced samples that are almost fully austenitic with small proportions

of 6-ferrite present.

5.5 Microstructure

SEM images and EDS scans were carried out at the end of each manufacturing process, as well as any
intermediate stages where a mechanical or heat treatment had been applied, to understand its effects

on the microstructure.

5.5.1 AM

The 316L AM microstructure is discussed and analysed in detail in section 4.6.1.

5.5.2 Cast

The cast manufacturing process has significantly slower cooling rates than AM. This allows more time
for the elements to diffuse into discrete phases as the alloy cools. The composition of the phases
created depends on factors such as the melting points of the elements involved, their solubility, and
their affinity for one another. Dendritic structures are present in the EDS maps of cast 316L in Figure

49 and the backscatter representation shown in Figure 50.
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Figure 49 EDS Maps of cast 316L at 1000x magnification
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Table 27 Composition of cast 316L from EDS map

Element Fe Cr Ni Mo Mn Si N P S
Weight% 67.66 17.17 10.52 2.15 1.58 0.78 0.07 0.04 0.03

Within the elemental maps in Figure 49, two distinct phases are observed. The dendritic region
previously described appears rich in S, Mo, and Cr, whilst also depleted in Ni and Fe. A hotspot, rich in
S, Mo and Mn is also observed in these maps. To quantify the variations in composition within these
identified regions, point scans were taken respectively, the locations of which are marked in Figure

50, and the results of which are presented in Table 28.
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Figure 50 EDS point scan map of cast 316L
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Table 28 Point scan analysis of cast 316L shown in Figure 50, (wt.%)

Region  Spectrum No. Fe Cr Ni Mo Mn Si N P S
1 65.64 23.14 4 479 138 092 0.12 0.02 0
. 2 65.93 2292 474 374 132 095 0.08 0.05 0.27
8-Ferrite
3 65.94 23.12 4.11 443 148 089 0 0.04 0
Avg 65.84 23.06 4.28 432 139 0.92 0.07 0.04 0.09

40.94 1404 493 16 2485 922 0 003 4.39
1766 9.48 143 2.04 43.44 938 O 0.1 16.47

Inclusions
67.9 16,55 11.11 1.67 158 067 053 O 0
Avg 42.17 13.36 5.82 1.77 2329 6.42 0.18 0.04 6.95
7 67.25 17.42 10.21 239 145 0.75 0.39 0.06 0.08
67.95 17.06 10.28 2.21 152 0.76 0.17 0.03 0.03
Austenite 9 67.78 15.86 11.87 2.01 171 075 0 0.03 0
10 67.61 16.53 11.51 193 1.62 0.78 0.01 0.02 0
Avg 67.65 16.72 10.97 2.14 158 0.76 0.14 0.04 0.03
Max 67.95 23.14 11.87 4.79 43.44 938 0.53 0.1 16.47
Min 1766 9.48 143 16 132 067 O 0 0
Average 59.46 17.61 7.42 268 803 251 0.13 0.04 2.12

Standard Deviation 16.84 439 392 1.18 14.44 3,58 0.19 0.03 5.22

Firstly, the bulk austenitic matrix observed as the lighter phase has an average Cr and Mo composition
of 16.72 % and 2.14 %, whilst the darker &-ferrite phase returns average Cr and Mo readings of 6.34
% and 2.12 % greater, respectively. This is offset by average reductions in the Fe and Ni composition
from the austenite to the &-ferrite of 1.81 % and 6.69 %, respectively. Whilst there are other variations
across the other elements, their absolute changes are not as significant. Although 3 attempts were
made to detect the composition of the circular inclusions observed in Figure 50, the data in Table 28
suggests that only 2 were successful, with spectrum 6 exhibiting a composition similar to that of the
austenitic region, suggesting that either the spectrum was misplaced or that the inclusion is very
shallow, and the kV used is resulting in the detection of an austenitic phase beneath it. Spectra 4 and
5, when compared, present substantial compositional differences. However, the most noteworthy
elemental variations are those of Mn, Si and S, with increases in their weight % compared to the
austenitic matrix from an average of 1.58 %, 0.76 % and 0.03 % to 34.15 %, 9.30 % and 10.43 %,
respectively. These inclusions, whilst significantly depleted of Fe, also contain the least mass of Cr, Ni,
and Mo per phase, all of which are important elements when studying the corrosion resistance of the
steel. The compositions of spectra 4 and 5 are indicative of MnS inclusions, which are well known to

occur when S content is not kept beneath certain levels [79].
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5.5.3 CR
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Figure 51 EDS point scan map of CR 316L at 10kx magnification

The CR 316L area investigated in Figure 51 shows signs of the targeted cellular structure seen
previously in Figure 38 and Figure 39, with an approximate grain size of between 2.5 uym and 12.5 um.
Whilst this has been achieved, there are multiple surface defects present at this magnification. Small
craters are observed along the grain boundaries as well as in the bulk, some of which are clear and
others that have angular geometries within them. Additionally, there are some raised inclusions of
varying structures present on the surface of the sample. These defects were investigated with a
combination of EDS maps and subsequent point scans to determine if any additional phases or

inclusions were present, or whether these defects were simply ornamental.
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Figure 52 EDS Maps for CR 316L on the sample area shown in Figure 51

Table 29 Composition of CR 316L from EDS Maps in Figure 52

Element Fe Cr Ni Mn Mo Si N P )
Weight % 63.71 1843 12.6 2.73 1.57 0.73 0.17 0.03 0.02

Whilst the composition provided through the EDS maps generated in Figure 52 and displayed in Table
29 differs from the levels anticipated in 316L and seen through the other manufacturing processes;
this is likely due to the highly localised nature of this scan, with a specific focus on points of interest
such as grain boundaries and variances in surface morphology. Largely homogenous maps are realised
across the bulk of the region investigated; however, areas are identified with diminished levels of Fe
and Ni whilst simultaneously having elevated levels of Mo, N, S and Cr. Figure 51 outlines the locations

across the sample from which point scans were taken to quantify the inhomogeneity.
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Table 30 Point scan analysis from spectrum in Figure 51 (wt.%)

Region Spectrum No. Fe Cr Ni Mn Mo Si N S P

1 63.17 18.68 12.28 2.85 165 074 056 0.03 0.04

el 2 56.62 27.00 7.65 257 443 094 050 0.19 0.09
Boundary

S 3 64.07 18.87 1251 286 102 044 0.12 01  0.02

Avg 61.29 21.52 10.81 276 237 071 039 0.11 0.05

59.73 2359 968 237 363 078 0  0.15 0.05

Bulk 5 63.27 2043 10.77 276 215 062 O 0 0

Inclusion 6 64.63 1855 11.78 238 196 066 O 0  0.03

Avg 62.54 20.86 10.74 250 258 0.69 0.00 0.05 0.03

7 64.11 17.94 12.75 2.75 141 078 0.15 0.03 0.08

Grain 8 63.5 18.05 13.02 2.87 131 077 033 006 0.10

Boundary 9 64.47 1839 1224 266 136 074 011 0  0.03

Avg 64.03 18.13 1267 276 136 0.76 020 0.03 0.07

10 61.84 20.60 11.95 2.44 208 0.89 0.5 0.15 0.01

Bulk 11 64.45 1829 1242 291 099 073 0.01 0.16 0.03

12 6437 1865 11.9 255 158 077 0.12 001 0.06

Avg 63.55 19.18 12.09 2.63 155 0.80 0.06 0.11 0.03

Max 64.63 27.00 13.02 291 443 094 056 0.19 0.10

Min 56.62 17.94 7.65 237 099 044 0 0 0

Average 62.92 19.81 11.66 2.67 193 074 0.16 0.07 0.04

Standard Deviation 232 266 150 019 101 012 019 007 0.03

Analysis of the point scan data for the average grain boundary and bulk compositions in Table 30, the
most significant change in elemental magnitude is that of Cr, with a 1.05 wt.% decrease at the grain
boundary. The regions in the table defined as ‘bulk inclusion’ and ‘grain boundary inclusion’, when
their average compositions are scrutinised, offer little to suggest that these areas are anything other
than deformities on the surface of the alloy. However, spectrums 2 and 4 exhibit higher levels of Cr
and Mo with noticeable reductions in Ni and Fe compared to the bulk, suggesting some form of
inclusion. C readings were retrospectively taken around these areas and, whilst potentially more
unreliable under EDS, returned readings at ~2 wt.% at the boundaries and inclusions, reducing the

likelihood of these formations being chromium carbides.

5.5.4 Grain Size Analysis

Grain size analysis was conducted on the 316L variants using the procedure outlined in section 3.14.3,

the results of which are presented in Table 31. The data from the AM sample is displayed in Figure 53.
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Table 31 Grain size analysis of AM, cast, and CR specimens

Process dmin (MM) dmax(Mm)  dm(pm)

AM 3.2 119.6 16.7+3.2
Cast 4.9 414.1 96.1+147.3
CR 3.0 121 41+0.1

Analysis of the 3 manufacturing methods showed distinct differences in their grain sizes, and also their
variability. Interestingly, the dmin of the samples were tightly grouped at between 3 um and 4.9 um;
however, the dmax Of the cast sample was significantly bigger at 414.1 um compared to 119.6 um and
12.1 um for AM and CR, respectively. The significantly larger range of grain sizes detected for the cast
sample has resulted in a substantial uncertainty in the dn, value, of £ 147.3 um. One issue encountered
with this sample was the dendritic arms, seen in Figure 50, which were identified as formed from
multiple grains, when it is far likelier that each dendrite was one grain, propagating through the bulk
microstructure. These were removed from the analysis as all BCC phases could be easily discounted.
The majority of the AM grain sizes detected were in the 3.2 um to 65.4 um range, with just two higher
at 119.56 um and 105.08 um. If these are considered errors in the analysis and subtracted, the dn, falls

to 15.5 + 1.5 um, corresponding with literature [79].
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Figure 53 Histogram of 316L AM grain size analysis
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5.6 Corrosion Testing

Table 32 Summary of 316L corrosion data for each manufacturing method

optlc.al EI"I'OI' AVg Ecorr Ecorr AVg Epit Epit AVg Er
Sample Density
%) O (v)  (sD) (V) (SD) (V) (SD) (V)

AM 22  99.88 0.067 0.077 0.024 0.098 1.018 0.096 -0.183
Cast 99.65 -0.109 0.070 -0.123 0.056 0.433 0.038 -0.218
CR 99.89 -0.126 0.095 -0.085 0.076 0.479 0.086 -0.214
WRT 100 0.113 0.037 0.030 0.038 0.415 0.049 1.164
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Figure 54 OCP plots for 316L AM 22, cast and CR over 600s

OCP measurements for each manufacturing process shown in Figure 54 indicate the greatest stability during the scan in the
AM samples, with no noticeable deviations from the early equilibrium achieved. The cast sample’s potential, when
measured, was observed to exhibit trajectorial similarities, with an initial increase in OCP before levelling out and a

subsequent slow reduction, returning to a similar level to the beginning of the test with minimal erraticism and an average

OCP of -0.109 V. The CR samples, in contrast, show more disorder during their scans, particularly with sample 3, which
shows a significant drop in potential of 0.126 V before levelling out. CR — 1 and 2, however, do exhibit more stability with
both starting and finishing at a similar potential, with the former demonstrating a similar equilibrium to those in the cast
and AM, albeit at a lower potential. The CR samples also had the lowest average OCP achieved of the 4 manufacturing
routes shown in

Table 32, followed by the cast samples. However, the deviation in the cast OCP was lower than that

of AM, even though the magnitude of the OCP was lower.
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Figure 55 Cyclic polarisation plots for cast 316L

The CP scans of cast 316L shown in Figure 55 and the data extracted from them in

Table 32 show excellent repeatability in their Ecorr and Eyir values, with standard deviations of 0.056
and 0.038, respectively, and comparable scan profiles. All 3 scans also suggest the presence of an oxide
layer forming over the pitting sites, with passive regions indicated between the Ecorr and Epir. A small
guantity of metastable pitting is observed in each scan before a significant but brief increase in current
between 0.15 V and 0.2 V before it becomes more prominent. The profiles and key data points are

very similar to those of the wrought specimens shown in Figure 46.
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Figure 56 Cyclic polarisation plots for CR 316L

The CP scans shown in Figure 56 show similar levels of concurrence to that of the wrought and cast
samples, with evident passive regions and metastable pitting before Ei: is reached. The average Epit
value is also higher than that of the cast samples at 0.479 V. However, this is most likely due to the
results from CR — 2, which has a significantly higher Ei: than samples 1 and 3. This resulted in an Ep
standard deviation in the CR samples tested of 0.86, over 2x that of the cast specimens. Once again,

the profiles are very similar to those of the wrought samples.

