UNIVERSITYOF
BIRMINGHAM

ADDITIVE MANUFACTURING OF HIGH-STRENGTH ALUMINIUM ALLOYS FOR

THERMAL MANAGEMENT APPLICATIONS

By:

FRANCESCO CARERI

A thesis submitted to the University of Birmingham for the degree of

DOCTOR OF PHILOSOPHY

School of Metallurgy and Materials
College of Engineering and Physical Science
University of Birmingham

January 2025



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



ABSTRACT

The application of Additive Manufacturing (AM) has demonstrated significant potential in
developing complex geometries. With its ability to process a wide range of materials, AM
technologies have unlocked unprecedented opportunities for designing high-performance
components across several sectors. In aerospace applications, the use of AM, and in particular
Laser Powder Bed Fusion (L-PBF), for high-strength Aluminium (Al) alloys offers promising
solutions to meet structural and thermal management requirements, including improved
efficiency, reduced weight and tailored properties. This doctoral research focuses on advancing
L-PBF technologies and optimising high-strength Al alloy materials for innovative thermal
management solutions for the aerospace sector.

The study focused initially on optimising L-PBF process parameters for novel thin-walled
structures for Heat Exchangers (HXs). Machine Learning (ML) algorithms, such as Neural
Networks (NN), were applied to optimise important process parameters, identifying the
complex relationships between parameters and properties, and minimising time-intensive
experimental campaigns. The optimised parameters enabled the successful manufacture of a
novel HX design, demonstrating the feasibility of ML-driven optimisation approaches for
aerospace thermal systems. Microstructural and surface quality analyses revealed enhanced
accuracy and a defect-free microstructure, mitigating leakage risks and failure during operation.
Furthermore, since post-processing is crucial for additively manufactured high-strength Al
alloys in aerospace applications, the development of tailored heat treatments (HTs) of high-
strength Al alloys was carried out. A novel HT was developed for the high-strength A205 Al
alloy, and the obtained microstructure and mechanical properties were compared to the
Standard T7 HT and a Commercial HT. A significant reduction in grain size of Rapid HT and

Commercial HT compared to the Standard T7 HT was found. The results showed a higher



presence of finer Q-Al2Cu and $§'-Al2Cu precipitates for the Rapid HT than the other HTs,
achieving a tensile strength of 465 MPa, compared to the Standard T7 HT (422 MPa) and
Commercial HT (449 MPa). Fatigue tests at room temperature and creep tests at 180 °C further
confirmed a significant improvement in performance of the newly developed Rapid HT.
Finally, mechanical properties were analysed using a strengthening mechanism model to link
precipitate formation to observed behaviour.

In addition, a post-processing surface treatment was studied to address the requirements in
tribological and corrosion performance of high-strength Al alloys, A205 and AISi10Mg, in
severe environments. In particular, Plasma Electrolytic Oxidation (PEO), was applied to the
two investigated alloys produced using L-PBF. The PEO coatings were produced on as-
received and polished surfaces. The results demonstrated significant improvements in
tribological and corrosion resistance of the coated surface, particularly for pre-treatment
surfaces, highlighting the importance of surface preparation for optimising performance.
Finally, an interdisciplinary study was conducted, implementing a novel ML model to optimise
the L-PBF process strategy for minimising porosity. A Reinforcement Learning (RL)
framework, incorporating thermal modelling principles, accurately identified optimal
parameter combinations to reduce defects in the A205 Al alloy. This ML approach reduced
reliance on extensive experimental data and simulations. Experimental validation confirmed
the effectiveness of the RL approach in improving the reliability of L-PBF processes for high-
strength aluminium alloys.

This research demonstrated the potential of combining advanced manufacturing, ML-driven
optimisation, and tailored post-processing to enhance the performance of high-strength Al
components for aerospace applications, addressing challenges in structural integrity, thermal

efficiency, and durability.
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CHAPTER 1. Introduction

Thermal management systems play a critical role in aerospace applications, ensuring the
optimal performance and reliability of onboard systems [1]. Aerospace vehicles are subjected
to extreme thermal environments, ranging from the intense heat generated by high-speed flight
and propulsion systems to the severe cold of outer space. These conditions necessitate the
effective dissipation, insulation, and redistribution of heat to maintain the operational integrity
of critical components, such as electronics, batteries, and propulsion systems [1-3].

In modern aerospace engineering, lightweight and efficient thermal management systems are
indispensable. The increasing demand for lightweight, high-performance materials in aerospace
applications [4] has driven extensive research into the development of advanced manufacturing
technologies for metal alloys, such as Additive Manufacturing (AM) [5].

AM refers to several manufacturing technologies capable of producing a three-dimensional
object by sequentially adding two-dimensional layers of material upon each other until the
completion of the design. Unlike the conventional subtractive manufacturing processes, which
produce components by removing material from a substrate to reach the final desired shape,
AM does not necessitate tools and eliminates issues correlated to the accessibility during
manufacturing operation, leading to freedom in the design and advantages in complexity
achievable. The general workflow of AM techniques is shown in Figure 1.1.

The design of the component is created using Computer-Aided Design (CAD) software and
then is converted into an STL (Standard Tessellation Language) file, which simplifies the
geometry into a series of triangles, making it compatible with 3D printers. The STL file is
imported into the machine's software for further preparation and slicing, where depending on
the vendor of the AM machine and software, part orientation and placement, scanning strategy

and process parameters may be conducted either before machine setup or in the same processing



step. The component is then manufactured and removed from the substrate ensuring it is free

from any residual material or debris.
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Figure 1.1. Typical flowchart of AM manufacturing steps included in production strategy.

Finally, post-processing treatments may be applied, such as heat treatment, surface finishing,
or machining, to enhance the mechanical properties and overall quality before being tested and
integrated into the intended application. The building process usually uses feedstock materials
in the form of powder or wire, which are either fused or melted with a wide range of energy
sources, such as laser or electron beam, either bonded together through different techniques,
such as binding agents or high-velocity particle impact.

Laser Powder Bed Fusion (L-PBF) has emerged as one of the most advanced and widely
adopted AM technologies, particularly for applications that require high precision, complex
geometries, and excellent material properties. The maturity reached by the technology enables
the production of advanced designs using lattice structures and topologically optimised

components in several aerospace applications. Structural components such as brackets and



joints with optimised designs that reduce weight without compromising strength are
manufactured via L-PBF [6, 7]. Turbine blades, nozzles, and combustion chambers for jet
engines and rocket systems can be nowadays fabricated using L-PBF [8], leveraging high-
performance alloys. In thermal management systems, novel intricate Heat Exchangers (HXs)
with integrated cooling channels and complex heat sink designs can be produced by L-PBF to
manage the high thermal loads in aerospace applications [9].

Alongside the L-PBF technology, the application of advanced materials [10], such as high-
strength Aluminium (Al) alloys, is increasing due to their exceptional thermal conductivity,
mechanical strength, and strength-to-weight ratio [11]. The integration of these materials with
L-PBF technology unlocks new possibilities for designing compact, high-performance
solutions tailored to the stringent requirements of the aerospace field. High-strength Al alloys,
with their physical and mechanical properties, are key candidates for use in thermal
management systems in aerospace applications. They offer excellent mechanical properties and
resistance to environmental degradation while maintaining the lightweight advantage of Al.
Using Al which has a low density of approximately 2.7 g/cm® making it significantly lighter
than steel and titanium. The reinforcement through alloying elements, such as Silicon, Copper,
and Magnesium, and optimised heat treatments allow for the improvement of several properties
[12]. Finally, depending on the reinforcement alloying elements used the thermal and electrical

conductivity may slightly decrease, however, remaining close to the high levels of pure Al.

1.1 Research Aims and Objectives

Despite its advantages, the successful application of L-PBF to high-strength Al alloys still
presents challenges, including increasing reliability and repeatability of the manufacturing
process, and optimisation of post-processing treatments. Furthermore, material properties, such

as porosity and anisotropy, also affect the performance of additively manufactured components.



Therefore, advancements in areas such as material development, process and post-processing
treatment optimisations and in-situ monitoring, are essential to address the challenges and
unlock the potential of metal AM in industrial applications.

This research project focuses on advancing knowledge and methodologies for the application
of AM technologies for high-strength Al alloys for aerospace applications. In particular, the
overall aim of the project was to address existing challenges in the optimisation of process
parameters for thin features and post-processing treatments to provide innovative solutions to
enhance mechanical performance, surface quality, and microstructural characteristics of
advanced materials.

To achieve the stated aim, the following specific objectives have been established:

Objective 1. To investigate and optimise L-PBF process parameters through ML
techniques for the development of reliable and repeatable novel HXs for

Aerospace applications.

A study on the effect of L-PBF process parameters, laser power, scan speed, hatch spacing,
beam compensation, and contour distance, on material properties such as density, dimensional
and geometrical accuracy, and surface finish, and the application of ML approached for the
optimisation of such parameters for the development of a L-PBF manufacturing strategy for
novel HXs characterised by complex thin features was carried out. The study provided insight
into the role of ML models to predict and optimise process window maps to improve the

feasibility and reliability of AM for high-strength Al alloys.

Objective 2. To analyse the effect of thermal post-processing treatments on material
properties and develop a new HT to increase the mechanical properties of A205

Al alloy.



The evaluation of the influence of several HTs on the microstructure and mechanical behaviour
of A205 high-strength Al alloy was carried out. In particular, the development of a new
customised HT was performed, and a comparison with currently available HTs was carried out
to evaluate surface microstructural features, defect distribution and strengthening phases
formation. The study aimed to propose new customised HT solutions for the improvement of
the overall mechanical behaviour of A205 Al alloy and provide insight into the effect of

different HTs on mechanical performance, including fatigue and creep strength.

Objective 3. To analyse the effect of surface post-processing treatments on high-strength
Al alloys, A205 and AISilOMg, to increase tribological and corrosion

performance.

A study of Plasma Electrolytic Oxidation (PEO) as a treatment to change the surface topology
of high-strength Al alloy manufactured via L-PBF was carried out. PEO forms a ceramic-like
oxide layer. The work focused on the influence of surface condition and type of electrolyte on
the generation of oxidised layer and its role in tribological and corrosion performance. The
research aims to provide a comprehensive analysis of the effectiveness of PEO coatings in
mitigating wear and corrosion, thereby enhancing the operational reliability and durability of

A205 and AISi10Mg alloys for high-performance applications.

Objective 4. To integrate ML and in particular Reinforcement Learning for the process

optimisation and density prediction of high-strength A205 Al alloy.

The last objective of the research project was an interdisciplinary research focused on the
development of new ML approaches to identify the relationships between L-PBF parameters
and material properties reducing the experimental campaign usually necessary to achieve this

goal. The implementation of an RL model, that does not require any experimental data, was



applied to predict the optimal manufacturing window maps of the high-strength A205 Al alloy
for a wide range of process parameters. The aim of the work was to provide insights on the use
of advanced ML approaches to reduce time and resource costs for the finding of optimal process
parameters for increased manufacturing rate and repeatability of defect-free components

produced via AM.

1.2 Thesis Structure

This research thesis was structured as below:

In the first Chapter the reader is introduced to the research topic, then focusing on the objectives
and goals aimed during the study. Finally, a thesis structure was described.

The second Chapter provides a comprehensive review of the state of the art, focusing on studies
related to AM of high-strength Al alloys, and in particular L-PBF. It also examines the
application of ML applications in process prediction and monitoring, as well as post-processing
treatments such as heat and surface treatments.

The third Chapter outlines the methodology used in the research. The chapter describes the
material preparation, process involved, and testing methods, including mechanical, tribological
and corrosion tests. Furthermore, the description of advanced characterisation techniques, and
microscopy, together with surface 3D reconstruction was discussed.