5.7 Discussion

The results from the 316L XRD presented in Table 26 show that all 4 manufacturing methods produce
very similar phase proportions, with the highest and lowest FCC ratios being separated by 1.66 %, with
the maximum FCC percentage at 98.39 %, similar to ratios present in literature [183—-186]. Whilst there
may be various inclusions or intermetallic phases, they were not present in a great enough quantity
to be visible. The high percentage of FCC present correlates with literature and the Thermo-Calc
predictions that 316L is a fully austenitic stainless steel with small concentrations of &-ferrite,
presenting as the BCC phase [29,79,81,170,172]. The AM sample produced the highest level of FCC of
the 3 manufacturing routes produced by the author from the feedstock. This is likely due to the rapid
cooling rates associated with LPBF preventing the majority of elemental segregation into discrete

phases [184]. This correlates with the AM EDS maps and point scans that revealed very few
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compositional inhomogeneities and, of those that did exist, did not fit with the profiles predicted by
Thermo-Calc. Conversely, the cast sample presents a more distinguishable variation in composition
with &6-ferrite dendrites present throughout the bulk, point scan analysis of which correlates closely
with the BCC phase predicted by Thermo-Calc at 1174 °C and literature . The analysis detects multiple
small MnS inclusions; however, there is no implication of chromium carbides. The more obvious &-
ferrite dendrites in the cast sample vs the AM are due to the slower cooling rate, giving the alloying
elements time to diffuse into distinct phases [185,187]. The point scan analysis of the CR sample in
Figure 51 and Table 30 shows a largely homogenous bulk composition with only 2 spectrums outside
this range. Spectrums 2 and 4, as described previously, deviate from the bulk with decreases in Fe and
Ni, with increases in Cr and Mo. Whilst not extreme, these variations follow trends outlined by
Thermo-Calc for &-ferrite and chromium carbide but do not directly mirror either of them. The latter,
however, was somewhat contradicted due to the significant differences in Fe and Mn detected. In
addition to the AM grain size being in line with that reported in literature, the annealing and rolling
cycles produced a microstructure in the CR sample with an average grain size of 4.1 um. This was very
similar to the 6 um grain size seen in the literature this production method was based on and in line
with reports that grain sizes below ~4 um in austenitic stainless steels increase yield strength

[172,188,189].

The cast and CR samples proved to have similar average OCPs at -0.109 V and -0.126 V, respectively,
both of which were below the values set by the wrought and optimum AM, with the cast samples
providing a slightly more stable equilibrium than the CR during the test. The CP profiles of these
samples are comparable in shape with each other and with the wrought samples, with clear passive
regions after Ecorr is reached, as well as metastable pitting before Epi is reached. The average Egi: values
of the cast and CR samples surpass that of the wrought with values of 0.433 V and 0.479 V,
respectively, suggesting a more effective passive oxide layer formed over pit initiation sites. This,
however, could be due to compositional differences. The increase in the CR passive layer relative to
the cast sample compares with literature suggesting that cold rolling reductions of greater than 50 %,
and in some cases 70 %, result in a more effective passivation [74,75,77,172]. The AM 22 sample's
corrosion resistance outweighed that of the cast and CR samples. This could be due to the more
significant compositional differences exhibited in their respective EDS analysis as well as the greater
incidence of inclusions and surface defects. MnS, for example, observed in the cast sample, is well
documented as operating as a preferential site for pitting corrosion to initiate [81,154,190-193]. The
effect of the grain size outlined in Table 31 on the corrosion resistance is difficult to determine with
certainty, as that microstructural variable has not been isolated in these experiments and the surface

chemistry is often a driving factor [29]. However, in line with existing literature, the E,i values of the
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two samples with lower grain sizes, AM and CR, are larger than those of the cast [188]. It is suggested
that the number of pits in coarsely grained steel are fewer than those with a finer structure, but these

pits tend to be larger and propagate much deeper into the alloy, increasing the corrosion rate [188].

5.8 Conclusions

e 316L was successfully produced in-house by 3 manufacturing methods: AM, cast, and CR.

e  XRD spectra of the 3 methods observed similar, almost entirely austenitic crystallographic
structures with maximum and minimum &-ferrite proportions of 3.27 % and 1.76 % detected
in the CR and AM samples, respectively. The distinction between austenitic and &-ferrite
phases was most prominent in the SEM images of the cast sample, as was the magnitude of
compositional variation in these phases. MnS inclusions are also observed in the
microstructure of the cast alloy. The CR sample achieved bulk homogeneity and a cellular
microstructure similar to that seen in the wrought specimen; however, defects in the
microstructure of the alloy are observed, the compositions of some of which suggest the
presence of chromium carbide precipitates towards the grain boundaries.

e The optimal AM sample outperformed the cast and CR samples across all key metrics except
the standard deviation of these metrics. Whilst the CR process displayed a less stable OCP
than the cast samples, it presented higher values for Ecorr and E,it, suggesting the formation of
a more effective passive film. The CR sample was expected to have a higher corrosion
resistance than was observed; however, this could be due to the formation of detrimental
chromium carbides at the grain boundaries, amongst other defects.

e The poorer than expected CR performance suggests the need to refine the thermomechanical

processes undergone during its manufacture.
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6 An Investigation into the Different Manufacturing Methods of a
High Entropy Alloy (HEA1) and their Effects on Microstructure
and Corrosion Resistance

6.1 Introduction

HEAs have existed under various nomenclatures for decades; however, only recently are they being
studied in greater depth, specifically within the realms of AM. They are associated with improved
mechanical properties as well as high corrosion resistance and design flexibility. HEA1 is a non-
equimolar high entropy alloy system based on Al-Cr-Mn-Ni-Fe and was developed as a gas atomised
powder for additive manufacturing at Swansea University under the Combinational Metallurgy
(COMET) project through rapid alloy prototyping [106]. Certain desirable properties were outlined
prior to the alloy design, such as minimising cost and environmental factors, achieving a density below
7.75 kg/m3, and achieve a tensile strength of >800 MPa. A high FCC phase proportion was also
preferred to increase ductility to compensate for any issues occurring due to the high cooling rates
and residual stresses that transpire in AM. The complete HEA1 composition was gas atomised by
Sandvik-Osprey and used as the feedstock for 3 manufacturing processes to determine the effect

these routes have on the microstructure and corrosion resistance of the alloy.
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6.2 Powder Analysis

TR g i3

SEl 20kV 7WD1 1mm SSBb
MACH1 Swansea University Sep 15, 2023

SElI 20kV WD11mm SS60 x1,000 10pm
MACH1 Swansea University Sep 15, 2023

Figure 57 SEM images of HEA1 powder at 250x and 1000x magnification

The powder morphology of the virgin HEA1 powder gas atomised by Sandvik is displayed in Figure 57
at 250x and 1000x magnification. The powder has a largely homogenous morphology, with the
majority of the particles exhibiting a spherical structure. However, on further magnification, it is
observed that there is a level of agglomeration on some of the particles as well as increased surface

roughness due to both additional and absent material. There are also some particles within the
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powder that present as prolate spheroids, as opposed to the more desirable fully spherical elements.
These irregularities could be due to the single-run nature of the manufacture of the HEA1 powder,
meaning that an optimisation of the gas atomisation process for this composition would not be as
complete as one for an industrially standard alloy such as 316L or Ti-6Al-4V. The optimal morphology
provides ideal flowability and packing density, leading to uniform compaction and improved sintering

properties, resulting in better part quality.

EDS analysis was conducted on the powder to identify measured composition relative to that which
was supplied with the delivery of the powder, as well as its compositional homogeneity. It is compared

with the target composition for the alloy as well as the ICP-OES measurements supplied on delivery in

Table 33.

Table 33 Composition of the target, actual, and EDS HEA1 Powder, in w.%

Fe Cr Ni Mn Al si N C
Target 5l 30.9 24.5 10.0 3.0 0.5 0.32 0.02
+1.5 +1.5 +1 +0.5 max max max
Sg:;‘;t 33.97  27.30 250 1030  2.80 0.4 0.21 0.02
Powder EDS 32.11 2884 2328 1175 298 031 0.71 N/A

The PSD measurements for the virgin HEA1 powder are displayed in Figure 58 and Table 34. The
powder range measured during the test was between ~ 12.7 um and 66.9 um, the same array 316L
previously presented. However, no particles outside this range were detected. The size fractions
calculated and displayed in Table 34 shows that approximately 80 % of the powder by volume lies

within the 15 um to 45 pm range expected, with the SMD for the distribution given as 30.6 um.
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Figure 58 HEA1 powder PSD
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Table 34 Particle size by volume for HEA1 powder

Percentile Size (um)

Dv (10) 22.5
Dv (50) 32.8
Dv (90) 47.8
D [3,2] 31.5
D [4,3] 34.1

A low FRI of 1.11 observed in Table 35 as well as a low BFE of 633.47 mJ suggests strong flowability
characteristics and the powder's stability under changing flow conditions. This will likely result in an
efficient and uniform distribution on the powder bed, reducing processing errors and leading to a high

quality output.

Table 35 Rheometric characteristics of the HEA1 powder

BFE(mJ) SE(mJ/g) FRI CBD (g/ml) Split Mass (g)
633.47 2.53 1.11 3.93 98.17

6.3 Optimisation and Build Setup

The optimisation of HEA1l took place initially on the RBV. Due to its compositional and
thermomechanical similarities to 316L, the initial parameters used were based on those optimised for
316L. An L9 array was created with the parameters varied by 20 % on either side of the optimum. In
normal circumstances, this could be characterised as excessive; however, as this was a novel alloy, a

broad approach was deemed necessary so as not to omit promising parameter sets.

Once the build had been completed, the samples were dipped and optically analysed, with the
parameter set responsible for the highest optical density being used as the foundation for a 4-factor,
16-run Central Composite Design (CCD) full build volume optimisation with 3 repeated builds, created
by Minitab. The repetitive nature of the builds allowed the software to account for factors such as
part location on the build plate and, therefore, indicate the most stable parameters. For this stage of
the optimisation, the parameter set only varied by 10 % on either side of the L9 optimum as there was
greater certainty of the suitable range. This could possibly have been reduced further; however, there
are many set up differences between the two builds beyond the volume, such as the heating of the
build plate and the optimisation of the gas deflectors, which need to be accounted for. After the build
was finished, the cubes were once again analysed for bulk density, the results for which are displayed

in Figure 59, before selecting the best performing optical analysis.
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Figure 59 Measured bulk density vs VED during HEA1 optimisation

Whilst the bulk density analysis suggested an optimum parameter set with a VED of 52.64 J/mm?3, the
optical analysis revealed more porosity in addition to microcracks. After processing more samples, the

highest optical density returned was 99.75 % through the parameters outlined in Table 36.

Table 36 Optimum parameter set used for HEA1

P(W) PD(um) ET(ms) HS(um) LT (um) VED (J/mm3)
225 50 85 0.11 50 69.55

Unlike the 316L build, the optimum parameter set was used to manufacture all cubes, as density
variation was not the primary focus of this chapter. 9 cubes were manufactured on a single build using

these parameters for the ensuing analysis.

6.4 Density Analysis

Table 37 displays the bulk density analysis for HEA1 cubes printed on the full build plate. Due to time,
cost, and powder constraints, these were built around the perimeter of other components built for
mechanical testing. Whilst this is not optimum, as the increased population of a build plate leads to a

decrease in part quality, it is more representative of an industrial build schedule.
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Table 37 Bulk density analysis of AM HEA1 cubes

Cube T(air) T(water) Mass Change Density Normalised

Density Porosity

Number  (°C) (°C) () (8) (%) (%)
1 23.63 22.20 9.199 1.218 7.529 -0.92 100.92 99.94
2 23.55 22.52 9.160 1.212 7.533 -0.98 100.98 100
3 23.93 22.43 9.067 1.203 7.513 -0.71 100.71 99.73
4 23.86 22.41 8.982 1.193 7.505 -0.60 100.60 99.62
5 23.78 22.31 9.161 1.220 7.485 -0.34 100.34 99.36
6 24.44 22.15 9.006 1.198 7.494 -0.46 100.46 99.48
7 24.15 22.20 8.874 1.178 7.509 -0.66 100.66 99.68
8 24.15 22.04 8.775 1.163 7.522 -0.83 100.83 99.85
9 24.02 22.26 8.558 1.150 7.418 0.56 99.44 98.47

The calculated density resulted in 8 of the 9 cubes having a ‘density’ of over 100 %. This is, of course,
impossible to achieve, with even a fully dense part unlikely, and therefore suggests that the theoretical
density value of 7.460 kg/m3 needs adjusting. To counter this, the bulk density values have been
normalised against the highest value (cube 2). Nevertheless, the data across the build plate, whilst
varied, shows a tight spread of measured densities, bar an anomaly in cube 9. Considering the cubes
were manufactured in non-optimum locations on the build plate, built alongside other parts which
would significantly increase the interlayer time and intensify the likelihood of potential contamination
from factors such as spatter expected in AM, this spread is considered satisfactory, with a standard

deviation of 0.22 when discounting cube 9.

A selection of samples were then sectioned, mounted, and polished before being optically analysed
for density. The images were then processed using Imagel) thresholding, the results for which are
presented in Table 38. The table shows that both the cast and CR samples had significantly higher

porosity than the optimum AM sample.

Table 38 Optical density measurements for AM, cast, and CR HEA1

Sample AM  Cast CR
Optical Density (%) 99.47 96.25 97.95
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6.5 Thermo-Calc
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Figure 60 Thermo-Calc prediction of HEA1 in 2021

Figure 60 displays the 2021 simulation of HEA1 produced by Sandvik-Osprey based on the achieved
composition of HEA1 in Table 33. Whilst the Y-axis is in moles instead of ;, this does not drastically
affect the proportions, nor the temperatures, that different phases exist at. Approximately 2.5 years
separate this simulation from that of the one presented in Figure 61 and the transformations are
dramatic, most notably the reduction in the o phase initiation temperature from 1193 °C to 704 °C.
The lowering of the o initiation temperature results in a much simpler solid solution containing a
majority 1 FCC and 1 BCC structure for a large proportion of the equilibrium diagram. The comparison
between Figure 60 and Figure 61 shows how much development has occurred within the realms of

HEAs in this time, and indicates that there are still significant aspects that are still not fully understood.
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Figure 61 Volume fraction of all phases for HEA1 produced by Thermo-Calc

Figure 61 exhibits the phase diagram for HEA1 produced by Thermo-calc using the TCHEAS: High
Entropy Alloys v5.1 database, based on the achieved composition measured by Sandvik-Osprey. As
the alloy cools, ALN_B4 forms in small quantities at 1755 °C due to the limited availability of N in the
system, reaching a ¢; of 0.015 by 1180 °C and only increasing to 0.016 by 500 °C. BCC_B2 is the first
major phase to form at 1404 °C, peaking with a ¢; of 0.502 at 1329 °C at which point it begins to reduce
as FCC_L12 formation takes over. At 1144 °C, this reaches its maximum abundance at 0.728 which is
just after the o phase has begun to figure, initialising at 1193 °C but not peaking till 500 °C. Finally, the
BCC_B2#2 phase begins to form at 1070 °C, reaching a peak ¢; of 0.103 at 660 °C. The other phases
presented in Figure 61 either occur in very small quantities, or only form at temperatures well below
the solidus of the alloy and therefore are unlikely to occur without specific, targeted heat treatments.

The compositions of each of the phases described at their maximum «; are presented in Table 39.

140



Table 39 Composition of selected HEA1 phases at their highest respective volume fraction (wt.%)

Fe Cr Ni Mn Al Si N C
BCC_B2 37.64 30.90 19.57 9.29 2.44 0.14 0.003 0.001
FCC_L12 34.14 21.15 30.79 10.15 3.22 0.52 0.001 0.027

SIGMA 3885 42,63 3.63 14.89 0.0003 0.001 0 0
BCC_B2#2 10.73 1.27 60.75 1043 16.56 0.25 0 0
ALN_B4 0 0 0 0 65.83 0 34.17 0

The 4 major phases that are predicted to occur in HEA1 in large quantities vary significantly in

composition and are presented in the first 4 rows of Table 39. The BCC_B2 phase that is forecast to

form first sees increases in Fe and Cr as well as a reduction in Ni, whereas the second major phase to

form, FCC_L12, shows reduced Cr as well as a richer concentration of Ni, Al, Si and C. The o phase

follows a similar pattern to that of the BCC but to a greater extent, with Cr levels anticipated to be at

42.63 % at peak as well as significant depletion of Nito 3.63 % and only trace levels of Al and Si. The

BCC_B2#2 phase forming below 1070 °C contains substantial levels of Niand Al compared to the other

phases as well as a Fe and Cr concentration over 20 % and 26 % lower than the bulk given in Table 33.

6.6 XRD
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Figure 62 XRD scans for CR, AM, and cast HEA1 samples

Figure 62 shows XRD scans of CR, AM and cast HEA1, the extracted data from the relevant counts are

displayed in Table 40. All 3 scans contain 5 clear peaks from the two major phases, outlined in Table

40as 1,2, 3, 5 and 7, with the cast sample also exhibiting clear peaks at this scale at ~ 65 °, 90 ° and 95
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°. The magnitude of the intensity of these peaks is greatest in the cast scan, as was the case with 316L
in Figure 48, followed by AM and then CR. The most substantial peak in the cast and CR samples is
that of peak 1 at approximately 43.54 °, however the AM sample’s is the 3™ peak at ~50.67 °. These
peaks, however, both belong to the FCC phase and therefore, it is due to the orientation of the crystal
structure. Some issues were encountered when defining the peaks using the pattern matching
software, with misalignment of peaks at higher angles of 26. This was likely down to slight distortion
of the cubic structure. Whilst it is possible to identify the 8 main peaks set out in Table 40 within the
CR scan, there are significantly more distinct peaks present, particularly within the range of 39 ° to 52
°. These are very difficult to identify with the crystallographic database available. However, it is
theorised, based initially on Thermo-Calc predictions, followed by pattern matching and literature,
that AIN could be responsible for peaks at ~39.3 °, 45.8 ° and 84.7 ° [194]. MnS, whilst not predicted
in Thermo-Calc due to the absence of S from the input composition, could easily occur due to S
residuals in the manufacturing process of the HEA1 powder or other contamination. MnS, if present,
could, based on literature, be responsible for peaks at ~ 35 °and 49.3 °. However, the other anticipated
peaks either do not exist or are not present at a high enough intensity to be distinctly visible [195].
The remaining peaks are attributed to secondary BCC and FCC phases however based on the
prominence of the o phase in Figure 61, this could equally be accountable. If any other phases are

present in the alloy, it is likely they are not in sufficient quantities to be detectable.

Table 40 XRD data extracted from scans shown in Figure 62

HEA1 XRD Intensities (cts)

FCC Peak Intensity BCC Peak Intensity
1 3 5 7 8 2 4 6
(43.54°) (50.67°) (74.25°) (90.07°) @ (95.42°) = (44.42°) (64.71°) @ (81.97°)
CR 2622.5 564.374 979.443  300.43 115.711  562.842  71.7028 50.02

AM | 1887.34 4399.19 2742.81 1234.72 131.686  425.473 | 70.3347  140.487
Cast 135669 2417.08 583.703 736.07 445.744  2305.42 147.547  258.636

Table 41 Major phase ratios for HEA1 CR, cast and AM

Sample FCC/BCC
CR 87.00 %/13.00 %
AM 94.23 %/5.77 %
Cast 86.75 %/13.25 %

Table 41 shows the FCC/BCC phase ratio calculated for each manufacturing process based on the sum
of counts for their respective peaks. The AM sample has a significantly higher FCC proportion than
that of CR and cast, with exhibiting very similar magnitudes. Whilst all the visible peaks in the cast and

AM samples are accounted for and used in this calculation, the same cannot be said for the CR
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specimen. There are multiple uncertainties with these scans, hence why it is a comparison of the major

phases present through each production route.

6.7 Microstructure

6.7.1 AM
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Figure 63 SEM micrograph of HEA1 produced by AM in the XZ plane

Figure 63 and Figure 64 depict SEM micrographs of a HEA1 specimen in the XZ and XY planes,
respectively. After polishing and etching, the melt pools and laser paths become visible, the
boundaries of which are contrastingly lighter in these images compared to the bulk. At these scales, it
is still possible to distinguish the incredibly fine grain microstructures forming at these boundaries.
Both these figures exhibit degrees of remelting, more obvious in Figure 64 where laser paths from

subsequent layers intersect in varying directions with those tracks already created.
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Figure 64 SEM micrograph of HEA1 produced by AM in the XY plane

This also demonstrates the hatch scanning pattern used in its production. Pores and hairline cracks
are also detected in Figure 64, however, the congregation of many of these suggests more of a sample
preparation issue than an outcome of the processing. Either way, there appears to be no correlation
when observing at this scale that the location of defects tends to the laser path boundaries, nor are

any observed at the melt pool boundaries seen in Figure 63.

EDS map analysis was applied to both these samples at 1000x magnification, specifically focusing on
these areas; however, compositional distinctions were not apparent when evaluating the maps

produced. The resultant EDS composition from these scans is shown in Table 42.

Point scans, as well as a linescan, were then acquired at 1000x and 2000x, respectively, to increase
the likelihood of observing evidence of the hypothesised phase duality. The results of these are

displayed in Figure 65, Table 43, and Figure 66, Table 44.

Table 42 Composition of AM HEA1 from EDS maps

Element Fe Cr Ni Mn Al Si N
Weight % 33.18 27.99 25.38 10.28 2.78 0.38 O
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Figure 65 Point scan EDS for HEA1 AM XZ at 1000x magnification

Table 43 Summary of point scan EDS on HEA1 AM on the XZ plane (wt.%)

Statistic Fe Cr Ni Mn Al Si N S
Max 33.99 29.02 26.33 10.39 4.09 0.45 0.65 0.06
Min 32.63 26.83 2448 967 24 034 O 0

Bulk Avg 33.15 28.16 25.36 10.24 2.66 0.42 0.01 0.01

Grain Avg 33.37 2793 25.17 995 297 0.38 0.22 0.03

Average 33.24 28.02 253 10.13 279 04 0.1 0.02

Standard Deviation 0.4 062 053 0.24 048 0.03 0.21 0.02

Table 43 outlines the results of the point scans undertaken in Figure 65, with minimal variation across
the area investigated. The only point that differed significantly from the average was spectrum 15,
with elevated values of Al and N to 4.09 % and 0.65 % by weight respectively. Whilst this does

potentially indicate some AIN segregation, it is not at the magnitude expected of a precipitate.
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Figure 66 EDS linescan one HEA1 across a melt pool boundary at 2000x magnification

The linescan in Figure 66 occurs over a 53um range which includes both the bulk and the melt pool
grain boundaries observed in the previous SEM images. This was used in addition to the EDS maps and
point scans to better ascertain whether there were any compositional variations across these
boundaries that would indicate the existence of more than one phase. Whilst counts per second (cps)
is not a direct measurement of composition, it does identify relative changes, hence it can be
suggested that Ni has the least consistent composition across this line, with its variations being most

clearly compensated for by changes Cr.
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Table 44 Summary of linescan EDS on HEA1 AM on the XY plane (wt.%)

Statistic N Al Si S Cr Mn Fe Ni
Max 0.13 3.59 0.47 0.07 29.43 10.96 34.19 27.08
Min 0.00 1.98 0.27 0.00 26.40 9.77 32.40 23.54

Average 0.03 2.76 0.38 0.01 28.06 10.20 33.31 25.25

Standard Deviation 0.04 0.38 0.05 0.02 0.86 0.26 0.48 0.91

As can be seen from Table 43 and Table 44, whilst compositional differences across both scans are
observed, the magnitude of these variations are not significant enough to suggest the presence of

multiple distinct phases.