The fourth Chapter focused on the application of ML techniques, and in particular Computer
Vision and Neural Networks as optimisation tools for L-PBF process parameters and their
impact on the fabrication of complex thin features for novel HXs in aerospace applications. The
ML models were trained using experimental data and used to predict the density and accuracy
of the A205 Al alloy of several thin features. Furthermore, the optimised parameters were

employed to assess the feasibility and reliability of the L-PBF process as a manufacturing



strategy for complex HXs characterised by hollow-walled lattice structures impossible to
manufacture using traditional manufacturing routes.

The fifth Chapter investigates the effect of HTs on the microstructure and mechanical
performance of high-strength A205 Al alloy. A novel HT was developed for the specific alloy
and a comparison with the currently available HTs in terms of hardness, strength, and
microstructural evolution was analysed. The influence on the microstructure was correlated to
the mechanical performances, providing insights into the novel HT potential for performance
enhancement of the alloy.

The sixth Chapter evaluates the role of Plasma Electrolytic Oxidation (PEO) as surface
treatment for improving the tribological and corrosion performance of additively manufactured
high-strength Al alloys, A205 and AISil0Mg. The effect of different surface and PEO
conditions on the evolution and properties of the oxidised layer formed was assessed and the
benefits achieved through PEO treatment were highlighted.

The seventh Chapter explores the use of the RL model to identify the optimal L-PBF process
parameters for the density of a high-strength Al alloy. An RL framework based on mathematical
modelling of the L-PBF process was developed and implemented to dynamically explore a 3D
space generated by the combination of laser power, scan speed, and hatch spacing with the aim
of achieving defect-free parts. The chapter discusses the model's development, validation, and
results, demonstrating its potential for reducing the experimental burden on optimisation
process control problems.

The eighth and final Chapter summarises the key findings of the research project, presenting a
broad conclusion to the thesis. It highlights the major results of each chapter, and therefore the
contributions of the research project to the field. The chapter also provides recommendations

for future work directions.
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CHAPTER 2. Literature Review
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The published paper was modified from the published version to include further background.
In particular, the following Sections are original, and not included in the published review
paper:

Section 2.6 discusses the Application of Machine Learning in Additive Manufacturing.
Section 2.8.1 discusses the influence of Additive Manufacturing, and in particular L-PBF, on

the microstructure, anisotropy and texture effect of Al alloys.
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Abstract

The current review is mainly focused on exploring Additive Manufacturing (AM) methods
suitable for the fabrication of complex-shaped compact Heat Exchangers (HXs) used in the
aerospace industry. The introduction of AM technologies, thanks to the freedom of design and
the ability to produce topologically optimised complex parts, aims at the production of high-
efficiency HXs. These new HXs are characterised by very thin features and a substantial
reduction in the weight of the parts compared to the products conventionally manufactured,
maintaining a leak-proof structure and excellent mechanical properties. The current L-PBF
systems along with software packages are not yet fully ready for the creation of thin leak-proof
features needed for highly efficient complex-shaped compact HXs and most of the studies in
the literature are in the initial development stages. This literature review covers the current
advanced manufacturing technologies which can be employed to manufacture the new
generation of compact HXs, with particular reference to the L-PBF. The advantages and the
current challenges of the AM processes are described. Furthermore, the state-of-art of
topological optimisation and CFD analysis as design tools to support the production of
additively manufactured were critically analysed. Finally, new criteria of how to down-select
compact HX materials for AM in the aerospace industrial sector are presented, with particular

attention to Al alloys.

2.1 Introduction

Heat exchangers (HXs) are indispensable in several applications. In general, a heat exchanger
(HX) is used to transfer heat between fluids, usually in motion, to get rid of the excessive heat
generated during a process or operation of a component. In particular, in aerospace applications,

HXs are essential to ensure the proper functioning of ultra-high bypass ratio turbofan engines.
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In particular, air-to-oil HXs are often used to cool the oil that lubricates the internal rotating
components of aeroengines. For this, HX is inserted in the front part of the aero-engine,
typically on the fan-case, as expressed in Figure 2.1 and must necessarily operate at high
temperatures, severe corrosion and wear conditions, mostly for aircraft with longer standstill

times in areas with ocean-atmosphere, dynamic vibrations and long periods of operation [1].

Figure 2.1. Conventional HX for an aero-engine (courtesy of Meggitt Plc.) [2].

Due to the complex heat transfer surfaces within the external case, aerospace HXs are
conventionally produced through a long process, by assembling thin plates by brazing or
diffusion bonding. Brazing is a joining process that uses a filler metal with a lower melting
point than the base materials being joined. The process creates a strong bonding and increases
properties such as corrosion resistance but it is not completely suitable for very large
components with several joints and requires highly skilled and experienced operators to achieve
optimal results. The innovative diffusion bonding, allows a better and easier union between the
metallic parts, leading to high-performance compact HXs. In particular, this process consists of

applying high temperature and high pressure to bond the plates with no melting or deformation
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of the shape. However, the process requires specialised equipment and a long process time.
Furthermore, the success of the joining relies on surface preparation and close contact between
the surface, restricting the range of application for complex geometries. Over the years, the
aerospace industry has achieved great technological improvements and nowadays the
components of an HX are made more efficiently in order to minimise waste [3]. However, the
development of new and more efficient HXs is still ongoing. It is of primary importance to
reduce the final weight of the component, by acting on the size/weight, while the performance
in terms of thermal efficiency must reach high levels [4]. Consequently, there are several main
objectives during the design and manufacture of an HX that result in challenges from an
engineering and production cost point of view.

Today's requirements for the correct manufacture and operational life of all components used
in the aerospace field, whether civil or military, together with the most stringent rules on
environmental impact have forced the industry in the sector to a new vision of HXs, leading to
the modelling of complex systems that very often cannot be achieved through conventional
manufacturing techniques due to their limited versatility in modelling geometries with complex
features. Furthermore, this new regulation has led to the consideration of new types of
manufacturing technologies and, therefore, materials with a high density/strength ratio.

This study proposes to fill the gap in a description of the evolution of HXs and manufacturing
techniques necessary for the correct production of the new generation of HXs. In particular, a
detailed description of AM techniques, with particular attention to Laser-Powder Bed Fusion,
and the advantages and limitations of these new manufacturing technologies are provided. In
addition, the wide range of materials and post-processing strategies currently used are also

explored with particular interest in advanced Aluminium alloys.
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2.2 Heat Exchangers (HXs)

Heat Exchangers (HXs) are widely present in all major industrial fields being an essential
component of most engineering systems. The design is often a complex balance between
maximising the surface area of the part and minimising the pressure drop within the part.

Usually, HXs can be classified in various ways, such as based on transfer mechanism, nature
of the process, fluid flow, and compactness. In particular, this review focuses on compact heat
exchangers. Compact HXs are characterised by a large amount of heat exchange surface per
unit of volume. Maximising heat transfer by minimising the total volume of the component is
the basis of the design of a compact HX. These compact HXs have found wide use in the
aerospace and aeronautical sectors thanks to the combination of relatively small volumes and

consequently low weight and high thermal efficiency [5].

2.2.1 Current status, challenges and the future direction of technology

Compact HXs are mainly used in the aviation and automotive industries. In particular, given
the stringent requirements of aeronautical and aerospace applications, the most commonly used
HXs are of the finned plate type. The particular design is indeed easily achievable by brazing
the fins and can be easily designed according to the predefined characteristics of the final
application. Cross-flow plate HXs have prevailed in the aerospace industry thanks to their
compactness, high performance, and ease of system integration [6].

The scientific community is still exploring new design tools and manufacturing methods to
address the existing limitations of these HXs and maximise the thermal efficiency coupled with
an extreme compactness and low weight of the components. Many details of an HX are
ultimately driven not by the performance requirements, but by manufacturing capability.

Understanding the influence of variables such as pitch, fin height, and fin thickness is therefore

14



essential to repeatedly produce a lightweight, high-performance HX [7]. In the past, numerous
studies on the correlation between fin shape and thermal efficiency [8-12] have led to the design
of new HXs. Conventionally, the types of fins used are the result of sheet metal forming or
bending processes, and the geometries must allow easy joining on the final component. This
reduces the possible combinations of geometries to be used for the generation of new and more
functional HXs.
Modern industry has now reached a level of technological advancement that guarantees the
overcoming of the limits described above. In particular, the combination of two new
technologies, topological optimisation in the design phase and AM in the construction phase,
has allowed the expansion of the production space of HXs, increasing the possible categories
and, with some limitations, potentially helping to improve the performance for aerospace and
other applications.
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Figure 2.2. Novel HXs produced using optimisation models and AM. a) 3D printed HXs (courtesy of
Mott Corporation, Farmington, CT, USA) [13], b) monolithic HXs printed (courtesy of Stratasys Ltd.)
[14], c) new generation of heat transfer components (courtesy of Hyperganic Group GmbH) [15].

Topological optimisation is a mathematical technique that uses variable design parameters and

constraint conditions for the generation of shapes that guarantee the maximisation or
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minimisation of one or more objective functions. In particular, to satisfy the constraint
condition, the maximum or minimum value of the objective function has been reached by
adjusting the value of the project parameter, which is the achievement of optimisation [16].
This useful tool, coupled with advanced computational modelling software and AM technology,
can create HX designs with optimised surfaces and low weight, some examples of which are
shown in Figure 2.2.

The increased need to maximise heat dissipation and performance has introduced new visions
of HX design. The use of lattice structures, for example, was proven to be a possible method to
enhance the heat transfer and consequently the efficiency of an HX [17]. A lattice structure is
a structure composed of solid struts, topologically ordered in a periodic arrangement called a
cell that is repeated one or more times [18]. The lattice structures guarantee remarkable
mechanical resistance resulting in highly efficient load support systems and also provide
interesting possibilities for crossflow heat exchange. The heat coming from the hot fluid is
locally dissipated through the reticular structure by conduction and convection thanks to a
crossflow of a cold fluid that propagates through the passages of the pores. The combination of
high thermal conduction and convection and low flow resistance in empty areas of the lattice
structure results in highly efficient heat exchange [19-21]. Traditionally, lattice structures are
produced using conventional manufacturing technigues, which have many limits in the number
of architectures [17]. The introduction of modern AM techniques, on the other hand, has
expanded the possible geometries that can be created [22, 23]. Currently, investigations on the
use of hollow structures are ongoing. The combination with a lattice structure crystalline
structure could significantly increase thermal efficiency. These new hollow-walled HXs,
manufactured via AM have great potential for industrial development, but the relationships

between heat transfer, losses, and type of structure still need to be properly evaluated [24, 25].

16



Nevertheless, some limits of lattice structures and thin features manufacturability through AM
remain a challenge that scientific research is still trying to face. The limits in minimum and
maximum inclination, thickness, and accuracy do not always guarantee the realisation of the

intricate and thin geometry of complex architectures.

2.3 Additive Manufacturing of HXs

AM is a modern manufacturing process that offers great flexibility and opportunities to create
new products with complex geometries. AM is starting to have a great impact in recent decades
in industrial sectors where products are difficult to make with traditional manufacturing
techniques, and where the waste of raw materials is very high. Furthermore, the introduction of
AM has made it possible to implement techniques such as topological optimisation, allowing
an increase in performance by reducing the weight of the components. Consequently, the use
of these processes for manufacturing components in the aerospace sector has increased the

opportunities for innovation and provided new ways of manufacturing HXs.

2.3.1 AM technologies to manufacture HXs

According to the standard ISO/ASTM 52900:2021 [26], there are currently 7 (seven) categories
of AM processes, and they are described in Table 2.1. Most of these technologies are useful
tools for creating prototypes, but not all are suitable for metal materials and the production of
reliable components to be put in operation. Four of these technologies can produce metal final
parts, and are Direct Energy Deposition (DED), Powder Bed Fusion (PBF), binder jetting
(BJT), and sheet lamination (SL). In particular, BJT is a process in which a printhead selectively
deposits a liquid binding agent on a thin layer of powder particles (ceramic, metal and
composites). Repeated layer by layer, the process can manufacture complex components. The

binder is then extracted through a curing and sintering process. Usually, the final density of
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parts produced by BJT is lower than with PBF technologies with a large amount of porosity due
to the binder removal process [27]. It is commonly used for ceramics HXs due to its complex
manufacturability.

DED is a process that concentrates a high energy source to melt metals which are supplied in
the form of a powder or wire. The focal point of energy, usually a laser, is also where the
material is released. As a result, localised melting occurs, followed by rapid solidification. A
nozzle moves to create the shape of the single layer, and the part is built layer by layer. The
process is characterised by a high deposition volume capacity per unit of time but also presents
some problems concerning residual stresses and high surface roughness [28]. Although DED is
able to produce large components, the poor final surface and dimensional accuracy of the
products make the process unsuitable for the production of HX characterised by thin features.
Ultrasonic Additive Manufacturing (UAM), is considered a technology that falls into the SL
category. This technology uses ultrasonic friction to join thin metal sheets. Then, the layer is
worked through subtractive processes to create the desired geometry. The process is repeated
layer by layer until the generation of the final component [29]. Through this technology, it is
possible to join dissimilar metals and is therefore advantageous in the aerospace sectors where
lightweight and performance in harsh environments due to the high altitude and speed, and
weather conditions are essential. Consequently, many ongoing studies on the development of
UAM for the manufacturing of HXs are trying to demonstrate the technology’s great
manufacturing capabilities and investigate its limitations [30].

PBF, is by far, the most widely used AM approach for large-scale production of metal parts. Its
popularity is largely due to the inherent simplicity of the process coupled with the wide range
of materials available. PBF technologies generally use a laser or an electron beam as a source

of thermal energy. Nowadays, both sources are considered valid from an industrial production
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point of view and the selection of the optimal system is only a function of the technical,
economic, and process characteristics of the intended application. Therefore, PBF is the most
common HXs manufacturing process [31-34].

Table 2.1. Current definition of categories for AM processes [26].

AM Processes Categories

Process in which a liquid bonding agent
BJT Binder Jetting is selectively deposited to join powder
materials

Process in which focused thermal energy
DED Directed Energy Deposition is used to fuse materials by melting as
they are being deposited

Process in which material is selectively

MEX Material Extrusion dispensed through a nozzle or orifice
. . Process in which droplets of feedstock
MJT Material Jetting material are selectively deposited
Process in which thermal energy
PBF Powder Bed Fusion selectively fuses regions of a powder
bed
SHL Sheet Lamination Process in which sheets of material are

bonded to form a part

Process in which liquid photopolymer in
VPP Vat Photopolymerisation a vat is selectively cured by light-
activated polymerisation

Electron Beam Powder Bed Fusion (EB-PBF) is a process that uses an electron beam as a source
of thermal energy and base material in the form of a metal powder. A representation, both real
and schematic, is described in Figure 2.3. This electron beam is directed by a series of magnetic
lenses on different points to create several pools of fusion at the same time. The use of magnetic
lenses makes the EB-PBF incompatible with ferrous metals due to possible magnetic
interference. A drawback of the electron beam energy source is the necessary creation of a

vacuum within the system prior to the manufacturing process. Creating the vacuum is relatively
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time-consuming to respond to processes using a protective gas environment but results in
several advantages during manufacturing. The vacuum environment guarantees easy control of
the temperatures involved in the process which results in a thermally stable operating
environment even at high temperatures [35]. The high level of energy used in the process is
able to provide high melting capacity and productivity. The materials used in an EB-PBF
process are relatively few and, for the most part, refractory and resistant materials, including
niobium, molybdenum, tungsten, zirconium, titanium, their alloys and many others [36]. EB-
PBF is therefore particularly beneficial to the aeronautical and aerospace industries, creating
new opportunities for both prototyping and low-volume manufacturing. Nevertheless,
disadvantages such as the complex physics of the process and the not yet understood
relationship between process parameters and repeatability of the characteristics of the parts
produced, make this process unstable in the industrial field. Several scientific research has been
carried out to give a broader overview of the technology, the mechanical and surface properties

downstream of the process, and numerical analyses [37].
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Figure 2.3. EB-PBF process. a) view of the process chamber of a commercial GE Additive Arcam EBM
(courtesy of GE Additive) [38] and b) schematic representation of the EB-PBF process [39].
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The machines currently on the market are shown in Table 2.2. The current market is seeing an

increasing number of commercial and non-commercial machines available. In particular, five

manufacturers produce twelve different commercial machine models.

Table 2.2. Commercial EB-PBF machines on the market [40].

Company Country Systems BU|I<[JImVrg;ume Material EB[IEV?IV]Ver
A2X  [200x 200 x 380 T Ni alloy, Ti 3
aluminide
Q10 plus  |200 x 200 x 180| Ti, Co-Cr, Cu 3
GE Additive Sweden Q20 plus 350 @ x 380 Ti 3
Arcam Spectra L 350 d x 430 Ti 4.5
Ti, Ti
Spectra H 250 @ x 430 | aluminide, Ti 6
alloy, SS
Freemelt Sweden ONE 100 @ x 100 | Non-magnetic 0-6
Ti alloy,
Tianijin Lab 200 {200 x 200 x 240| superalloy, Cu 3
Qingyan alloy, refractory
ZhishuTechnol China Med 200 200 x 200 x 240 Ti 3
ogy Co., Ltd Ti alloy, Ni-
(Qbeam) Aero 350 350 x 350 x 400| alloy, Cu alloy, 3
Ti aluminide
Xi’an Sailong S200 Ti alloy, Ti-Al,
Metlal China Production 200 x 200 x 200 SS,”refractory 3
Materials Co., Y150 Ti alloy, Co-Cr,
Ltd Biomedical 150 x 150 x 180 Ta, ¥a ally 3
Tada Electric
('Vllz'ltesé’t?:zh' Japan EZ300  [250x250x300|  na 6
Group)

Laser Powder Bed fusion (L-PBF) technique, represented in Figure 2.4, consists of depositing
through a recoater a layer of powder of defined thickness, contained in the powder chamber, in
the build chamber. Subsequently, a laser beam is directed to the areas of interest through a lens
mechanism and generates a melt pool, while an inert gas (usually Argon) removes the fumes
created by the melting of the material and the excess powder. This step is repeated several times,

to create, layer-by-layer, the final solid body [41-43].
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Figure 2.4. Schematic representation of a L-PBF process [44].

A broader overview of the physical process and the influence of process parameters is given in

the below sub-section 2.3.2.

2.3.2 L-PBF system and process parameters influence

Powder Bed Fusion Laser Beam (PBF-LB), more commonly known as Laser Powder Bed
Fusion (L-PBF), also previously called Selective Laser Melting (SLM), is an AM process that
uses a laser beam as a heat source to fuse metal powders. The starting point of the process is
the creation of a 3D CAD model, subsequently divided numerically into several finished layers,
through a software process called slicing. For each sliced layer, a scan pattern is computed,
defined as a laser path to trace the component outline and fill sequence. Each layer is then
sequentially recreated by fusing sections of the CAD model onto a layer of powder using a laser
beam. After creating each layer, the powder is distributed evenly from a recoated and the

process is repeated. Layer by layer, the melted powder particles solidify to form a component
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[45]. Several features have made this process the most widely used metal AM technology in
the world. The build chamber is filled with inert gas, usually argon, in order to prevent oxidation
and ensure good quality of the manufactured components. Consequently, the flow of argon
plays an important role in the final mechanical and surface properties of the parts. Using a
homogeneous layer thickness helps to control and improve the quality of the built part. The use
of a recoater facilitates the control of the deposited layer of powder which is uniformly
distributed on the printing platform and therefore allows a controlled feeding of the material.
Finally, the laser beam allows the use of different powers ranging from a few Watts to kW and
allows the correct choice of parameters for the creation of an efficient melt pool of different
materials [46, 47]. The high flexibility offered by the L-PBF technology within a wide range of
metallic materials allows the manufacturing of components characterised by customised
geometries and complex internal features. L-PBF can create complex gradient structures to
reduce the necessity to combine several components to manufacture a tailored part. These
advantages are behind the strong growth of this technology and have promoted the wide
adoption of this process in various industries in recent years [48]. In particular, sectors such as
aerospace and automotive look to this technology as the potential development of better and
lighter components for use in the operational field. Consequently, the use of the L-PBF process
as a means of producing lighter and more efficient HXs is one of the many scientific studies of
the past decades. Given the considerable size of a conventional compact HX, it is essential to
look for machines that simultaneously have a large printing plate and a large number of lasers
that can be used simultaneously. This makes the production process attractive because it
guarantees high production volumes in acceptable building times. Furthermore, since HXs have

thin section features, it is necessary to consider the minimum thicknesses capable of being
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manufactured by the machines. The main manufacturers and systems currently on the market

are listed below in Table 2.3.

Table 2.3. Commercial L-PBF systems [48-51].

. . Minimum
Company Country Systems BU|I([1mVn(:]Iume ';'gvl;eell,‘ﬁ?\?]r Feature Size
[um]
M300-4 | S00X300X 1 4400
EOS GmbH | Germany 100
Mdoo-4 | 400X IO0X | 4400
4 x 400
. 500 x 500 x n.a.
GE Additive German M Line Factory 400 4 xoerOO (laser beam
Concept Laser y 500 X 400 X adjustable
X Line 2000R 500 2 x 1000 |betweenl100 -500)
4 x 400
sLM@500 | 200X 290 or
4 x 700
SLM Solution 4 x 400
Group AG | CMa | s m@goo | 200 X280 or 150
4 x 700
NXG X1 600 | 800 X800 |15 1000
3D Systems, Inc.|  USA | prrractony | S00X500x |5, 509 300
Renishaw ple. | UK | RenAM500Q | 220 X290 | 4 500 na.
n.a.
TRUMPF . (laser beam
GmbH + Co. KG Germany | TruPrint 5000 | 300 @ x 400 3 x 500 adjustable
between150 -500)
VELO3D USA Sapphire XC | 600 ® x 550 | 8 x 1000 150
Additive Netherland 420 x 420 x
Industries S Me-taIFAB-GZ 400 4 x 500 n.a.
PrimaAdditive | Italy | PrINEENIUS | 238X 258X 155 509 100

The main process parameters characteristic of the L-PBF are the laser power, the scanning

speed, the spacing of the hatching, the thickness of the layer, and the scan strategy and are

represented in Figure 2.5. These are used to calculate a fundamental process parameter called

Volumetric Energy Density (VED) and are described by Equation 2.1 [52].
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VED =

v-h-t Equation 2.1

where P is the laser power, v is the scan speed, h is the hatch spacing, and t is the layer thickness,
respectively. The optimisation of process parameters is necessary to obtain dense materials and
minimise defects. Furthermore, the combination of parameters influences the mechanical
properties [53], surface roughness [54-56] and process time of the components additively

produced through L-PBF.

Beam Compensation Contour Distance Part Edge

Laser Power

e | ([T

Hatch Spacing

contu s Wt

Layer Thickness

Figure 2.5. Common process parameters for an L-PBF technology.