6.7.2 Cast
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Figure 67 SEM BSD of cast HEA1 and accompanying EDS maps for Cr and Ni at 750x magnification
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Table 45 Composition of cast HEA1 from EDS maps in Figure 67

Element Fe Cr Ni Mn Al Si N
Weight % 33.44 28.78 24.76 10.41 221 042 O

Figure 67 shows an SEM BSD image of cast HEA1 accompanied by Cr and Ni EDS maps of the same
area. The BSD image shows two discrete phases; the bulk FCC phase appearing as the lighter region
with the inverse is true for the BCC, which has a bi-directional dendritic formation that propagates
through the bulk. The EDS maps indicate that the FCC phase is richer in Ni than the BCC, whereas the
Cr has a higher abundance in the BCC. The composition of the area presented in Table 45 has a higher
Crand lower Ni wt.% than that expected of the bulk alloy, but that is likely due to the area investigated
having a greater than average proportion of the Cr rich BCC phase. There are some surface defects
present in Figure 67 however, these do not appear to present any compositional alterations at this

magnification.
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Figure 68 BSD EDS point scan map of cast HEA1 at 1000x magnification
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Table 46 Point scan data for HEA1 cast in Figure 68 (wt.%)

Region  Spectrum No. Fe Cr Ni Mn Al S Si N
1 3334 24.85 28.26 1091 2.27 0.03 0.35 0
2 34.28 25.07 27.27 10.74 221 0.01 0.42 0
FCC 3 33.37 24.88 28.45 1066 221 0.02 041 0
4 3341 248 2843 1071 2.26 0.02 0.36 0
Avg 33.60 2490 28.10 10.76 2.24 0.02 0.39 0.00
FCC_L12 ThermoCalc 34.14 21.15 30.79 10.15 3.22 0 0.52 0.001
5 30.35 32,5 2221 11.05 3.35 0.03 0.51 0
6 38 41.78 1141 741 0.92 0 0.48 0
BCC 7 36.57 386 144 831 1.61 0 0.51 0
8 30.77 31.12 2357 10.86 3.24 0.01 0.43 0
Avg 33.92 36.00 17.90 9.41 228 0.01 048 0.00

BCC_B2 ThermoCalc  37.64 30.90 19.57 9.29 2.44 0 0.14 0.003
BCC-B2#2 ThermoCalc 10.73 1.27 60.75 10.43 16.56 0 0.25 0
Sigma ThermoCalc  38.85 42.63 3.63 14.89 0.0003 0  0.001 0

9 22.81 189 17.97 32.78 0 732 0.21 0.01
Inclusion 10 25.1 2192 3438 1558 2.39 0.1 0.52 0
11 31.04 40.53 1498 9.16 3.61 0 0.69 0

Avg 28.22 29.34 21.31 16.73 2.07 1.86 0.48 0.00

Max 38 41.78 3438 3278 3.61 732 0.69 0.01
Min 22.81 189 11.41 7.41 0 0 0.21 0
Average 31.73 29.54 2285 1256 219 0.69 044 0
Standard Deviation 452 7.88 7.3 7.02 1.06 22 012 0

Point scans were taken from both the major phases as well as the inclusions to quantify the magnitude
of the compositional variations exhibited in Figure 67. The locations of these point scans and their
relevant compositions are outlined in Figure 68 and Table 46 respectively. The compositions of
relevant phases predicted by Thermo-Calc are added for ease of comparison. The FCC scans returned
consistent compositions with only minimal deviations, which is to be expected, whereas the BCC phase
presents more inconsistency across the scans, with Cr and Ni being the most volatile. The maximum
and minimum values of these elements differ by 10.66 wt.% and 12.16 wt.%, respectively, which is
significant considering the points analysed appear to be located in the same phase. Even so, the BCC
points all display higher Cr and lower Ni abundance than the average; therefore, points 1-8 concur
with the assumptions made that the FCC phase is rich in Ni and depleted in Cr, the inverse being true
for the BCC. Points 6 and 7 deviate from the trends set by 5 and 8, with an increase in Fe observed
alongside reductions in Mn and Al. These variations suggest a o or secondary BCC phase, however,

there is no visual evidence in Figure 68 to advocate this.
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The inclusions investigated by points 9-11 show 3 distinct compositions. Spectrum 9 shows reduced
levels of all elements with 0 wt.% Al, as well as significant increases in Mn and S, indicating a MnS
inclusion. Spectrum 10 again shows reduced readings of Fe and Cr, with the largest Ni level shown
across the 11 points, and a rise in Mn, although not to the same magnitude as that in spectrum 9 and
no rise in S is recorded. Spectrum 11 however, exhibits a similar trend in composition as that of the
proposed secondary BCC phase, which could indicate that the point overlaps the boundary between

the inclusion and the phase it resides in.

6.7.3 CR

f 10 pm 1.50 K X NTS BSD EHT = 15.00 kV IProbe= 250pA WD =9.82 mm W
A Width = 76.22 pm Swansea Uni Faculty of Sci & Eng 8 Dec 2023

Figure 69 BSD SEM of CR HEA1 at 1500x magnification

Figure 69 shows a BSD SEM image of CR HEA1 with two clear phases present, light and dark, with what
appears to be process induced defects in the top corners of the image. The formation of the two main
phases has less of a dendritic pattern than that of the cast sample displayed in Figure 67, with no
obvious directionality. Speckling is also observed at this magnification across both phases with no
obvious arrangement. EDS maps were conducted on the area to initially distinguish any compositional
variations and are presented in Figure 70. The maps produced appear to have shifted approximately

20 um upwards compared to the image in Figure 69.
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Figure 70 EDS maps of CR HEA1 area in Figure 69
As seen in the cast EDS maps for HEA1 in Figure 67, the abundance of Cr and Ni invert each other, with
the former segregating to the lighter BCC phase and the Ni to the darker FCC. Si and Fe also appear to
preferentially tend to the BCC; however, compared to the Cr and Ni, the contrast is unsubstantial. The
areas previously designated as a processing defect appear significantly richer in Al and N than the bulk

material, with Al also appearing to favour the FCC phase.

Table 47 Composition of CR HEA1 from maps in Figure 70

Element Fe Cr Ni Mn Al Si N
Weight % 33.01 28.05 25.54 9.62 3.17 0.48 0.13

The Al concentration in Table 47 is higher than expected in HEA1; however, this is likely due to the
large amounts of what appears to be AIN present in the area chosen for investigation and is, therefore,

not totally representative of the bulk alloy.
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Figure 71 EDS point scan map of CR HEA1 at 12.6kx magnification

Table 48 Composition summary of CR HEA1 point scans in Figure 71 (wt.%)

Spectrum No. Fe Cr Ni Mn Al N Si
1 (Inclusion) 27.09 17.05 2194 8.11 18.84 6.74 0.21
2 (FCQ) 32.29 26.59 27.99 10.18 239 0.12 0.44
3 (BCC) 35.63 40.4 142 8.08 0.97 0 0.73
4 (FCC Inc) 20.1 18.82 40.28 12.64 7.83 0 034
5 (BCC Inc) 18.94 12.31 45.86 13.69 8.71 0.22 0.28
Max 35.63 40.4 45.86 13.69 18.84 6.74 0.73
Min 18.94 12.31 142 8.08 0.97 0 021
Average 26.81 23.03 30.05 1054 7.75 142 04

Standard Deviation 7.33 10.99 13 257 7.05 298 0.2

Point scans were taken at 12.6kx magnification at the locations shown in Figure 71, with the
compositions presented in Table 48. The image shows in more detail the speckling previously
mentioned within the phases. At this scale, a clearer pattern is observed, with these
speckles/inclusions located in both phases, but with different structures. The inclusions that appear

within the BCC appear small and with more sphericity, whereas those in the FCC are larger with a more

153



angular geometry and well as what seems to be links or grains between them. The inclusion analysed
by spectrum 1 reveals lower elemental concentrations across Fe, Cr, Ni, Mn and Si, but dramatic
increases in Al and N. The increase in Al and N would suggest the presence of an AIN inclusion;
however, the existence of other alloying elements in the spectrum contradicts this assumption.
Nevertheless, it is predicted that this area is that of an AIN inclusion, with the detector identifying
regions both beneath and around the point that represents the bulk alloy. The perceived FCC phase
investigated by spectrum 2 only shows minimal compositional differences to that of the bulk in Table
47, whereas spectrum 3 shows elevated levels of Fe, Cr and Si with reductions of Ni, Aland Mn. Levels
of Cr and Al of > 40 wt.% and <1 wt.%, respectively, however, could indicate the presence of the o
phase outlined in Table 39 as it correlates with similar compositional tendencies. The inclusions
inspected by points 4 and 5 exhibit similar trends, with elevated concentrations of Ni, Mn and Al, with
noticeable declines in Fe and Cr. Whilst the exact compositions do not match perfectly with the
Thermo-Calc predictions in Table 39 for the BCC_B2#2 phase, the tendencies observed do match with

those presented by these points.

6.8 Corrosion Testing
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Figure 72 OCP plots for HEA1 AM, cast and CR over 600s
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Table 49 Summary of HEA1 corrosion data for each manufacturing method

Sample Op.tical Avg Error AvVg Ecorr Ecorr Avg Epit Epit Avg E,
Density (%) OCP (V) (SD) (V) (SD) (V) (SD) (V)

AM 2 99.47 -0.291 0.059 -0.289 0.060 0.006 0.037 -0.242

Cast 96.25 -0.243 0.046 -0.227 0.042 0.071 0.183 -0.274

CR 97.95 -0.212 0.019 -0.207 0.017 -0.049 0.068 -0.342

The modal OCP plots for HEA1 AM, cast and CR presented in Figure 72 were selected because their
repeats offered little to the graph, as the OCP values extracted and profiles of the plots had limited
deviation. The most stable sample by OCP value is that of the CR samples, followed by the cast, as
their readings were less anodic and, therefore, more noble AM sample 2 data. This is mirrored by the
smoothness of the equilibrium plots, with the CR samples offering the least deviation from the normal
across the duration of the scans, whereas the AM samples exhibited multiple peaks and troughs. The
repeatability of the CR OCP was also the greatest, with a standard deviation of 0.019 followed by cast

at 0.059, further establishing this conclusion.
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Figure 73 Cyclic polarisation plots for HEA1 AM, sample 2

The Epi: values are more difficult to distinguish in the HEA plots compared to those of 316L, as more
often than not, there is no distinct pit where the current rapidly increases, caused by a minimal rise in
potential. Due to the limited passivation seen in these curves and the lack of any clear pitting corrosion

occurring, 0.0002 A was designated as the point at which the potential across these scans could be
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compared, as this is greater than the current expected at most E,i.. This point will still be referred to

as Epit.

Figure 73 shows that the AM repeats 2 and 3 have an almost identical Ecorr at -0.254 V and -0.255 V,
respectively, whereas AM 1’s is 0.105 V below. This is a possible justification as to why the passive
region after AM 1 has reached its E.orr is more established, because the passive layer that does form
can protect the pitting sites up until a less negative potential. Repeats 2 and 3 follow similar profiles
after Ecorr is reached, with only brief indications of metastable pitting, suggesting that as the potential
approaches 0, the passive layer is too feeble to protect the corroded sites. It is difficult to appoint a
potential where the Eyi: was reached across all 3 scans, and therefore, using the predesignated current,
the average E,i: was calculated as 0.006 V. On analysing the other extracted data, one promising
statistic that is revealed is the minimal level of error affecting the E,i: values, with a standard deviation

of 0.037, the lowest of the 3 manufacturing routes.
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Figure 74 Cyclic polarisation plots for cast HEA1

The cast samples CP results shown in Figure 74 offer both similarities and differences to those seen
with the AM results. The overall profile of the CP scans follows a comparable trend. However, a passive
phase is more distinguishable in the cast scans when compared, with casts 1 and 2 exhibiting clear
metastable pitting between their respective Ecorr and Epic values. They also present clear points on their

scan profiles where the Ei is reached at 0.238 V and 0.1V, respectively. The reliability of these results
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is, however, questioned when the third sample is considered, with no passivity or clear E,i: shown, and
a much lower value for Eyi: when defined by a current of 0.0002 A of -0.125 V. This raises the overall

standard deviation to 0.183 as presented in Table 49.
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Figure 75 Cyclic polarisation plots for CR HEA1

The CR scans in Figure 75 have the lowest deviation of Ecor values across the 3 manufacturing methods
at 0.017 as well as the most consistent E;, with a deviation of 0.013. Tests 2 and 3 follow very similar
profiles throughout the scans with Epi values within 0.008 V; however, both of these values were
extracted at the nominated current due to a lack of an obvious E,i.. This, added to the observation that
both scans, whilst showing some signs of passive layer formation, showed a minor metastable pitting
and only for a short duration, suggests that the passive oxide that did form was weak and easily broken
down by increasing the potential. The first test, however, showed more promise with a stronger
passive phase indicated by a larger potential difference between the Ecrr and Epi, and a more
identifiable Epi. Whilst this Eyit value was 0.118 V higher than the other repeats, it still resulted in the

CR samples having the worst average E,i: of the 3 manufacturing methods.
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6.9 Discussion

The investigation into the reproducibility of HEA1 AM parts showed that, irrespective of build location
and suboptimal build conditions, high density > 99.3 % was achieved across 8/9 samples. The optical
density results in Table 38 reveal much more significant porosity observed in the cast and CR samples
in comparison to the AM. It is noted that the density of the CR sample is greater than that of the cast,
and whilst the cast samples that were taken through the thermomechanical stages were not the same
as the cast, this would indicate that the cold rolling process has eliminated some of the porosity

present.