The effects of process parameters on defects in additive technology have been the subject of
study by the scientific community and the relationship can be schematised as in Figure 2.6.
Porosity is the most common defect encountered during an L-PBF process and can be
distinguished in several configurations. Lack of fusion occurs when insufficient energy is
applied, leading to incomplete fusion of the metal powder. Incorrect energy can cause balling

phenomena, leading to an incomplete and disconnected laser track, and keyhole phenomena.
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Finally, if the energy sent by the system is too high, it is possible to run into problems of
evaporation of alloying elements, the absence of which decreases the mechanical properties of

the final component.

a) R wn b)
Keyhole j o Balling

Porosity 4 e (Plateau-Rayleigh

T~ instability)

N

Source Power
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-~ Lack-of-Fusion
g Porosity Shorter h Larger h
— —

\ Smaller t

Scanning Velocity

Figure 2.6. Influence of process parameters on porosity defect of L-PBF technology. a) Graphic
representation of the influence; b) key-hole defect; c) lack of fusion defect [57].

Other challenges that characterise L-PBF are the distortions of the components caused by the
same residues accumulated during the construction of the parts. The residual stresses are due to
the high thermal gradients that occur during the process, caused by the localised heating of the
material. This heating causes an initial expansion of the layer followed by a subsequent
shrinkage on the parts adjacent to the melt pool formation zone and therefore creates a heat-
affected zone. During the construction of the subsequent layers, this phenomenon is repeated,
and the component accumulates residual stress which could cause the detachment of the part
from the substrate and subsequent distortion. Despite the numerous scientific studies focused
on understanding the origin of residual stresses and their eventual control, it is still impossible
to obtain a stress-free part and the components must be treated with appropriate thermal stress
relaxation treatments before being removed from the substrate [57]. The current solutions to

the problems described above are summarised in Table 2.4.
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Table 2.4. Common solutions to the defects caused by L-PBF process parameters.

Defect

First Approach

Second Approach

Keyhole

Reducing laser power

Increasing scan speed
Remelting

Lack of fusion

Reduce hatch spacing
Reduce layer thickness

Reduce scan speed
Increase laser power
Remelting

Evaporation

Reducing laser power
Increase scan speed

Increase hatch spacing
Increase layer thickness

Chess  (island)  scan | Process in which thermal energy
Residual Stress| strategy selectively fuses regions of a powder
Use heated substrate bed

The microstructures of additively processed materials are generally described by anisotropic
mechanical properties due to the dendritic and non-equiaxial microstructure typical of L-PBF.
Further problems caused by the incorrect use of optimised process parameters and the formation
of dendritic structures are unwanted segregations and precipitations during a process. The
presence of segregation zones of alloying elements and the presence of undesired phases can
lead to the failure of a component in the operational phase and therefore result in production

waste.

2.4 Modeling and simulation for thermal applications

Various tools have been generated and evolved for the solution of technical and engineering
problems. In particular, modelling and simulation are used to develop realistic scenarios and
predict the behaviour of a component. The modelling and simulation of heat transfer
phenomena is a rapidly growing field. It can be used to improve the operation of existing
systems, achieve enhanced results, increase efficiency, and optimise processes. The modelling
and simulation of heat transfer is a powerful tool that can be used to improve the design and
operation of many engineering systems. In the design of heat exchangers, modelling and

simulation can be used to optimise the design for maximum efficiency and minimum weight
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and volume. This section highlights the state-of-art of heat transfer analysis and optimisation

in various HXs applications via a modelling and simulation approach.

2.4.1 Current status and future direction

The thermal aspects of heat exchangers are complex and challenging to solve. Therefore, many
attempts and efforts are needed to realise lightweight, cost-effective HXs capable of exhibiting
enhanced efficiencies and environmental performances. These conventional methods for heat
exchanger design and development are time-consuming and expensive. Modelling, and in
particular CFD simulation, has emerged as a cost-effective alternative that provides a quick
solution in the design phase of HXs. CFD software is versatile and can be used to predict the
performance of heat exchangers, identify areas of potential problems, and optimise the design
of heat exchangers. Many modelling software is available for thermal analysis and extensive
work has been carried out to study and analyse the behaviour of the models for predicting the
thermal aspects and optimisation of HXs. One of the most important challenges in CFD
simulations of HXs is the accurate prediction of the flow field, typically turbulent and three-
dimensional. Another challenge is the accurate prediction of heat transfer rates. The heat
transfer rates in an HX are affected by a number of factors, including the flow conditions, the
geometry, and the properties of the fluids. The commercially available software uses different
methods to solve the equations governing these properties but predicting all the factors is not
always achievable and it can lead to errors in the predictions of HX properties [58-60].

The use of Artificial Intelligence (Al) in control systems has become increasingly important in
the past two decades. Al-based techniques can be used to improve the performance of control
systems, making them more efficient and reliable. They can also be used to develop new types
of control systems that are not possible with traditional methods. Al and computer science

models, such as machine learning, can be used to investigate the performance of heat
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exchangers avoiding experimental and time-consuming computational approaches [61, 62].
These methods are able to make accurate predictions and are relatively fast, making them
valuable tools for engineers. A significant amount of research is being conducted on using Al
techniques, to predict and control the performance of HXs [63-65]. Al techniques can be used
to develop models that can predict the performance of HXs under different operating conditions.
This information can then be used to optimise the design of heat exchangers and to improve
their efficiency. They can also be used to develop control systems that can automatically adjust
the operating conditions of HXs to ensure that they are operating at their optimum performance.
The state of the art of modelling and simulations of HXs is constantly evolving. New models
and algorithms are constantly being developed and updated in order to achieve more accurate
and detailed predictions of the performance of thermal devices and simplify the simulation tools
for the flow of fluids and heat transfer in HXs. Furthermore, the use of Al techniques and
machine learning to predict and control the performance of heat exchangers is a promising area
of research with the potential to improve the design, operation, and efficiency of heat

exchangers.

2.4.2 Tools for AM HXs thermal aspects optimisation

The introduction of AM techniques has increased the use of tools such as topological
optimisation and simulation software to enhance the thermal aspects of the HXs. The result is
a structure designed to withstand the loads applied in the operational phase, minimising the
constituent material. Topological optimisation design and CFD software were introduced in the
structural design phase of high-performance, light and multifunctional structures and are
nowadays widely used in sectors such as aerospace, automotive, etc. [66].

Topologically optimised structures are generally characterised by complex geometric

configurations. Therefore, conventional processes (e.g. machining, casting) are not suitable for
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their manufacture. AM enables the freedom of design for lightweight structures and the
manufacturing of highly complex internal geometries in a single step, difficult or impossible to
achieve with traditional manufacturing methods. [67, 68]. The work of Saltzman et al. [3]
illustrates the potential of AM as a single-step manufacturing process for HXs. The authors
successfully replicated a conventional aircraft oil cooler HX design using AM techniques. The
findings of this study revealed a high surface roughness in the additively manufactured
component but demonstrated excellent accuracy in replicating the complex features of the
original design. Through comprehensive experimental analysis, the authors evaluated the
impact of the significant surface roughness on the pressure drop and heat transfer performance
of the additively manufactured HXs compared to their traditionally manufactured counterparts.
Despite the presence of typical additive manufacturing defects such as pores and lack of fusion,
the produced HXs completed the experimental tests and exhibited superior performance
compared to the conventionally manufactured HXs currently in production. However, using CT
analysis, several nucleation of cracks were found that could cause component failure. In
subsequent work [3], the same author highlighted how some channels for the transport of the
hot fluid (oil) were compromised and/or blocked. Furthermore, the results of the experimental
test indicated that the significant surface roughness of AM HXs led to a higher pressure drop
when compared to conventionally manufactured HXs. However, it was observed that the heat
transfer performance of the additively manufactured HXs improved significantly. Significant
limitations still need to be overcome in order to make of AM a reliable manufacturing method
for industrial HXs. However, the study by Saltzman et al. exemplifies the feasibility of using
AM as a single-step manufacturing process for HXs.

The use of topological optimisation has the potential to significantly impact the design of heat

exchangers (HXs), offering opportunities to enhance efficiency and performance in HX
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applications beyond what is achievable with traditional manufacturing methods. The main
objectives in the optimisation of an HX are the maximisation of the thermal efficiency, and the
minimum pressure drops while maintaining compact dimensions and lightness. Furthermore,
the attention on the part of the scientific community [28, 58, 60, 69, 70] has increased in recent
decades and the development of more powerful finite element and computational fluid
dynamics (CFD) software has allowed the introduction of methodologies that, together with
topological optimisation, guarantee an overall in the entire decision-making phase of new
optimised HXs. The fundamental role of CFD analysis is underscored in the study conducted
by Da Silva et al. [71]. The authors employed L-PBF to manufacture a compact HX and
subsequently validated the CFD numerical results through an experimental campaign focused
on pressure drops and heat transfer. The findings revealed a strong correlation between the
numerical and experimental outcomes, emphasising the significance of numerical analysis
during the design phase of HXs.

The application of algorithms for the optimisation of the shape and features makes the design
process intuitive and helps in the research of optimal solutions [72]. In the study conducted by
Moon et al. [73], a shape optimisation genetic algorithm was employed to design a novel HX
that could be produced using AM techniques. The genetic algorithm aimed to enhance thermal
efficiency by maximising the total surface area while adhering to design constraints. The
geometry of the newly developed HX surpassed the limitations of conventional manufacturing
methods and was successfully manufactured using L-PBF with an Al alloy. By comparing the
additively manufactured HX with a commercial tube-in-tube device as a baseline, the
experimental analysis demonstrated a significant improvement in the overall performance of
the newly optimised HX. Moreover, when compared to traditional heat exchangers such as

shell-and-tube and brazed plate configurations designed for considerably higher heat transfer,
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the optimised HX exhibited comparable performance. This notable performance enhancement
of the genetically optimised HX can be attributed to its internal architecture, which cannot be

achieved using conventional design and manufacturing approaches.

a) b)
h Pressure drops : 3225 Pa (Air) / 403 Pa (Oil)
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Figure 2.7. Topological optimisation and CFD analysis of novel HXs (courtesy of TEMISTh) [74]. a)
additively produced component; b) boundary condition for the CFD analysis; ¢) phases of CFD
numerical approach.

The project developed by three different consortiums, Temisth [75], AddUp [76], and Sogeclair
[77], depicted in Figure 2.7, represents another example. The project [74] aimed to study the
topological optimisation of a compact air-to-oil HX using CFD models and the thermal
efficiency of the component. The material selected was Inconel 718, a heavier and less
conductive material than other alloys such as Al alloys. The authors justified the choice by
highlighting how the use of this material through AM allows the creation of thin features
excluding leaking defects. However, no experimental test was yet performed to assess the real

performance of the component during the operation.
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Feppon et al. [78] and Dixit et al. [79], in their works, depicted in Figure 2.8, studied the

thermal aspects of the generation of HXs using different approaches.
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Figure 2.8. Representation of optimisation analysis of thermal aspects for the new generation of
optimised HXs. Work of Feppon et al. [78] on the left; Dixit et al. [79] on the right.

The work of Feppon et al. [78] proposed the constitution of a 2D and 3D optimisation model to
modify the HX shape incrementing the thermal properties. Based on the correlation between
the velocity and pressure of the fluid, together with a convection-diffusion equation for the
temperature fields, the new optimisation tool guarantees the optimisation of the geometrical
design taking into account constraints such as input and output, thickness and non-penetration
of the components. Although the mathematical method used was purely constructed to optimise
the shape through the optimisation of only heat transfer, not considering the influence of
constraints such as pressure drop, it was successfully applied to different types of HXs. The
newly generated designs, represented in Figure 2.8 on the left, are not achievable through
conventional manufacturing processes but the AM is able to produce the innovative designs

generated by the algorithm. However, also in this case, the authors didn’t perform any
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validation of the model experimentally, leading to gaps in the real validation of both AM
manufacturing reliability and operational performance of the new design.