One of the key effects of HEAs outlined in literature is the high entropy effect, as it improves the
formation of solid solutions and reduces the likelihood of intermetallics forming. The specific
composition achieved for HEA1 when simulated in Thermo-Calc does not appear to benefit from this,
with a large ¢; of an o phase forming at temperatures 1193 °C and below. The XRD major phase
proportions outlined in Table 41 display high proportions of FCC achieved for all 3 manufacturing
routes (>86 %). However, that does not take into account the CR peaks from 39 ° to 52 °. Some
literature suggests that these could be a Cr rich o phase, similar to the one outlined by the Thermo-
Calc predictions [119]. The greater number of peaks in the CR XRD spectra is likely a result of the
thermomechanical processes undergone, with heat treatments at 1080 °C and 900 °C creating
FCC_L12/0and FCC_L12/ o /BCC_B2#2 microstructures, respectively. The compositional homogeneity
and microstructure of the 3 manufacturing processes differ greatly, with the AM route exhibiting a
largely uniform composition with only minor differences realised. These variations are likely small due
to the rapid heating and cooling experienced during LPBF, preventing elements from diffusing into
separate phases [196—198]. Contrastingly, the cast and CR samples show clear phase separation in
SEM images in Figure 64 and Figure 65, with unmistakable elemental segregation into phases observed
in their EDS maps in Figure 63 and Figure 66, the FCC of which exhibits increased Ni and lower Cr, the
inverse of which is true for the BCC. The FCC provides consistent compositions across the majority of
point scans in these areas. However, the BCC presents much more instability, with Cr ranging from
31.12 wt.% to 41.78 wt.%, the latter of which is outside the range predicted by Thermo-Calc for the
BCC_B2 which has a maximum forecast Cr concentration of 36.92 wt.% at 1193 °C. This, therefore,
suggests the presence of a third phase belonging to either BCC_B2#2 or o. Based on the overall
compositions detected at the points of high Cr, for example, spectrum 6 in Table 46 shows high Fe and
Cr, and low Ni and Al correlating with the o prediction in Table 39; however, the Mn concentration is
also noticeably lower, whereas the table suggests it should have increased by approximately 30 %.
This could be due to cooling conditions present in the cast sample, the heat treatments in the CR, and

possibly a lack of mobility often associated with HEAs [91,92,104]. However, based on the balance of
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probability and literature attributing the unidentified peaks to o, the likelihood is that it does indeed
belong to the o phase, provided it is not just a compositional variation of the BCC_B2. Inclusions of
MnS are also detected in the cast HEA1 sample, and whilst they are not in the area investigated during
the CR analysis, it is unlikely they are not also present there. The inverse is also true when considering
the AIN identified in the CR sample during point scan analysis in Table 48. The BCC_B2#2 predicted is
more obvious in the CR sample, with the inclusions defined by spectrums 4 and 5 in Table 48

correlating with the Ni/Al rich and Fe/Cr depleted composition predicted by Thermo-Calc.

The number of defects present on a metal's surface significantly impacts its corrosion resistance.
Defects are not limited to porosity but extend to imperfections in composition, such as inclusions or
large compositional heterogeneity. Defects like MnS inclusions and o phases are known to act as
preferential sites for pitting corrosion to occur and reduce overall corrosion resistance, whilst
compositional variations can act as a localised galvanic cell, preferentially corroding one over the other
[119,124]. Literature suggests that in multi-phase HEAs of similar elemental composition, Ni and Al
are preferentially corroded over Fe and Cr [199]. Applying that theory to cast HEA1, the BCC presents
a Cr concentration on average 11.10 wt.% higher than that of the FCC with Ni 10.20 wt.% higher in the
FCC. The XRD phase proportions suggest a FCC/BCC ratio of 86.75/13.25, so 86.75 % of the alloy is
being hypothetically preferentially corroded over the remaining BCC. There are factors outside of this,
such as a higher packing factor in the FCC, which promotes corrosion resistance, but literature

suggests this is outweighed by the phase proportion [121].

The corrosion mechanisms of HEA1 differ from those seen with other alloys known for strong passive
oxide formation, such as 316L. Across the manufacturing routes, there is little to indicate that pitting
corrosion occurs, with poor passivation after Ecorr is reached, and instead, more generalised corrosion
is present. The corrosion testing of the different HEA1 manufacturing routes resulted in conflicting
findings. The CR sample had the most stable OCP, followed by cast and AM with -0.212 V, -0.243 V and
-0.292 V, respectively, whilst also having the lowest standard deviation. However, the CP data declares
the CR samples having the lowest average E:, 0.055 V and 0.120 V below the AM and cast,
respectively. The AM samples, whilst having the 2" best E,: of the 3 routes, exhibit the greatest
reliability of this metric and also the highest E;, and the potential difference between its Ecorr and Epit
values are very similar to those of the cast at 0.297 V vs 0.303 V, showing similar qualities of passive
layer formation. The CR samples, on the other hand, show poor passivation after corrosion is initiated
at Ecorr, at a potential difference of 0.163 V. Further testing is required to identify the makeup and

characteristics of the protective coatings formed on these alloys. This will aid in understanding the
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corrosion mechanisms taking place, as well as the impact of the relative proportions and compositions

of each phase on the selective dissolution of specific elements.

6.10 Conclusions

A novel HEA was successfully printed, and its build parameters were successfully optimised,
resulting in a maximum theoretical bulk density of 100 % and a maximum optical density of
99.47 %.

Minimal density variation was observed in parts distributed around the build plate measured
by bulk density, suggesting high repeatability.

HEA1 AM, cast, and CR samples were successfully manufactured in-house and prepared for
analysis and electrochemical testing.

XRD spectra revealed similar bulk phase proportion ratios, with a maximum FCC percentage
of 94.23 % observed in the AM sample and a minimum proportion of 86.75 % in the cast. SEM
imaging and EDS analysis of the different processes showed good phase and compositional
homogeneity in the AM sample. The cast and CR both presented two major distinct phases,
an FCC_L12 rich in Ni and Cr depleted, and a BCC_B2 showing the inverse. Inclusions were
observed in both of these samples, suggesting the presence of competing BCC_B2#2 and o
phases, as predicted by Thermo-Calc. These were more dominantly located within the primary
BCC than the FCC. MnS inclusions and AIN precipitates were also detected across both
samples.

The increase in distinction of the competing BCC and o phases in the CR sample suggests the
need to refine the thermomechanical processes used for its manufacture.

The different atomistic, arithmetic and stimulatory mechanisms used to predict phases and
compositions of HEAs still need significant refinement.

Overall, the cast sample displayed the most consistent corrosion resistance. Whilst the CR
route presented the most stable OCP and an accompanying low standard deviation, it’s Epi
values were the lowest of the 3 manufacturing processes, implying the formation of the
weakest passive oxide layer. This could be due to the increased phase complexity of the CR
samples relative to the cast and AM, predicted by Thermo-Calc and observed through XRD
and SEM-EDS analysis, with increases in o phase formation known to negatively impact
corrosion resistance.

Further work needs to be done to optimise the production processes to optimise the corrosion

resistance.
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7 An Investigation into the Different Manufacturing Methods of a
High Entropy Alloy (HEA1) with a 2.4 wt.% Molybdenum
Addition and their Effects on Microstructure and Corrosion
Resistance

7.1 Introduction

The Pitting Resistance Equivalent Number (PREN) is a corrosion resistance parameter used to assess
the susceptibility of stainless steel and other alloys to pitting corrosion [200]. It is particularly valuable
in predicting the performance of materials in chloride-containing environments, such as seawater or
brine solutions. The PREN is calculated using the alloy's composition, considering the content of key
corrosion-resistant elements such as Cr and Mo and is outlined in equation 18 [201]. It is important to
note that while the PREN is a useful guideline, the actual corrosion resistance of an alloy can be
influenced by factors such as heat treatment, manufacturing processes, finishing, and specific

environmental conditions.

PREN =(Cr+33XxMo+16 XN 18

The PREN number, whilst applicable to steels, identifies that additions of certain elements will increase
the corrosion resistance of an alloy. Following on from this theory and concurring with the literature,
Mo additions have also been used in conjunction with HEAs to successfully improve corrosion
resistance by increasing the thickness of the passive layer and forming insoluble MoOs
[119,120,123,124]. Because of this, a Mo addition of 2.4 wt.% was made in situ to HEA1, creating
HEAX, to see if these results could be replicated through AM, cast, and CR manufacturing processes
and to develop further understanding of the microstructure evolution caused by this addition and its

effect on corrosion resistance. This new alloy is henceforth dubbed HEAX.
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7.2 Powder Analysis

SElI 20kV WD11mmSS60
MACH1 Swansea University Sep 13, 2023
Figure 76 SEM micrograph of Mo powder used for in-situ addition

Figure 76 shows an SEM image of the Mo powder that was mixed with HEA1 as described in section
3.2. The morphology of this powder appears far more polyhedral, with a significant agglomeration of
particles in branch-like formations, the latter occurring more prominently on those particles with an

apparent lesser diameter.
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Figure 77 SEM micrograph of HEAX powder

Figure 77 shows the resultant powder mixture after the Mo had been combined with virgin HEAL. The
Mo appears relatively evenly distributed, however there are areas of agglomeration, both of the Mo
alone, and in combination with HEA1 particles. This depiction clarifies the size disparity between the

Mo and HEA1 particles, the former being significantly smaller.
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Figure 78 HEAX powder PSD

Figure 78 and Table 50 exhibit the data for the PSD tests performed on the powder mixture and concur
with this inference, with the former showing a distinct break in volume density and data suggesting
that no particles are perceived within the approximate range of 5.92 um and 11.2 um. The Mo is
responsible for size fractions smaller than this, with particles detected between 1.88 um —5.21 um,
whereas HEA1 is accountable for the values from 12.7 um to 76.0 um. 80 % of the powder is stated to

be within the range of 22.2 um and 50.6 um, with the SMD at 29.5 um.

Table 50 Particle size by volume for HEAX powder

Percentile Size (um)

Dv (10) 22.2
Dv (50) 33.8
Dv (90) 50.6
D [3,2] 29.5
D [4,3] 35.2

The rheometric data displayed in Table 51 suggests that the HEAX blended powder had good

flowability, with a FRI of 1.11 in the region described in Table 5 as insensitive to flow rate.

Table 51 Rheometric characteristics of the HEAX powder

BFE(mJ) SE(mlJ/g) FRI CBD (g/ml) Split Mass (g)
1045.23 3.95 1.11 3.63 90.86
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7.3 Optimisation and Build Setup

The optimisation of HEAX proved to be a far more difficult endeavour than the previous alloys tested.
Only 5 kg of mixed powder could be created to use as feedstock, meaning that the RBV was the only

feasible AM production method.

Initially, the optimum parameters for HEA1 were used to attempt to manufacture 9 density cubes of
HEAX on the RBV, as shown in Figure 79. However, this build failed due to delamination and poor
fusion of the build plate, approximately 20 layers after the supports had concluded. To eliminate the
possibility of the failure being associated with machine set-up, the same build was run again but with

the concurrent results.

Figure 79 Initial build setup for HEAX on the RBV

Multiple different parameter sets, including extremes, were tested with minimal success. A 3 mm tall
disc geometry was then tested, the hypothesis being that the cube edges had previously been a focal
point for delamination and removing them could enhance the prospect of success. The first build with
the discs was built straight to the plate without any supports, hoping this larger fusion area would also
limit delamination. Whilst more success was experienced than with the cube before failure, not
enough material was constructed to be made into samples. Finally, the build setup in Figure 80 was
successful enough to produce sufficient material to begin testing. The small number of components
on the plate and the rotation of the square geometries resulted in reduced delamination, and any

failures that did occur did not affect any of the surrounding parts.
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Figure 80 Successful build layout for HEAX on the RBV

Once removed from the plate, the parts were taken to the workshop to be machined flat whilst
preserving the largest area of material possible. The parameters used for the successful parts are

displayed in Table 52.

Table 52 Laser parameters used for AM HEAX

P(W) PD(um) ET(ms) HS(um) LT (um) VED (J/mm?3)
215 60 85 0.11 50 55.38

7.4 Density Analysis

The densities of each processing route were calculated using ImagelJ as outlined in section 3.13.2 and
are displayed in Table 53. Due to the geometries manufactured, obtaining a bulk density measurement

for the AM sample in the same way as in previous chapters was impossible.

Table 53 Optical density measurements for AM, cast, and CR HEAX

Sample AM  Cast CR
Optical Density (%) 98.81 98.98 99.05
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Figure 81 Volume fraction of all phases for HEAX produced by Thermo-Calc

Figure 81, produced by Thermo-calc using the TCHEAS: High Entropy Alloys v5.1 database, exhibits
similarities to HEA1, with ALN being the first solid phase to form at 1886 °C, but reaches a higher @; of
0.053 once the system is cooled to 1000 °C. Once again, the BCC_B2 is the first major phase to form,
as seen in Figure 81, beginning at 1416 °C and peaking at a ¢; of 0.68. Similarly to HEA1, this phase
contains elevated levels of Fe and Cr and a reduced concentration of Ni, but by a lesser magnitude,
according to the data in Table 54. Al is also noted at 1.4 wt.% higher than the target level. The FCC
again shows similar trends to HEA1, with Cr dropping to a predicted concentration of 18.4 wt.% when
its ¢p; peaks at 0.376 at 1082 °C. Between the temperatures of 1102 °C and 1064 °C Figure 81 exhibits
considerable competition between the 4 major phases present as the BCC_B2#2 and o phases initiate,

both of which follow the same compositional trends as HEA1, with the former showing vastly
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diminished Fe, Cr and Mo, with increases in Ni, Al and Si. The o appears high in Cr with slightly elevated
levels of Mo, whereas the concentrations of Ni and Al have been drastically diluted. Figure 81 also
shows the presence of a phase identified as M23C6_D84, which, based on its composition and

literature, is understood to be a chromium carbide and occurs at a maximum ¢; of 0.024.

Table 54 Composition of selected HEAX phases at their highest respective volume fraction (wt.%)

Fe Cr Ni Mn Al Mo Si N C
BCC_B2 35.23 29.00 19.25 954 417 233 045 0.001 0.004
FCC_L12 36.73 18.40 28.78 9.44 341 197 1.23 0.0004 0.03

SIGMA 3790 4380 2.37 1259 0.001 3.35 0.002 0 0
BCC_B2#2 12.47 171 57.60 11.03 1591 0.040 1.23 0 0
ALN_B4 0 0 0 0 65.83 0 0 34.17 0
M23C6_D84 5.36 69.59 0.245 0.009 0 19.65 0 0 5.15
7.6 XRD
1 AM
1 CR
] Cast
G‘OOCFE
S‘OOCFE ‘
] \
4‘00CF;

T

Counts
il |$ Laal
=
-

—
{
2

1

Tt s a A )’L Ak bt
T T

i s P .
40 50 60 70 80 80
2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 82 XRD scans for CR, AM, and cast HEAX samples
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The XRD scans for AM, CR and cast HEAX in Figure 82 show peaks at varying intensities associated with
the two major FCC and BCC phases located at the angles presented in Table 55. Peaks 1-3, 5 and 7 are
seen prominently across all 3 scans, with the AM sample showing clearer summits at ~64.71 ° and
81.97 ° than the CR and cast. The CR and cast samples show significant similarities, with the most
visible peaks mirrored across their scans, albeit at contrasting strengths. The additional peaks between
20 angles of 38 ° and 52 ° in these scans and not the AM are comparable to those evident in the CR
HEA1 scan shown in Figure 620nce again, these peaks are difficult to define using pattern matching

software, but similar assumptions can be made regarding the presence of MnS and AIN.

Table 55 XRD data extracted from scans shown in Figure 82

HEAX XRD Intensities (cts)

FCC Peak Intensity BCC Peak Intensity
1 3 5 7 8 2 4 6
(43.54°) | (50.67°) @ (74.25°) (90.07°) | (95.42°) @ (44.42°) (64.71°) (81.97°)
CR 2863.98 537.38 1055.29 305.95 141.59 518.35 64.63 82.00

AM  1349.57  385.45 241.80 185.16 81.29 2028.26  187.15 375.98
Cast 591230 121390 2198.67 393.58 123.28  3601.39 51.23 124.96

Table 56 Major phase ratios for HEAX CR, cast and AM

Sample FCC/BCC
CR 88.06 %/11.94 %
AM 46.4 %/53.60 %
Cast 72.26 %/27.74 %

The most significant comparison comes when calculating the phase proportions of each
manufacturing process. When considering the major FCC and BCC phases calculated in Table 56 based
on the sum of peak intensities in Table 55All 3 processes return significantly different ratios, with the

FCC at its highest in the CR sample and lowest in the AM, with a 41.66 % reduction.

This is attributed to the large BCC peak at approximately 44.42 ° in the AM sample relative to the
primary FCC peak at ~43.54 °, contrary to the CR and cast intensities, superior BCC peaks at ~64.71 °
and 81.97 °, and a diminished FCC peak at ~74.25 °.
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7.7 Microstructure

7.7.1 AM

¢ 50pm 200 X SE1 EHT = 15.00 kv | Probe= 250pA WD =10.29 mm
A Width =571.6 um Swansea Uni Faculty of Sci & Eng 14 Nov 2023

Figure 83 SEM micrograph of AM HEAX in the XY plane

The microstructure observed in Figure 83 is of AM HEAX in the XY plane and shows a chaotic array of
refined grains that appear to follow the laser scan path. Significant multidirectional remelting across
the sample is shown, as well as minor cracks and porosity. It is impossible to discern whether there is

any pattern to this porosity, such as along the laser boundaries, due to its disordered features.

170



Fe Kal

Ni Lal,2 Mn Kal
: 100pm g

Al Kal Mo Ladl
: 100pm ' f 100pm y

Figure 84 EDS maps for AM HEAX

Table 57 Composition of AM HEAX from EDS (wt.%)

Element Fe Cr Ni Mn Al Mo Si N
Weight % 32.25 27.21 24.82 10.04 2.73 238 057 O
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EDS mapping was used to investigate the level to which the sample had alloyed during the AM process,
the results of which are presented in Figure 84 and Table 57. The overall composition measured
initially suggests that the process had succeeded, with 2.38 wt.% of Mo being detected, just missing
out on the 2.4 wt.% target. However, significant inhomogeneity is observed when consulting the EDS
maps, with numerous areas detected with low counts of Cr, Fe, Ni, and Mn relative to the bulk. These

regions have conversely high concentrations of Al and Mo.
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Figure 85 SEM micrograph and point scan map of AM HEAX at 750x magnification

Figure 85 shows the point scan analysis undertaken around one of the areas identified as high in Al
based on the EDS maps in Figure 84. 3 areas of interest were examined, namely the centralised
inclusion, the darker, more uniform region, and the lighter area interpreted as the edges of the laser
scan path. The light and dark areas, which could collectively be defined as the bulk alloy, present very
similar compositions, except when comparing their Mo content, which occurs at 4.06 wt.% and 0.90
wt.%, respectively. An increase or decrease in the other constituent elements offsets this variation.
The inclusion and the area surrounding it were previously identified as high in Al and demonstrated
significantly elevated levels of this element when consulting spectra 7-9, with an average wt.% of

81.35. The only non-residual element that appears close to its forecasted value is that of Mn at an
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average of 6.17 wt.%. Thermocalc would suggest that this region with such a high Al concentration

would be an inclusion of AIN; however, this is disproved by the complete absence of N at these points.

Table 58 Point scan spectrum analysis relating to the HEAX AM sample in Figure 85 (wt.%)

Region  Spectrum No. Fe Cr Ni Mn Mo Al Si N S

1 31.5 26.53 25.36 10.13 3.15 261 0.61 0.1 0.02
Dark 2 32.68 27.54 2399 10.02 2.76 245 053 0 0.05
3 31.59 27.26 2249 9.22 6.26 263 056 O 0
Avg 31.92 27.11 2395 9.79 4.06 2.56 057 0.03 0.02
4 3248 28.84 24.81 10.77 051 205 054 O 0
Light 5 31.81 27.38 25.48 1058 099 286 0.76 0.14 O
6 32.96 2766 2533 9.78 121 254 042 O 0.1
Avg 32.42 2796 25.21 10.38 0.90 2.48 0.57 0.05 0.03
7 132 511 018 7.28 035 8568 0.03 0 0.05
. 8 162 466 135 6.69 0.13 8517 036 0 0.02
Inclusion
9 547 10.04 181 455 36 7319 134 O 0
Avg 280 660 1.11 6.17 1.36 81.35 0.58 0.00 0.02
Max 32.96 28.84 25.48 10.77 6.26 85.68 1.34 0.14 0.1
Min 132 466 018 455 013 205 003 O 0
Average 22.38 20.56 16.75 8.78 2.11 28.8 0.57 0.03 0.03

Standard Deviation 14.74 10.59 11.77 2.13 2.02 39.57 0.35 0.05 0.03
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SEM analysis was retrospectively conducted on the repolished corrosion sample, shown in Figure 86,
as its surface integrity was higher than that of the previously analysed sample. Whilst unetched, the
sample surface only shows small aspects of heterogeneity with a few tiny pores, a single, much larger

defect and a lighter mark beneath it by the markers for spectrums 5 and 6.

EDS analysis in Figure 87 confirms this at an elemental level, with the 5 original bulk elements
appearing to be evenly distributed across the sample, with the exception of the significant central
defect. The Mo addition also seems that it has alloyed homogenously, except at the location of the
previously mentioned mark by spectrums 5 and 6. The overall composition of this EDS map, shown in
Table 59, was similar to that of the previous AM sample analysed, with the exception of an additional

1% Mo.

Electron Image 1

Spectrum 1 Spectrum 2

Spectrum 3

! 250pm !

Figure 86 SEM image of AM HEAX corrosion sample with point scan locations at 250x magnification
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Figure 87 EDS maps for HEAX corrosion sample

175



Table 59 Composition of AM HEAX corrosion sample from EDS maps

Element Fe Cr Ni Mn Mo Al Si S N
Weight % 32.48 26.99 24.61 9.29 342 250 0.57 0.07 0.06

Point scans were taken at 4 points in the homogenous bulk microstructure, two at the site of high Mo
from the initial EDS map, and the rectangular area around that region shown in Figure 88, the results

of which are presented in Table 60.

Table 60 Point scan analysis of AM HEAX corrosion sample (wt.%)

Spectrum No. Fe Cr Ni Mn Mo Al Si S N

1 3240 26.70 25.08 941 3.18 239 0.57 0.13 0.14

2 3243 27.06 24.67 886 3.88 255 0.54 0.00 0.01

3 3255 2734 2443 886 3.61 259 0.58 0.04 0.00

4 3229 27.29 2488 9.17 3.27 243 0.62 0.05 0.00

5 32.59 2739 2450 9.23 323 242 0.61 0.04 0.00

6 32.76 27.03 2459 9.60 2.88 2.55 0.57 0.00 0.02

Max 32.76 27.39 25.08 9.60 3.88 2.59 0.62 0.13 0.14
Min 32.29 26.70 24.43 886 2.88 239 0.54 0.00 0.00
Average 3250 27.11 24.68 9.20 3.35 2.49 0.58 0.05 0.03

Standard Deviation 0.15 0.24 0.23 0.27 0.32 0.08 0.03 0.04 0.05
Rectangular Area 2292 1894 1453 856 33.38 1.64 0.03 0.00 0.00

Interestingly, all 6 point scan locations returned very similar compositions, with the average almost
identical to the bulk composition in Table 59. However, the same cannot be said for the rectangular
area encapsulating spectrums 5 and 6 as well as the entire Mo hotspot, which instead reveals a
composition dominant in Mo at 22.28 wt.%, with significant reductions across all the other elements.
It is theorised that the reason spectrums 5 and 6 did not display the same compositional structure is
due to the incident electrons primarily revealing the surface chemistry directly beneath the Mo rich
region, or due to beam drift during the time between the initial image being taken and the point scans
being completed. What these additional images, scans, and compositions show is that, in this case,
there were significant compositional differences between two samples made with the same

parameters, highlighting the need for further optimisation to increase stability.
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Spectrum 5

Spectrum 6
4

Figure 88 Rectangular area around the region of high Mo in AM HEAX

7.7.2 Cast

¢ 10um 1.00 K X SE1 EHT = 15.00 kV I Probe= 250pA WD =10.19 mm W
Width = 114.3 um Swansea Uni Faculty of Sci & Eng 9 Nov 2023

Figure 89 SEM image of cast HEAX at 1000x magnification
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Figure 89 shows an SEM image of cast HEAX at 1000x magnification. In this image, two distinct phases
are apparent, the bulk appearing as a lighter phase with a darker dendritic structure throughout. The
dendrites are observed to have two growth directions, the majority of which are primary dendrites,
some with small secondary arms. The BCC dendrites also appear to internally intersect, often forming

diagonal enclosures around FCC regions cut off from the bulk.