In the work of Dixit et al. [79], depicted in Figure 2.8 on the right, a new-generation liquid-to-
liquid HX using a gyroids lattice structure was manufactured and tested to prove the ability of
AM to create complex geometries characterised by thin features. Both experimental and
numerical methods were used to analyse and assess the thermal aspects of the HX. The AMed
HX was proved to be leak-proof highlighting the feasibility of the AM process to generate thin
walls characterised by 300 pum in thickness. Furthermore, the new design showed a high
increment in thermal efficiency compared with a conventional HX. The authors emphasised
how the increase in thermal properties of the new generation of HXs produced by AM is
attributed to the large contact surface density characteristic of the new topological geometries
used by modern numerical models.

The available studies and the lack of experimental analysis of the performance of additively
manufactured HXs and the comparison with the traditionally manufactured counterpart
indicates a non-maturity of the AM method as mass production of HXs. However, ongoing
investigations in the fabrication of complex internal features, coupled with the advancements
in AM technologies have the potential for achieving a high level of reliability. Specifically, L-
PBF, considered the most prominent AM technique, is expected to reach levels of
advancements to be embraced in the production of HXs, leading to extensive adoption and

standardisation of the technology.

2.5 Technological challenges for AM of HXs

L-PBF is a complex process and requires studies to address the limitations in the fabrication of
thin elements. In particular, it is very difficult to create a high-quality, defect-free thin wall or

generally a thin feature with a thickness of less than 200-300 pm. In addition, conventional
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manufacturing methods such as stamping have demonstrated the capability to fabricate plate
fins with typical thicknesses ranging from 46 to 200 um [1]. However, AM has not yet achieved
the technical maturity and production quality required for the mass production of these critical
attributes necessary for the development of high-performance heat exchangers [80]. Different
types of sources are the cause of the problems. Shrinkage can cause cracks and total breakage
of a thin part. Furthermore, in the case of thin-section pipes characterised by complex geometry,
the viability of the duct could be compromised by the entrapment of powder and/or inclusions
of unfused powder attached to the internal walls. This translates into an increase in internal
surface roughness and a decrease in the properties of heat exchange. In addition, the limitations
in the additive process must be considered when designing a component to be made via an
additive process and summarised by Mani et al. [81]. Consequently, preliminary studies for the
optimisation of process parameters for the production of thin features to be used in HXs are

generally carried out.

2.5.1 Manufacturing of thin features for HXs

The L-PBF process does not seem yet suitable for guaranteeing repeatability in the production
of thin sections. In particular, the accuracy error increases with the reduction of the thickness
dimension of the manufactured component. Significant dimensional variations have been
identified between sections in both the horizontal and vertical planes. Furthermore, it has been
observed that the distortion of the walls decreases as the thickness of the printed object
increases. The work of Wu et al. [82] aimed to generate design guidelines for optimising thin
section walls taking into account all possible combinations of L-PBF process parameters. A

schematic representation of the work performed by the authors is described in Figure 2.9.
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Figure 2.9. Influence of L-PBF process parameters on the generation of thin walls [82]; a) schematic
representation of the geometries studied in the work; b) schematic representation of different scan
strategies for the AM process; c¢) porosity calculated through uSCT of different materials for the
additively produced thin walls.

Based on the selected parameters, it was observed that a notable lack of fusion occurred
primarily when employing a single laser scan approach. The resulting wall thickness of
approximately 100 um was consistent across all three materials investigated in this study,
namely Ti6Al4V, Inconel 718, and AlISi10Mg. Furthermore, a maximum inclination angle of
60 degrees was successfully produced for the AlSi1l0Mg and Ti6Al4V, while only an angle of
45 degrees was able to achieved for the Inconel 718. Two scan strategies, raster and single laser
track can be used to produce thin sections, and the correlation between each scan strategy and
thermal and shrinkage issues, inclination angle and wall dimension controlling factors was
assessed. Porosity was analysed using CT scan technology and a process map for the fabrication
of the thin walls correlated to laser power and scan speed was developed. Finally, the surface
quality was analysed, discovering a direct relation between the inclination angle and material.

Tan et al. [83] and Hassanin et al. [84] analysed the influence of Contour Distance (CD) and

Beam Compensation (BC) on the geometrical accuracy of thin designs such as lattice structure
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and micro-channels respectively. In both studies, the authors highlighted the challenges in
finding the optimal process parameters to improve simultaneously the dimensional accuracy
and general quality of the features. Consequently, the construction of thin features through L-
PBF and AM processes, in general, is particularly difficult and still a challenge for the scientific

community.

2.5.2 Powder removal

Another important challenge for the manufacturing of additively manufactured HXs is the
cleaning of complex internal channels. The powder entrapped or sintered in the channels needs
to be removed before further post-processing operations and the completion of the
manufacturing process. Most of the channels of optimised HXs and/or hollow lattice HXs have
no opening or outlet, and therefore powder removal becomes a challenge. There are not many
studies in the literature addressing this important issue. Two possible methods underlie the few
studies focusing on the problem, design redesign, and the use of equipment and methods after
AM of the component.

An example of the first approach is the work of Gutmann et al. [85] in which a reactor for
continuous difluoromethylation for the nuclear field has been redesigned to favour the
elimination of residual powder due to the AM process. The work is summarised in Figure 2.10a.
The component was made of SS316L stainless steel via L-PBF and the geometry included a
series of holes in the connection points of the channels to facilitate the powder removal at the
end of the process. After cleaning the reactor using the ultrasonic technique, the holes were
closed by laser beam welding. Analyses performed on the reactor have confirmed the success

of this manufacturing strategy.
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Figure 2.10. Powder removal approach. a) first approach: redesign of a component [85]; b) second
approach: using a post-processing strategy [86].

Hunter et al. [86] proposed in their work a method to detect and remove the powder entrapped
in complex features fabricated via L-PBF. In particular, X-ray computed tomography (XCT)
and weighing were used to inspect and assess quantitatively the successful ratio of their powder
removal methods. A traditional method of ultrasonic polishing with ultrasonic bathing was
compared with a new and innovative technique of vacuum boiling. The results of the work of
Hunter et al. are represented in Figure 2.10b. In particular, the vacuum boiling strategy involved
a depressurised container with the component submerged in water. After the air is evacuated
from the container, a heat source brought the water to boiling point causing the formation of
water bubbles. The water bubbles help the removal of the powder, and the technique was
demonstrated to completely freeing the ducts. This method is easy to implement but cannot be
used for metallic materials, especially in powder form, which reacts easily in contact with water
or air, such as Al and its alloys. Al reacts with water to produce hydrogen gas due to its highly
negative redox potential. Scientific studies have found that the result of this reaction can be a

significant accumulation of gaseous hydrogen, even for small concentrations of material.
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Figure 2.11. Two commercial depowdering systems for AM. a) Solukon SFM-AT800/-S (courtesy of
Solukon Maschinenbau GmbH) [87] and b) Inert Technology PowderShield (courtesy of Inert
Technology) [88].

Table 2.5. Main features and characteristics of two depowdering systems [89].

Feature Solukon SFM-AT800/-S Inert PowderShield
Table size 800 x 400 mm @ 533 mm
Max weight 300 kg 50 kg
Vibration Yes Yes
Programmable vibration Yes No
Access for loading build plates Yes No
Inert gas Yes — optional Yes — included
Motorised axes of movement 2 axes None
Maximum rotation/tilt of axes 360 degrees 45 degrees
Robot loading Yes No

Considering the large, exposed surface of a metal powder particle, the reaction in aqueous
environments could lead to the formation of high levels of hydrogen with the achievement of
high pressures. This can pose the risk of fire or explosion in wet powder removal systems [90,
91]. Therefore, industrial-grade equipment was developed for the purpose to remove the powder
from parts fabricated via AM. These specialised depowdering stations, exemplified in Figure
2.11 and detailed in Table 2.5, consist typically of a wide range of components designed to

facilitate the removal of residual powder from the build plate.
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Typically operating within a controlled environment that employs inert gas, these stations
incorporate filters, sieving components, and various other features to ensure the integrity and

quality of the extracted powder.

2.5.3 Fundamental properties of AM HXs

When it comes to HXSs, different properties need to be analysed to evaluate the performance of
an HX during the operational phases. In particular, for HXs produced through AM, scientific
attention is focused on surface roughness, microchannels and thin walls, surface geometry,
laminar and/or turbulent behaviour, corrosion and finally thermal efficiency. HXs, such as those
used in an aircraft engine, operate at temperatures around 200 °C and are not subjected to very
high loads. Consequently, they do not require high mechanical properties but surface and
geometric properties suitable for heat dissipation. With the technological advancement of AM
processes, great improvements can be achieved in the quality of surface quality and realisation
of small thicknesses with precision, but scientific research is still far from total mastery of these

characteristics [33, 34].

2.5.3.1 Leak-free integrity
Leak-free features are essential for increasing the heat exchange between the two fluids at
different temperatures in compact high-performance HXs [32]. AM reduces the risk of leaks as
it eliminates the manufacturing step of assembling various thin-section components. However,
it also has the disadvantage of possible losses caused by the formation of defects such as
porosity and inadequate union of the layers. Defects such as pores and voids could be weak
structural points where the fluid can escape from the duct, mixing with the second liquid. In
particular, considering the manufacturing of thin features, a small defect can damage the entire

component. Despite the increased interest from the aeronautics and aerospace sectors in new
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compact HXs characterised by thin features, the study of the leaking problem has not yet
attracted the attention of the scientific community. Few studies including that of Sabau et al.
[92] performed leaking tests to ensure the success of the additive process, but no author has yet
started the research on the correlation between the leaking, its known causes and targeted
optimisation to solve this critical issue.

New systems have recently been developed which aim to eliminate internal pores within a
printed material through a sequential process, the so-called vacuum impregnation systems.
Initially, the component is immersed in a resin bath, while placed inside an autoclave.
Subsequently, a vacuum is created to evacuate the air from the component, thereby facilitating
the ingress of resin into the voids. Once the impregnation process is completed, the component
is withdrawn from the bath, and surplus resin is extracted to ensure optimal impregnation levels.

[93].

2.5.3.2 Surface roughness
Surface Roughness is considered the most important characteristic in different types of HX
configurations produced by metal AM. The roughness plays a double role as it influences both
the actual dimensions of the produced feature (pipe, wall) and the behaviour of the fluid.
Usually, a high roughness is synonymous with a significant deviation of the fabricated
dimensions from the intended design, especially as the dimensions approach the fabrication
limits of the AM machine [33, 94]. Many studies [95-98] also demonstrated that high internal
roughness of channels increases pressure drops and turbulent behaviour, compared to the
traditionally manufactured fins and channels. On the other hand, the performance in terms of
heat transfer between traditionally and additively manufactured are in most cases comparable.
In their work, Geete and Pathak [99] numerically analysed the effect of the internal roughness

of pipes made of different materials on the performance of HXs. In particular, three different
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surface roughness values were considered and through CFD simulations with predefined
boundary conditions, the rate of heat transfer was calculated as output. The authors have shown
that a low roughness improves the properties of thermal exchange and they have also settled
the influence of the different materials, steel, Cu and Al. According to the study, both surface
and material influence heat transfer and pressure drop. In particular, for steel pipe, the authors
analysed a linear relation between surface roughness and properties, while, Aluminium and
Copper show similar non-linear trends. The results highlighted copper pipes with smooth
internal surfaces as the best conditions to enable high thermal performances. Consequently, the
objective of many recent research studies [55, 100-104] was the optimisation of the parameters
of the AM technologies for the tailoring of the surface roughness downstream of the additive
process. In particular, Poncelet et al. [102] analysed the influence of L-PBF process parameters
on the vertical roughness and hardness of AlSi10Mg thin walls. The authors used a Design of
Experiments (DoE) to test different values of the main process parameters, laser power and
scan speed during the construction of thin walls characterised by a thickness of 600 um and
ultra-thin walls produced by two single laser tracks. In particular, regarding the ultra-thin walls
manufactured using parallel tracks, the offset or distance between melt pools has been identified
as a crucial factor in reducing roughness. Larger offsets between melt pools consistently prove
advantageous in minimising roughness levels. This can be attributed to the wetting phenomenon
that occurs between a melt pool and the adjacent solidified melt pool, resulting in a slight liquid
overflow. Everything was compared taking into consideration the final hardness of the as-built
steps to understand the relationship between roughness optimisation and mechanical properties
of the components. The results showed that the ideal process values for a low roughness were
those close to the formation of the keyhole phenomenon. Consequently, the mechanical

properties evaluated in terms of hardness are lower than the average values of an as-built
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AlSi10Mg. For thin walls, the scanning strategy also plays a crucial role and using a scan
contour before a bulk contour seems to give better quality to the surfaces. Finally, the authors
believe that further studies must be carried out to determine if the lower levels of hardness and

therefore mechanical properties affect the reliability of thin and ultra-thin walls.

2.5.3.3 Fatigue performance

The fatigue performance of additively manufactured materials has been the subject of extensive
research and investigation [105, 106]. Several factors such as microstructure, residual stresses,
and surface roughness influence the fatigue life of any material. In particular, research has
focused on specific metals and alloys commonly used in AM, such as titanium alloys, stainless
steels, Aluminium alloys, and nickel-based superalloys. These studies [107-109] have
examined the influence of AM process parameters, microstructure, defects, and post-processing
treatments on the fatigue performance of these materials. However, the fatigue behaviour of
heat exchangers, composed of several complex and thin features, is influenced by other several
factors. The combination of cyclic loads at high temperatures and elevated working pressure
may give rise to structural concerns. In recent times, the assessment of fatigue in heat
exchangers has predominantly relied on numerical simulations. Limited attention has been
given to experimental investigations of fatigue in plate and shell heat exchangers, with Martins
et al. [110] being one of the few researchers to undertake such studies.

A substantial number of studies have been conducted on the low-cycle performance of thin
walls manufactured through AM processes. These studies [111, 112] have identified several
influential factors affecting the fatigue behaviour of these features. The initial microstructure,
often exhibiting anisotropic characteristics, as well as metallurgical defects like porosity and
lack of fusion, play a significant role in fatigue performance. Moreover, AM processes tend to

result in higher surface roughness compared to conventional manufacturing methods. Extensive
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research has demonstrated the detrimental impact of elevated surface roughness on the fatigue
properties of additively manufactured thin features. However, these limitations can be mitigated
through various post-processing treatments, including Hot Isostatic Pressing (HIP), machining,
and heat treatments [113]. Nevertheless, a comprehensive understanding of the influence of
AM process parameters, microstructure, defects, and post-processing treatments remains
incomplete. Ongoing research efforts are focused on further characterising and enhancing the

fatigue resistance and reliability of metal AM thin features.

2.5.3.4 Corrosion resistance
Corrosion is a major problem affecting HXs. Corrosion can be caused by several factors
including environmental conduction, the fluids used, and wear and erosion. Corrosion failure
is quite common during the operational life of an HX, and maintenance and repair costs can be
quite long and expensive, especially when it comes to air to oil compact HXs used in the
aerospace field [114]. These components in particular are subject to severe environmental
conditions, especially in the presence of sea and ocean routes where the strong concentration
of salt mist can accelerate the degradation rate of metals. Consequently, the study of the
phenomenon of corrosion, and the search for methods, traditional and innovative, for the
protection of exposed surfaces, is ongoing. In particular, the effects of post-thermal treatment,
surface finishing and coating treatments on the corrosion behaviour of additively manufactured

materials are nowadays widely assessed [115, 116].

2.5.3.5 Post thermal treatments
Due to the intrinsic phenomena during an additive process of L-PBF, the components produced
require post-thermal treatments to improve the properties of the material. Generally, the
microstructure and mechanical properties of the as-fabricated materials (prior heat treatments)

produced through AM are inferior to the counterparts made through traditional manufacturing

44



techniques of casting or forging. The particular thermal cycle of AM processes is characterised
by the sudden heating caused by the laser, followed by a rapid cooling and a second melting
which simultaneously involves the next layer with a remelting of the underlying and previously
solidified layers. These thermal cycles are repeated during the formation of every single layer
of an L-PBF process and cause large thermal gradients that form residual stresses on the
component. If the stress levels reached are high, a distortion of the geometry of the piece can
occur which can lead to damage and malfunction of the product [117, 118].

Several approaches have been evaluated to solve this problem. In particular, the use of post
thermal treatments for the relaxation of residual stresses remains the most adopted solution in
the scientific and industrial fields. Studies [119, 120] have indeed shown that post-AM thermal
treatment would drastically reduce the dislocation density, which therefore translates into a
significant reduction in residual stress.

Post thermal treatments for L-PBF parts are also widely used to increase other material
properties, such as mechanical properties and resistance to corrosion and wear [121, 122]. The
use of post thermal treatments on materials additively manufactured gives properties
comparable to or even superior to those of conventional materials. Homogenisation and solution
treatments make the microstructure homogeneous and allow the elongated dendritic grains
typical of the additive process to be transformed into equiaxed grains. They also allow the
diffusion of segregated alloying elements. While through the ageing treatments, the formation
of precipitates takes place, which helps to increase the mechanical properties of the material
[123-125]. Furthermore, oxidation phenomena occur during thermal treatments which form a
protective oxide layer on a wide range of materials. This helps to increase the performance in

terms of corrosion and wear resistance [124-126].
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2.6 Application of Machine Learning in Additive Manufacturing

Machine Learning (ML) is a particular field of Al, under the wide umbrella of Data Science
[127]. The first ML models were initially introduced in the 1950s but only in the 1990s,
following advancements in Computer Science, ML and its rise as an essential and remarkable
field. Nowadays, the application of ML algorithms in several industrial and academic fields
made this discipline a cornerstone of modern technology [128]. The foundation of ML relies
upon its ability to model and analyse highly complex problems, finding the nonlinear
relationship between input data and outcomes, and leading to the development of statistical
analysis and optimisation tools, essentials for data-intensive sectors.

ML methods can be categorised into three broad categories: i) Supervised Learning; ii)
Unsupervised Learning; iii) Reinforcement Learning. Each of these categories is tailored to
specific types of problems, represented in Figure 2.12.

Supervised learning is the most applied category of ML. It uses sets of data, consisting of input
parameters associated with output results, to train models able to map the correlation between
data and outcomes through iterative processes, leading to the prediction of the input parameters
corresponding to a desired outcome [129, 130]. Supervised learning is applied to several
problems that fall into regression and classification tasks, where the aim is to predict continuous
values or categorise data into discrete classes, respectively. The algorithms used for these types
of problems are linear regression, decision trees, and neural networks (NN). All of the models
applied to supervised learning are directly correlated to the quantity of data, and their accuracy

increases with an increase in data provided for the training, which can be expensive and time-
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consuming to retrieve. However, the models, in particular NN can be tuned with a smaller

dataset using hyperparameters, reducing the need for a large amount of experimental data.
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Figure 2.12. Umbrella of Data Science. Artificial intelligence is encompassed within the broader domain
of data science, which also includes the field of machine learning. Machine learning comprises various
models and techniques, such as supervised learning (including classification and regression),
unsupervised learning (such as clustering), and reinforcement learning.

Unsupervised learning aims to discover hidden patterns between data and outputs. It is usually
applied to clustering and anomaly detection problems, using algorithms such as k-means
clustering, and hierarchical clustering [129]. These algorithms are able to analyse data whose
identities are not available or hard to define. However, the results of unsupervised learning
models can be challenging to interpret compared to supervised methods, as there are no explicit
labels to validate the identified patterns.

Reinforcement Learning (RL) is a particular ML method where an agent interacts with an

environment to learn actions based on rewards. Unlike supervised or unsupervised learning, RL
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focuses on decision-making through trial-and-error processes. The agent receives feedback in
the form of rewards or penalties based on its actions, which guides its learning toward optimal
behaviour. RL is able to optimise complex, multi-step problems, and it is currently applied to
robotics, game strategy development, and process optimisation. The limits of RL lie in the high
computational burden and engineering of reward functions and environment development to
ensure meaningful outcomes [131].

The application of ML in AM can increase the reliability of the process, leading to high final
product quality. In particular, due to the high number of process parameters in an AM process,
ML models can be trained to simulate and predict optimal configuration strategies to minimise
defects and increase mechanical properties [132, 133]. Furthermore, ML is extensively capable
of detecting defects leading to quality control of the AM process. By applying image
recognition techniques, or other pattern recognition algorithms, ML can identify anomalies,
such as spatter, delamination, or voids, in real time.

Focusing on the L-PBF process, ML models, such as NNs, have been already employed to
predict the outcomes of several combinations of process parameters affecting the part density,
surface finish, microstructure and mechanical properties [134]. Marrey et al. [135] used
experimental data associated with the influence of process parameters on porosity,
microstructure and mechanical properties to train an artificial NN and they were able to identify
the process windows of defect-free for the 316L correlated to good mechanical performance.
Phadke et al. [136] applied NN algorithms for the optimisation of process parameters for the
dimensional accuracy of AlSi10Mg. The authors used an experimental dataset to train models
characterised by different numbers of neurons in each hidden layer, successfully developing a
model capable of predicting quite accurately the process parameters associated with high

dimensional accuracy.

48



Furthermore, unsupervised learning algorithms have been applied to real-time monitoring and
defect detection of the L-PBF process. The use of ML techniques alongside equipment such as
thermal and speed cameras registering during the build can enable the implementation of
feedback loops, where process parameters are adjusted in real time to prevent or reduce defect
formation, significantly improving the process reliability. Taherkhani et al. [137] adopted an
unsupervised learning model to identify the generation of porosity during the L-PBF process.
Using a photodiode the acquisition of melt pool light intensity was carried out and a customised
Self-Organizing Map (SOM) algorithm was used to classify disturbances in the signal, then
associated with the presence of defects. The results of the study highlighted the ability of the
ML approach to detect porosity from 100 pm, characterised by different shapes and
distributions.

Finally, RL has shown significant potential to address the complex optimisation of the L-PBF
process. The significant advantage of this model lies in the absence of training data since the
algorithm can learn based on rewards associated with specific actions taken in a designed
environment. Furthermore, RL frameworks can perform multi-objective optimisation, making
this ML model capable of exploring optimised solutions for high overall part quality.
Dharmadhikari et al. [138] introduced a model-free RL framework for optimising laser power
and scan velocity combinations in a DED process to achieve a desired melt pool depth. The
authors employed a type of off-policy RL algorithm known as Q-learning, to navigate the
process parameter space and the environment was represented by a digital twin based on the
Eagar-Tsai thermal model, which simulated the DED process. The Q-learning algorithm
successfully identified optimal process parameters, with optimal predicted parameters closely

matching experimental observations.
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Vaghefi et al. applied a similar approach to the L-PBF process, optimising the combination of
power and scan speed to achieve a desired melt pool depth target. The RL algorithm used in the
study was able to identify the optimal process window for the material using FEM simulations
validated through experimental data.

Both studies demonstrated the robustness and adaptability of RL models for AM optimisation.
However, RL requires efficient models to simulate the phenomena occurring during an L-PBF
process, which not always are available in the literature. The use of experimental data and FEM

simulations can reduce but not eliminate the need for reliable mathematical or empirical models.

2.7 Materials selection for AM HXs

A wide range of materials is suitable for the production of HXs. The main characteristics to
consider are density, thermal conductivity, AM processability, and finally cost. The selection
of the most suitable material is carried out based on the component requirements, the type of
operating environment and the boundary conditions [31].