Cr Kal Fe Kal
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50pm
Figure 90 EDS maps of cast HEAX at 1000x magnification
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Table 61 Composition of cast HEAX from EDS maps (wt.%)

Element Fe Cr Ni Mnh Al Mo Si N
Weight % 324 268 255 105 22 20 06 O

The EDS maps presented in Figure 90 suggest that there are significant compositional differences
between the bulk FCC phase and that of the dendritic BCC. Most notable is the segregation of Cr to
the BCC phase, depleting the bulk, with the inverse occurring with Ni. Mo and S appear to follow the
same trend as Cr, with additional spots of relatively high concentration. However, it is difficult to
differentiate between Mo and S using EDS as the characteristic X-rays they emit overlap, occurring at
2.293 KeV and 2.307 KeV, respectively. In addition, Mn, whilst having a much more homogenous
distribution as is seen with Fe, Al, Si and N, also appears in a higher concentration at the same spots

previously mentioned.

To confirm the magnitude of the compositional variations, point scans were taken from the FCC and
BCC phases as well as from multiple inclusions. The locations of these points and their resultant

compositions are outlined in Figure 91 and Table 62 respectively.
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Figure 91 SEM micrograph and point scan map of cast HEAX at 750x magnification

179



Table 62 Point scan analysis of cast HEAX shown in Figure 91(wt.%)

Region Spectrum No. Fe Cr Ni Mn Al Mo Si S N
1 31.73 23.75 29.07 11.15 234 130 051 0.15 0.00
2 31.78 23.48 28.84 11.18 2.20 196 0.55 0.00 0.00
FCC 3 32.00 23.95 2837 1091 2.21 197 058 0.00 0.00
4 30.65 23.39 29.77 11.48 2.49 151 0.60 0.12 0.00
Avg 31.54 23.64 29.01 11.18 231 1.69 0.56 0.07 0.00
5 3598 39.79 11.20 7.82 0.89 3.56 0.74 0.04 0.00
6 28.84 31.84 22.16 1047 341 262 060 0.06 0.00
BCC 7 36.93 3825 1192 7.51 1.01 3.62 0.74 0.03 0.00
8 34.13 37.26 14.29 8.36 191 3.27 0.67 0.06 0.05
Avg 33.97 36.79 14.89 8.54 1.81 3.27 0.69 0.05 0.01
9 033 0.37 050 000 7456 0.21 0.03 0.00 24.00
AIN 10 0.88 0.74 0.23 0.33 73.45 0.00 0.10 0.03 24.25
Avg 0.61 056 037 0.17 7401 0.11 0.07 0.02 24.13
11 29.53 23.00 29.89 1240 245 2.00 0.60 0.00 0.14
Inclusion 12 9.78 9.15 994 5142 0.00 187 0.21 17.57 0.06
Avg 19.66 16.08 1992 3191 123 194 041 8.79 0.10
Max 36.93 39.79 29.89 5142 7456 3.62 0.74 17.57 24.25
Min 033 0.37 023 000 000 0.00 0.03 0.00 0.00
Average 25.21 2291 18.02 11.92 1391 199 049 150 4.04
Standard Deviation 13.40 13.47 1140 13.11 28.09 1.17 0.24 5.06 9.38

As previously discussed, there are significant differences observed in the magnitude of Cr and Ni levels
in the FCC and BCC phases. Spectrum numbers 1-4 and 5-8, respectively, investigate these more
closely, and as expected, the FCC phase presents much richer in nickel, at an average of 29.01 wt.%
compared to the BCC, where it is observed at 14.89 wt.%. The inverse occurs with Cr, where it is in
abundance in the BCC at 36.79 wt.%, with it depleted to 23.64 wt.% in the FCC. Whilst not having the
most significant absolute difference between these two phases, Mo presents the 2" largest relative
variation after Ni, almost doubling in abundance from 1.69 wt.% to 3.27 wt.% from FCC to BCC. Both

Mn and Al follow the same trend as Ni, with slight depletions in the BCC relative to the FCC.

The large inclusion probed by spectrums 9 and 10 returns significantly higher levels of Al and N at
74.01 wt.% and 24.13 wt.%, respectively, heavily indicating that it is an AIN precipitate. Other elements
are detected; however, they are all present in trace quantities, which is possibly due to the background

interference around or underneath the precipitate.

Spectrums 11 and 12 inspected the final areas previously identified in the EDS maps as having higher-
than-average levels of Mn, Mo, and S. Spectrum 11 appears to have been misplaced based on its
composition, which closely replicated that of the FCC. 12, however, detects significantly higher levels

of Mnand Sat 51.42 wt.% and 17.57 wt.%, respectively. This indicates the presence of MnS inclusions.
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Figure 92 SEM micrograph of CR HEAX at 1500x magnification

The microstructure of CR HEAX in Figure 92 shares similarities with that of Figure 69 and Figure 71,
with two major phases present interspersed by numerous small inclusions <1 pum in diameter as well
as irregular but larger inclusions of between 2 um and 8 um in diameter. What is more distinctive in
Figure 92 is the locations of the smaller inclusions relative to the two main phases. Whilst they are
regularly observed in the perceived lighter BCC phase, they are small in size and scattered erratically
throughout. However, in the FCC, they appear larger, with the majority tending towards the phase
boundaries, whilst there is also an indication of a cellular like structure with grain boundaries linking
these inclusions. This may also be present in the BCC; however, there is less contrast and therefore

makes it less evident.
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Figure 93 EDS maps of CR HEAX

Table 63 Composition of CR HEAX from EDS maps in Figure 93

Element Fe Cr Ni Mn Al Mo Si N
Weight% 31.9 27.73 2449 9.63 3.18 2.29 0.5 0.28
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EDS maps in Figure 93 of the area in Figure 92 show increases in Cr and Mo levels in the BCC phase, a
diminished Ni concentration, and a slight decrease in Fe relative to the FCC. The large inclusions
described previously show a deprivation of all elements except those of Al and N, implying they are
AIN inclusions, and at this magnification, it is difficult to distinguish any compositional differences at
the sites of the smaller inclusions in the EDS maps. No obvious variations were observed in maps
depicting Si and Mn, other than impoverished regions coinciding with the aforementioned AIN

inclusions.
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Figure 94 EDS point scan map of CR HEAX
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Table 64 Point scan analysis of CR HEAX shown in Figure 94 (wt.%)

Region Spectrum No. Fe Cr Ni Mn Al Mo N Si
1 28.82 3297 2239 11.16 236 133 0.34 0.61
i 2 165 2.03 096 068 70.27 0.3 2397 0.15
3 9.64 1151 54 3.09 5452 1.17 1438 0.28
Avg 13.37 15,50 9.58 498 42.38 0.93 1290 0.35
4 28.83 35.36 20.38 9.02 2.14 3.59 0 0.69
5 32.69 36.21 17.14 8.38 1.1 3.77 0 0.71
BCC 6 21.16 221 3463 1132 8.06 2.19 0.1 045
7 32.23 36.42 16.74 8.61 1.68 3.66 0.04 0.62
Avg 28.73 3252 2222 933 325 330 0.04 0.62
8 3456 21.28 29.8 10.67 197 108 0.2 0.44
9 33.07 21.53 30.31 10.65 264 117 0.22 0.41
FCC 10 2549 2358 33.1 10.72 535 1.03 044 0.29
11 29.38 19.31 33.33 1132 494 0.89 047 0.36
Avg 30.63 21.43 31.64 1084 3.73 1.04 0.33 0.38
Max 3456 36.42 34.63 11.32 70.27 3.77 2397 0.71
Min 1.65 2.03 096 0.68 1.1 0.3 0 0.15
Average 2523 2385 222 869 14.09 1.83 3.65 0.46
Standard Deviation 10.55 1091 1146 3.57 24.22 126 797 0.18

Spectra 1-3 in Table 64 were placed to identify the compositions of some of the AIN inclusions
throughout the alloy. 2 and 3 were successful, returning average Al and N concentrations of 62.40
wt.% and 19.18 wt.%, respectively; however, the composition of spectrum 1 is very similar to that of
the BCC phase, and it is therefore concluded that there are cavities around the AIN inclusion. At the
1500x magnification in Figure 94 it is difficult to accurately identify whether the points lie precisely on
the small inclusions running through the phases, or on the phase itself. However, significant
compositional differences identified when investigating these regions facilitate assumptions to be

made.

Spectrums 4, 5 and 7 record similar compositions with elevated levels of Cr and reduced Ni
concentration, indicative of the BCC_B2 phase. However, it could be postulated that, based on the
reduced Al, increased Mo, and a Cr reading over 6 wt.% higher than the predicted BCC_B2, these
spectrums could be identifying the o phase. Conversely, spectrum 6 appears to be located on one of
the inclusions within the phase, producing a composition that correlates more with the BCC_B2#2
composition predicted by Thermo-Calc. Spectra 8-11 exhibit similar compositions for Cr, Mn and Mo;
however, there are notable differences between 8/9 and 10/11. The former two points return an
average Fe concentration 6.38 wt.% higher and average Ni and Al levels 3.16 wt.% and 2.84 wt.%

lower, respectively than the latter. Spectra 8 and 9 therefore show compositions that suggest the
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presence of the FCC phase in Table 54, whereas 10 and 11 compare with the BCC_B2#2 also presented

by spectrum 6.

7.8 Corrosion Testing
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Figure 95 OCP plots for HEAX AM, cast and CR over 600s
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The OCP plots for HEAX in Figure 95 show repeatable equilibrium profiles within each manufacturing

route. Both the CR and cast specimens show smooth scan patterns across the duration of the tests;

however, the AM is notably less stable, with sharp variations in potential of up to 0.065 V. Whilst there

was only one sample to conduct analysis on, this erraticism could indicate a larger range of OCP values

had more samples been manufactured. The OCP data extracted and displayed in Table 65 does,

however, show that the AM sample had the noblest OCP at -0.202 V, whereas the cast sample had the

lowest at -0.269. The exceptionally low OCP error observed in the cast and CR samples shows superb

reliability with standard deviations of 0.007 and 0.021, respectively.

Table 65 Summary of HEAX corrosion data for each manufacturing method

sample Op-tical Avg Error  AvgEcor Ecorr Avg E,i Epit Avg E,
Density (%) OCP (V) (SD) (V) (SD) (V) (SD) (V)

AM 98.81 -0.202 N/A -0.208 N/A 0.038 N/A -0.324

Cast 98.98 -0.269 0.007 -0.303 0.050 0.308 0.339 0.036

CR 99.05 -0.212 0.021 -0.205 0.011 -0.057 0.024 -0.321

185



As with HEA1, the majority of HEAX samples do not appear to enter a passive phase after Ecor is
reached. Once again, the predefined current of 0.0002A is used to define a point across the scans at
which point the E,i: would be reached if it indeed occurred. This also allows comparisons to be made

across the manufacturing processes and with different alloys.
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Figure 96 Cyclic polarisation plot for AM HEAX

The AM specimen for HEAX presented in Figure 96 presents a smooth increase in current density once
Ecorr is reached at -0.208 V, before reaching an Epi: of 0.038 V at the predetermined point of 0.0002A.
Other than a slightly unstable region between the Er and -0.0035 V, there are no indications that a

strong enough passive layer has formed to protect the corrosion sites and prevent further

degradation.
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Figure 97 Cyclic polarisation plots for cast HEAX

The CP scans of cast HEAX in Figure 97 show 2 repeats with a high degree of similarity with identical
Ecorr values of -0.274 V and one with a vastly different profile. Cast 1 presents an unusually low Ecor of
-0.361 V compared to its OCP of -0.263 V, before entering a clear passive phase as the potential is
further increased up till the Egi is reached at 0.699 V. Contrary to samples 2 and 3, this Ep is distinct
instead of having to be defined by a set current density. Samples 2 and 3 both see increases in their
current densities as the potential is increased, showing a more generalised corrosion attack, with only
sample 3 showing signs of passivation, whilst not significant enough to change the trajectory of the
scan profile in the region before Eyi: is defined. Whilst the average Epi: across the 3 tests is 0.308 V, this
decreases dramatically to 0.113 V when test 1 is discounted. The standard deviation of these two
values also drops from 0.339 to 0.020 when the same process is applied. Due to this, more data is
necessary to determine whether CAST - 1 was an anomaly, or whether its apparent superior Eyi: was

due to any number of possible causes.
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Figure 98 Cyclic polarisation plots for CR HEAX

The 4 CP scans for CR HEAX presented in Figure 98 display exceptional repeatability. This is amplified
when considering the error of key metrics in Table 65 such as the E,it and Ecor, With the standard
deviations calculated as 0.011 and 0.024. However, the region between the Ecorr and Epit does not imply
much, if any, passivation occurred, with the potential only having to increase on average by 0.148 V

before the current density of 0.0002A is reached, defining the Egi.