In particular, the AM metal alloys mainly used are stainless steel, employed for HXs operating
at high temperatures and corrosive environments; Nickel (Ni)-based alloys and Titanium (Ti)
alloys are used in the application at very high temperatures; Al alloys applied in fields where
the main requirement is lightweight, and the operating temperatures don't exceed 250 °C;
Copper (Cu) alloys are high suitable materials thanks to its high thermal conductivity but are
not yet mature due to their poor processability via AM [139] and reaction with esters in oil
[140].

A basic comparison between the principal materials used for the manufacturing of HXs is

summarised in Table 2.6.
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Table 2.6. Comparison of general properties for the selected materials [141-143].

Specific  |Melting Point| AM Friendly Powder
Material Density Thermal (°C) (from 1, poor, |Average Price
[g/cm?] Conductivity to 10, (E/kg)
[W/mK] excellent)
Aluminium 2.70 205 660 6 2.67
Stainless 1530 10 2.53
Steels 8.00 16
Nickel 8.90 94 1453 25.86
Titanium 4.51 22 1670 44.89
Copper 8.96 401 1084 4.20

In the following sections, the characteristics of the main materials presented above are

described.

2.7.1 Stainless Steels

Stainless Steels have always been used in a wide range of industrial applications thanks to their
excellent mechanical properties, corrosion resistance and relatively low costs [144]. Therefore,
they are a good material candidate for the production of HXs. The challenges in the AM process
of Stainless Steel have already been overcome by the scientific community and often additive
components subjected to heat treatments possess superior properties compared to their
conventional counterpart. Many studies have focused on the evaluation of microstructural,
mechanical and corrosion properties of these alloys, and in particular, 316L austenitic stainless
steel resulted in the most used and suitable for aeronautical and aerospace applications [145].
Many works on the processability of 316L via AM and in particular L-PBF are available. The
typical microstructure deriving from an additive process for 316L is composed of elongated
dendritic grains along the building plane. This particular microstructure gives superior
mechanical properties to the as-built material. Revilla et al. [146] have shown excellent
corrosion properties of 316L processed by AM, showing higher oxide stability than the

conventional one and similar resistance. Furthermore, 316L has been demonstrated as suitable
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for the fabrication of thin features, by Yang et al. [147]. 316L is therefore a good candidate for
the selection of the most suitable material for HXs. However, the high density of the material
and the non-exceptional thermal properties must be considered. Consequently, this material and
more generally the stainless steels are not ideal for the manufacture of HXs for aeroengines in
aerospace applications but can be taken into consideration for other HX types in several

industrial fields.

2.7.2 Ni-based Alloys

Ni-based alloys are widely used in the aerospace field thanks to their superior mechanical
properties at high and very high temperatures [148]. For this reason, they are also selected for
the manufacturing of HXs. In particular, Inconel 625 and Inconel 718 are the most known Ni-
based superalloys. Recent studies [149-151] have demonstrated the feasibility of features such
as thin walls via these materials and the influence of AM process parameters. Consequently,
given the great corrosive and wear properties of these alloys, Inconel 625 and Inconel 718
would be excellent candidates for guaranteeing superior properties to HXs. However, the
continuing need to reduce the total weight of aircraft makes this material not suitable for
manufacturing air to oil compact HXs, and they are mostly used in the hot stages of aero

engines.

2.7.3 Ti Alloys

The best-known Ti alloy used in various industrial sectors is the Ti6AI4V. It is a material with
high strength, low density, high fracture toughness, excellent corrosion resistance and superior
biocompatibility [152]. Originally, the Ti6Al4V alloy was developed for structural applications
in the aerospace field as this light, but strong alloy allows a reduction of the weight of highly

loaded structures maintaining the reliability of the structural components [152, 153]. Current
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scientific research in the feasibility of thin-walled features has used Ti6AI4V in several studies
as the processability and the influence of the optimal parameters on the microstructure,
mechanical and thermal properties, and corrosive and fatigue performance has been assessed
for some time. Recent studies, such as the work of Chen et al. [154] and Gockel et al. [155]
focused on the analysis of the correlation between melt pool and thin features and the discovery
of techniques for the tailoring of the microstructure and properties during the production of thin
sections. In particular, Chen et al. [154] also focused on the evaluation of thermal phenomena
that lead to the formation of residual stresses and the effects on the final geometry of thin walls.
The authors pointed out that during the fabrication of thin walls, deformations accumulate,
causing the geometry to vary. The greater the height of the features, the greater the deviation
from the nominal value. The critical point is the middle of the wall, with the deformation which
then tends to stabilise up to an average value. Consequently, this material is a promising

material for the construction of HXs.

2.7.4 Cu Alloys

Copper and its alloys are very suitable for heat transfer applications but present many
challenges. They are sensitive to impurities and the AM printability is very low due to the high
surface reflectivity and low laser absorption. Furthermore, the high thermal gradient can result
in delamination and bending during the AM process [139, 156]. Nevertheless, in recent years,
many attempts to investigate the manufacturability of AM of Cu alloys have been registered, in
particular for heat transfer applications. Several studies have employed Cu alloys with added
alloying elements to reduce reflectivity and improve absorption properties. These investigations
have focused on the additive manufacturing of different heat sink configurations and small-
scale heat exchanger concepts. Subsequently, a comparative analysis was conducted to assess

the performance of these printed structures in relation to their traditionally manufactured
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counterparts. [32, 157]. Furthermore, AM of Cu alloys was implemented for high flux
applications in the aerospace field. In the last decade, several studies [158] on a wide range of
applications were reported, with particular interest in combustion chambers for liquid rocket
engines [159, 160]. AM of Cu alloys for aerospace offers the potential for lightweight, complex,
and customised components with enhanced mechanical, thermal, and electrical properties.
However, research, testing, and validation to ensure the suitability and performance of AM

copper alloy parts for specific aerospace applications are still ongoing.

2.7.5 Al Alloys

Al alloys are most commonly used for air-oil HXs due to their high thermal conductivity, low
density, and low cost relative to other metallic materials [148]. Al alloys are available in
wrought and cast form and can be divided into two groups, heat treatable and not [161, 162]. In
AM, the most suitable Al powders are usually based on cast alloys due to similar material
properties necessary for both AM and casting processes, such as castability, low shrinkage, and
no solidification or liquation cracking. In particular, the use of near-eutectic metal alloys
increases processability through AM and allows for a reduction of defects such as porosity and
segregations thanks to greater fluidity and therefore better management of the melt pool
solidification phase. Moreover, given the complex chemical composition used today, a near-
eutectic alloy allows a better homogenisation of the alloying elements and greater stability of
the matrix and the constituent phases [163, 164]. In contrast, wrought alloys are not suitable for
AM as they require a long solidification range which can generate hot cracking [165]. The
interaction between each alloying element of an Al matrix material determines the response and

the final properties of the alloy [166].
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2.8 L-PBF of Al Alloys

Current challenges with Al processed via AM include the material’s high reflectivity [167] and
thermal conductivity which can result in high levels of porosity. In L-PBF the most common
Al alloys are near eutectic Al-Si alloys such as AlSi10Mg, AlSil12, A357 and A356 [168]. New
Al alloys to be considered as have been customised for L-PBF processes as a variant of casting

alloys are Airbus Scalmalloy® and A205. The chemical composition of these alloys is described

in Table 2.7.

Table 2.7. Chemical composition (wt.%) of Al alloys [169-171].

AlSi10Mg A205 Scalmalloy®

Al Balance Balance Balance
Si 9.00 -11.00 <0.10 <0.40
Mg 0.25-0.45 0.20-0.33 4.00 - 4.90
Cu <0.05 4.20-5.00 <0.10
Ti <0.15 3.00 - 3.85 <0.15
Fe <0.25 <0.08 <0.40
Zn <0.10 - <0.25
Mn <0.45 - 0.30-0.80
Pb < 0.05 - -

Ni < 0.05 - -

Sn < 0.05 - -

B - 1.25-1.55 -

Ag - 0.60 - 0.90 -

Sc - - 0.60 - 0.80
Zr - - 0.20 - 0.50

AIlSi10Mg is a hypoeutectic casting grade alloy. The Si content, see Table 7, allows for the
solidification cracking phenomenon to be controlled with the solidification range being refined
to a window of just 30°C [168, 172]. Si has high absorptivity and low reflectivity in comparison
to Al, improves molten Al fluidity, lowers solidification shrinkage, and lowers the coefficient
of thermal expansion, all of which improve the AM processability of Al [173-175]. AlSi10Mg

can consistently produce material with a density above 99% with a variety of parameters. The
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alloy gains much of its strength from the ultrafine microstructure formed by the rapid
solidification SLM processing and from needle-like ' '-Mg.Si precipitates. The properties of
AlSi10Mg when produced by SLM, have higher strength than cast or wrought equivalents due
to the ultrafine structure and maintain a good UTS at elevated temperatures. It has therefore
gained applications in aerospace as a low-cost equivalent to Ti alloys, and in motorsport and
automotive to allow for greater design freedoms in HXs and engine block components.
AlSi10Mg is commonly heat-treated using the standardised T6 process comprising of solution
heat treating followed by artificial ageing [176, 177]. In particular, Aboulkhair et al. [176]
demonstrate the effect of the T6 treatment on additively manufactured AlSi10Mg, highlighting
a decrease of the ultimate tensile strength (UTS) in return for an increase in ductility.

A205 has another designation, A205, which is a metal matrix composite based on an Al-Cu
system with the addition of Ti and boron (B), present as the ceramic, Ti diboride (TiB2), as
represented in Table 2.7 [178, 179]. The addition of TiB2 changes the alloy to a mass feeding
mechanism which allows for homogenous grain formation across the material, negating the
need for interdendritic feeding. The presence of the TiAlz phase in A205 alloy yields a grain
refinement effect, resulting in the formation of fine equiaxed a-Al grains that nucleate around
TiAlz particles. This phenomenon contrasts with the formation of coarse columnar grains,
enhancing the mechanical properties of the material [178, 180]. Furthermore, TiB> has a grain
refinement effect, to a lesser extent than TiAls, but is suspected to restrict the growth of the
grains which leads to an ultrafine homogenous structure with high UTS at room temperature.
A205 rivals 7000 series alloys in strength and preserves good ductility, while also retaining
UTS at elevated temperatures up to 250 °C better than other AM Al-alloys.

Scalmalloy® is an Al, magnesium (Mg), scandium (Sc), and zirconium (Zr) alloy, see Table

2.7, based on the 5000 series of Al-alloys [181]. It has a bimodal microstructure with fine
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equiaxed grains separated by coarser columnar grains, where the addition of Sc to the hyper
eutectic point (eutectic at 0.4-0.55 wt.%) provides grain refinement and an increase in strength,
as well as the addition of Mg, provided solid solution hardening in the form of AlsMgs
precipitate due to the lack of Si presence [171, 182]. Sc is an extremely expensive element with
a single source which translates into a significantly more expensive alloy to the point where it
no longer competes effectively with Ti-alloys. Furthermore, the elevated temperature

properties, while still acceptable, are not as impressive as either AISi10Mg or A205.

2.8.1 Effect of L-PBF process on the Material’s Microstructure

The thermal history during L-PBF influences the final microstructure. In particular, the material
is subject to a directional heat source and high thermal gradients. Generally, the laser power
and scan speed affect the solidification rate, leading to the formation of a fine microstructure,
constituted of columnar dendrites, evolved along the build direction. This final microstructure
is different from the typical coarse microstructures developed by conventional manufacturing
[183, 184]. Hadadzadeh et al. [185], like many other studies [183, 186-188], have shown that
the average width of the columnar grains of the material processed by L-PBF is very fine,
usually less than 5-6 pum, while the average grain size of the casted material is much higher,
around to 150 um, with predominantly equiaxed grains [189].