7.9 Discussion

The issues related to the production of the HEAX alloy through AM were down to numerous factors
such as, but not limited to, the differences in thermomechanical properties of the Mo and bulk alloy,
the discrete PSDs noted in Figure 76, Figure 77, and Figure 78, and in turn, the rheological differences
these generated. The flowability of metal powders is crucial, significantly influencing part quality
[202]. Flowability refers to the ability of powder particles to distribute uniformly during processes like
spreading and layering. Key factors that impact flowability include particle size and distribution,
particle shape, surface properties, density, and agglomeration [51,180,202]. Figure 76 of the Mo
powder shows a significantly smaller particle size fraction with a sub-optimal polyhedral morphology
and significant agglomeration, which could have led to poor flowability or a variation in the powder

bed’s packing density.
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The Thermo-Calc equilibrium phase diagram for HEAX in Figure 81 shows much more disorder
between 800 °C and 1250 °C due to the addition of Mo with a significant reduction in the maximum
@i of the FCC_L12 phase as well as an increase in the ¢; of the BCC_B2#2 and a broadening of the
equilibrium range of the BCC_B2#2 and BCC_B2 phases. Literature also suggests that the addition of

Mo is likely to increase the o phase formation [119,124].

This increased disorder is also observed in the cast and CR XRD spectra in Figure 82, however, the AM
only clearly presents the BCC and FCC phases due to the rapid cooling rates preventing other phases
from forming in addition to the sluggish diffusion effect of HEAs [91-93,105,196—198]. The additional
peaks between 39 °and 52 °, as seen in CR HEA1, are attributed to o formation; however, some of the
additional peaks likely belong to the secondary BCC phase. The AM and cast sample’s phase
proportions are vastly different from those of HEA1, with the former presenting a majority BCC phase.
Both changes are theorised to have occurred due to the extension of the BCC_B2 phase from 1144 °C

in HEA1 to 1064 °C in HEAX and the less substantial ¢; of FCC_L12.

EDS of the first AM sample showed alloying of the Mo addition within the bulk but not a homogenous
distribution, with a range of 0.9 wt.% to 6.26 wt.% of the points analysed. A significant lack of fusion
pore is also seen with a high concentration of Al. The analysis of the AM corrosion sample, however,
shows a much greater compositional homogeneity, with even elemental distribution across the
majority of the surface than the first. The significant difference in surface chemistry between these
two samples built with the same parameters highlights the instability of the alloy in this manufacturing
method. Further parameter optimisation and changes to component geometry, amongst other
factors, need to be evaluated before additional testing. MnS inclusions are observed in the EDS maps
of the cast HEAX sample, as well as a prominent AIN inclusion. Similar questions are posed about
discerning between the composition of the BCC and ¢ phase with much higher Cr and much lower Ni
and Al present than expected in the BCC. Replicating the structure of CR HEA1, CR HEAX images and
EDS show significant amounts of high Ni, high Al BCC_B2#2 forming at the BCC_B2 and FCC_L12
boundary, potentially creating further opportunity for selective dissolution and reducing the alloys

corrosion resistance [199].

As discussed previously, controlling defects such as compositional heterogeneity and porosity is
paramount when attempting to improve the corrosion resistance of an alloy [190,192,193]. Like HEA1,
there is little to suggest that any of the manufacturing routes consistently result in samples that have
any inherent passivation; therefore, Eyi: values do not signify the breakdown potential of an oxide layer

over a pit.
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7.10 Conclusions

e  Whilst HEAX was produced by AM, significant difficulties were encountered in the printing
process due to the differences in the two materials PSD as well as powder morphologies and
thermomechanical properties. The alloying of the Mo addition was shown to be largely
successful in the corrosion sample; however, areas of inhomogeneity are observed on the
alloy where complete diffusion has not occurred.

e The 2.4 wt.% Mo addition is predicted by Thermo-Calc to increase the magnitude of phase
competition between 1000 °C and the formation of the first BCC phase at 1416 °C. This
disorder is replicated in the XRD spectra of the cast and CR samples with an increase in the
number of peaks in the 39 °to 52 ° range of 26, suggesting the presence of a ¢ and secondary
BCC phase. The phase proportions calculated from these spectra show drastic changes in the
primary FCC/BCC ratio. Dendritic structures are observed in the cast HEAX microstructure
comparable to HEA1, with similar trends of elemental segregation. The CR microstructure is
again similar to HEA1, with the secondary BCC phase present at the inter-phase boundaries.

e The OCP and CP tests performed to determine whether HEAX had a greater corrosion
resistance than HEA1l were inconclusive due to a mixture of results supporting both
arguments. AM HEAX was the only route to show a greater corrosion resistance than its HEA1

counterpart across all metrics.
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8 Final Discussion

Whilst in-situ additions have been shown in literature to produce parts with high density and improved
properties, it has been documented that problems can arise when the alloying fraction tends to and
exceeds 5 at.% [136,139-141]. This has been encountered within the work presented in Chapter 7,
but distinguishing between the causes based on the current data is more difficult. Comparing the
rheometric results of 316L, HEA1, and HEAX, their FRI are very similar at 1.17, 1.11 and 1.11,
respectively, suggesting all are insensitive to changes in flow rate. However, there are a 0.3 g/ml and
7.32 g reduction in the CBD and split masses between HEA1 and HEAX. This suggests that whilst the
Mo in HEAX was theorised to increase the packing density of the powder due to its smaller PSD, this
has not occurred. An explanation for this could be the agglomeration of Mo particles, as seen in Figure
76, actually reducing the ability for the particles to tessellate, reducing the CBD and, therefore, the
split mass. When comparing the SE of the 3 powders, HEA1 reports the lowest value of 2.53 mJ/g,
followed by 316L and HEAX and 2.89 mJ/g and 3.95 ml/g, respectively. The values for 316L and HEA1
correlate with similar results reported in literature for 316L using the same testing apparatus, of
between 1.84 mJ/g and 2.58 ml/g, whereas HEAX exceeds it by over 54 % [202]. This suggests that
relative to the 316L and HEA1 powder, HEAX demonstrates significantly more cohesion and, therefore,
poorer flowability. However, literature also states that a SE of below 5 is considered to demonstrate
low cohesion, so it is, therefore, less likely that the PSD of the HEAX is the leading cause of the
processing issues reported previously [202]. Due to this, it is hypothesised that the thermomechanical

properties of the 2.4 wt.% Mo addition was the primary cause for the difficulties encountered.

One of the features of 316L that provides excellent corrosion resistance is its fully austenitic
microstructure [29,81,184]. The majority single phase microstructure, absent of inclusions or
precipitates, eliminates the effects of galvanic corrosion, creates a consistent passive oxide layer and
results in its superb corrosion resistance [29,66]. This single phase is displayed in Figure 48 and Table
26, with all 4 manufacturing methods achieving an austenitic phase proportion of 96.73 % or above.
HEAs are renowned for their preference for forming single solid solutions; however, this has not been
seen in the majority of the analysis of the microstructures of both HEA1 or HEAX [91,102,104]. The
AM HEA1 is closest to achieving this, with an FCC proportion of 94.23 %, with cast and CR at 86.75 %
and 87 %, respectively; however, the CR sample does present additional competing phases, seen by
the XRD peaks between 43 ° and 59 ° in Figure 62, and the point scan analysis in Table 48. Cast and CR
HEAX have similar XRD peaks and microstructures to their HEA1 counterparts, suggesting that the Mo
addition has moved the microstructure further away from the single solid solution, including

promoting intermetallic phases.

191



Mixed results were seen when comparing the corrosion resistance of HEAX with HEA1. The AM HEAX
sample proved to have a more noble OCP and a higher Ei: than its HEA1 counterpart; however, a slight
reduction in the potential difference between these values suggests a weakening in the passive oxide
layer. This is also indicated by its more negative E;, perhaps down to large pores, as seen in Figure 85,
or due to the non-uniform distribution of the Mo addition. The cast HEAX sample had a more anodic
OCP than the HEA1 but outperformed its Ei, indicating a more effective passive film. However, its
optical density was more significant and, therefore, should have superior corrosion resistance,
assuming all other factors are equal. The CR samples of each HEA exhibited almost identical averaged
metrics, with OCPs of -0.212 V and their E,i: values separated by just 0.008 V. However, the error in
the Eyit values of HEA1 was almost 3x that of HEAX. Again, density could be a significant factor when
comparing these performances with HEA1 cast and CR densities of 96.25 % and 97.95 %, respectively,
vs HEAX densities of 98.98 % and 99.05 %. Comparing the corrosion resistance of both HEAs with the
316L baselines presented in sections 4 and 5 shows a stark relationship, with 316L outperforming the
HEAs in every category, particularly with its well-documented high pitting potential [79,81]. The cast
samples provide the most even comparison in the absence of factors such as processing parameters,
with 316L returning an average Epi: of 0.433 V t0 0.71V and 0.133 V for HEA1 and HEAX, respectively.
The HEA's relatively poor corrosion resistance could be down to a number of factors analysed during
the experimental chapters, including porosity, microstructure, elemental homogeneity, the presence
of inclusions and precipitates, and the optimisation of heat treatments in the case of the CR samples.
Whilst HEAs and their documented effects are known in some cases to improve certain properties

beyond the sum of their elements, this work shows that it is not the case for all HEAs [203].
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9 Conclusions and Future Work

9.1 Conclusions

e 316L was produced by LPBF with a range of intentional, process induced porosity to
investigate the effect this has on the corrosion resistance and compared to wrought.
Increased porosity was observed to have a negative effect on the corrosion resistance of the
AM samples as well as their reliability. The high density samples displayed excellent corrosion
resistance with E,i: values 603 mV greater than that of the wrought, with only slightly poorer
reliability.

e A heat treatment and cold rolling schedule was observed to increase the corrosion resistance
of 316L, but not by the magnitude anticipated. This demonstrated the critical role surface
defects beyond porosity, such as carbide and inclusion formation, play in corrosion resistance.

e There was little to separate the corrosion resistance of HEA1 produced by AM, casting and CR.
However, the latter was created with what was later discovered as suboptimal heat
treatments. This highlights the vast developments that have been made within the field of
HEAs but also that significant knowledge gaps remaining.

e Mo additions to HEA1 creating HEAX were observed through XRD to increase the disorder in
the alloy system as predicted by Thermo-Calc. Even in its small quantity, it was seen to
increase the BCC phase proportion by 14.49 % in the cast sample and 47.83 % in the AM.

e The benefits of a 2.4 wt.% addition of Mo to HEA1 on its corrosion resistance across 3 different
manufacturing processes were inconclusive in all but the AM sample, which did improve
slightly. The increased disorder and phase competition and its impact on compositional
homogeneity and defects are thought to be a factor in these results.

e Computational tools such as Thermo-Calc for predicting microstructures are incredibly useful
and, for the most part, highly accurate. However, their limitations are displayed in this thesis,
particularly with new alloy systems like HEAs, shown by the significant variation in phase
prediction observed over 2 years.

e The HEAs in this work underperformed in comparison to the corrosion resistance of 316L,
showing that HEAs are not inherently corrosion resistant, with a focus needed on reducing the

number of phases present and limiting surface defects such as inclusions
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9.2 Future Work

Future work, building on what has been presented here, will include investigating the influence of
process parameters on the grain size of AM 316L and its effect on passive film formation. Additionally,
the newly acquired powder atomiser will be used to create pre-alloyed HEAX powder, amongst other
alloys, to better investigate the effect of this addition and the possibility of RAP for AM. Furthermore,
design a test that facilitates the corrosion of a tiny examination area (~500 um2) on the HEA cast and
CR specimens that can be analysed before and after to investigate whether a phase or inclusion
corrodes preferentially to the bulk. Finally, investigate the effect of the cooling rate on the phase

formation and elemental segregation in HEAs in the induction casting process.
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