Figure 2.13 shows the typical microstructure of the as-fabricated Al alloys, AlSi10Mg, A205,
and Scalmalloy®. As shown in Figure 2.13a the microstructure of AlSi10Mg produced with L-
PBF is mainly composed of elongated grains, which grow nearly perpendicular to the building
direction, following the thermal gradient. The unidirectional growing of grains reduces the
isotropy of the material, affecting the mechanical properties. AISilOMg in as-fabricated
condition exhibits anisotropic tensile and fatigue performance, with higher ductility in the plane

perpendicular to the build direction rather than the plane parallel to it [190]. The alignment of
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the elongated grain provides weaker interlayer bonding when loaded in the same direction as
the grains [191]. Optimising the L-PBF process parameters and changing the scanning strategy
can mitigate the issue but a fully isotropic behaviour of the material can be achieved only with
full post-thermal treatments, including homogenisation and artificial ageing [192].
Scalmalloy® shows, in Figure 2.13b, a typical bi-modal microstructure. Due to the melting pool
formation and overlap, the solidification mechanism generates either elongated grains along the
build direction in the middle of the meltpool or a fine grain structure without any preferential
grain orientation mostly concentrated on the boundaries [193].

The more uniform grain structure, characterised by fine equiaxed grains, prevents the
development of a strong structure reducing the anisotropy typical of the Al alloys produced by
L-PBF, achieving uniform strength and ductility across both build directions [194].
Furthermore, the addition of Sc and Zr promotes the formation of AI3(Sc, Zr) precipitation
during the L-PBF process and under thermal post-processing strategies, preventing texture
changes and guaranteeing stable and high performance of the material at high operation
temperatures [195, 196].

In some cases, the generation of microstructure characterised by equiaxed fine grains is instead
induced by the addition of alloying elements in the chemical composition of the alloy. This is
the case with the AICu-TiB: alloy, known as the A205, shown in Figure 2.13c. The addition of
reinforcing alloys such as Ti Diborate (TiB2), called nanoparticle grain refiners, leads to a
decrease in the final average size of the grains, even lower than the classical values obtained by
L-PBF [197, 198]. Martin et al. [197] analysed the effect of introducing TiB2 nanoparticles and
highlighted how the final microstructure is completely different from both casting and

traditional additively manufactured materials.
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Figure 2.13. EBSD microstructure of different L-PBF Al alloys. In particular, a) EBSD imager of L-
PBF AISi10Mg [199]; b) EBSD imager of L-PBF Scalmalloy® [200]; c) EBSD imager of L-PBF A205
[201].

A205 alloy shows uniform equiaxed microstructure, with a fine average grain size, resulting in
isotropic behaviour. However, the residual stresses generated during the L-PBF manufacturing
process can still introduce slight anisotropy in the as-fabricated material [202]. Residual stresses
and therefore anisotropy can be reduced using an optimised scanning strategy, increasing the
overall tensile and fatigue performance of the alloy. Nevertheless, A205 achieve superior
mechanical properties when subjected to post-thermal treatments of solution and artificial

ageing, leading to the formation of $'-Al.Cu and S'-Al.CuMg precipitates [203, 204].
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2.8.2 Mechanical Properties

The mechanical properties of additive components are still a subject of investigation due to the
distinctive columnar microstructure resulting from the L-PBF process. Specifically, the absence
of standards poses a challenge in accurately characterising materials fabricated through AM
techniques. Consequently, the scientific community has tried to respond to the need for analysis
and explanation of mechanical properties using several methods. Several studies have analysed
the effect of the building direction on tensile mechanical properties. In particular, Ponnusamy
et al. [205] collected several studies highlighting a horizontal building direction as the best
configuration. Read et al. [206] on the other hand, together with the mechanical properties of
the AlISi10Mg alloy using the optimal parameters obtained through an experimental campaign,
also evaluated the creep properties at high temperatures. In particular, according to the authors,
the build direction does not seem to influence the tensile or creep resistance of the material,
achieving higher performance than the conventional counterpart.

A comparative evaluation of the mechanical properties between additively manufactured and
conventionally cast materials has been collected and presented in Table 2.8.

Table 2.8. Differences in mechanical properties of additively and cast Al alloy [170, 207-210].

Material AlSi10Mg A205 Scalmalloy®
Configuration As-built | Cast | As-built | Cast | As-built | Cast
YSatRT |MPa| 230 230 385 220 306 -
UTSatRT |MPa| 460 270 410 370 334 -
_ E'O(”Fg%'o” %1 63 |25 | 15 |20| 12 :
Mechanical Fatigue
Properties | o engthat |MPa| 110 | 76 150 | 120 | - i
Troom
Young’s GPa
Modulus (RT) 66 71 74 71 65 -
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2.8.3 Tribology and Corrosion

Nowadays, the corrosion protection mechanism for AM material holds significant importance.
Surface roughness, microstructure, and post-thermal treatment are essential to increase the
corrosion property of a material. A high-quality surface or a surface treatment of polishing can
help to decrease the corrosion rate in the air and marine environment but it is difficult to achieve
for highly complex geometries and internal features [211, 212]. Regarding the post-thermal
treatments, different temperatures and times, together with the type of thermal treatment
(solution, ageing, etc.) attribute different properties and therefore different corrosion
performances [213, 214]. Extensive research efforts have been dedicated to the investigation of
AlSi10Mg alloy [215-217] as it is the most widely used and studied Al alloy, while for the other
Al alloys, few studies have been discovered [218].

Other mechanisms for corrosion protection are available for AM materials. Conversion coating
is used to achieve the full protective properties of Al alloys. Chromate conversion coatings
(CCCs) have been commonly applied as a surface finishing process, but they soon have to be
replaced due to the toxic and carcinogenic effects of hexavalent chromium compounds.
Recently, a new conversion coating has been developed, known as Trivalent Chromium
Processes (TCP) [219, 220]. Also, another mechanism called Layered double hydroxides
(LDHs) seems to be a new and healthy alternative to the chromate-based coating [221]. Organic
coatings provide protection to the surface thanks to the pigments in the coating, acting as a
barrier between the material and the external environment. For example, polymers such as
polypyrrole (PPy), polythiophene (PTh) and polyaniline (PANI) are often used to generate
organic coatings to prevent corrosion of Al and its alloys [222]. Besides, silica-based organic-
inorganic hybrid nanocomposite films have been developed using sol-gel methods to generate

coating against corrosive environments [223, 224]. Finally, Al anodising is a process that uses
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electrochemical reactions to generate a protective oxidised layer on the surface of the metal
materials. Plasma Electrolytic Oxidation (PEO) [225] is the most common and used in recent
years. In particular, this last coating is an eco-friendly treatment that allows the formation of an
Alumina oxide (Al203) coating that guarantees stable and long-term superior properties of
resistance to corrosion and wear. However, studies on the PEO coating of additively
manufactured high-strength Al alloys are limited to AlISi10Mg while a lack of research was

discovered for the A205 Al alloy.

2.8.4 Effect of post-thermal treatments

The post-thermal treatments of Al alloys are performed to eliminate various manufacturing
defects and impurities, to obtain recrystallisation and to improve the mechanical properties and
the behaviour of the material during the life cycle. Al alloys are generally subjected to solution
and quenching treatments, followed by artificial ageing treatments. The solution treatment
involves maintaining the material at a high temperature to allow the diffusion of the alloying
elements in the matrix. It is usually followed by water quenching which involves rapid cooling
in order to obtain an oversaturated structure of alloying elements and can significantly impact
the success of the treatment. Failure to control factors, such as the temperature and agitation of
the hardening medium, the immersion speed, and the orientation of the part, can result in the
formation of internal bubbles caused by pore growth and lead to permanent deformations.
Finally, the ageing treatment consists of a medium-long permanence of the material and
medium-low temperatures to allow the precipitation of the strengthening phases and increase
the final mechanical properties of the component. The most common post-thermal treatments
of Al alloys are T6 and T7 heat treatments, described in Figure 2.14. In particular, the HT T7

involves an ageing step characterised by higher temperature and shorter duration compared to
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the HT T6, in order to achieve significant grain growth increasing the material’s creep

resistance.

600 - Solution
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Figure 2.14. Conventional thermal treatments for Al alloy produced by casting, following the ASM
handbook standard [226].

Limited information on the properties of materials made through AM after thermal treatments
is available in the literature. These have been summarised in Table 2.9. While for the AISi10Mg
and A205 alloys, the standard thermal treatments are known for the corresponding conventional
materials made by casting, for the Scalmalloy® alloy they do not exist. Consequently, ad hoc
thermal treatments have been studied for this alloy, and the proposed thermal treatment consists
of asingle step of 4 h at a temperature of 325 °C [227], considered in Table 2.9, or a hot isostatic
pressing (HIP). A recent study published by Kuo et al. [228] confirmed 325 °C as the ideal
thermal treatment temperature to favour the formation of AlsSc precipitates which give superior
properties to the heat-treated alloy.

Numerous studies are focusing on the optimisation of post-additive thermal treatments for
numerous AM metal alloys including Al alloys [229] and particular attention is focused on the
study of the effects of standard treatments [230-232]. Among the conventional thermal
treatments suitable for the AISi10Mg alloy produced with additive processes, stress relief is the
most used in the industrial field. The treatment is usually carried out at a temperature of around
300 °C for a period of 2 hours, and guarantees better ductility and resistance to fatigue, with

deterioration of the mechanical properties [233].
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Table 2.9. Mechanical properties of Al alloys fabricated by L-PBF, differences between as-built and
heat-treated materials [170, 207-210, 234].

Material AlSi10Mg A205 Scalmalloy®

Configuration As-built [HT T6| As-built | 17 | As-built| HT
Max

Operating | °C 200 230 250

Temp

YSatRT |MPa 230 250 385 445 306 480

YS at 200 °C |MPa - - - 311 - 139

YS at 230 °C |MPa - - - 215 - 71

UTS at RT |MPal 460 310 410 511 334 530

Mechanical "UTSat 200 [MPa

Properties °C - - - 331 - 163
UTS%( 250 MPa] ] ] o4 ] -
Elongation | %
(RT) 6.3 11 15 11 12 13
Young’s |GPa
Modulus 66 69 74 79 65 70
(RT)

Many studies in [176, 235] highlighted the unsuitability of the standard post-thermal treatments
for L-PBF Al alloys as they lead to a decrease in the mechanical properties of the material such
as hardness and tensile strength. Consequently, the evaluation of new customised post-thermal
treatment is ongoing [236, 237] to assess the ideal thermal cycle for tailoring the microstructure

and maximising the mechanical performance of Al alloys.

2.9 Summary and ldentified Research Gaps

Heat Exchangers are typically produced through conventional manufacturing strategies. AM
and in particular L-PBF allow the generation of complex geometries for mass production of
components with short lead time. AM, with the help of advanced tools such as topological
optimisation, CFD modelling, and ML approaches, is able to optimise the shape guaranteeing
lighter and more performant HXs, tailoring the mechanical and corrosion properties of the
components. Academia and industry are currently confronting challenges in the design and

production of new generations of HXs. The objective of this review was to provide a
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comprehensive overview of the current status and challenges in the design and manufacturing
of new HXs using AM technology. In particular, the ability of AM to produce thin complex
features could revolutionise the aerospace sector by generating compact HXs, with high
efficiency and less weight, but is not yet mature. L-PBF as a winning strategy is a much-debated
topic in the scientific field due to many technological limits that still need to be overcome.
First, the optimisation of process parameters for the manufacture of a leak-proof with thin-
walled features has yet to be reliable and repeatable. Moreover, a thorough understanding of
the effects of L-PBF process parameters on the surface roughness, microstructure and density
of fabricated Heat Exchangers has not yet been achieved. Furthermore, a careful analysis for
the selection of suitable materials for L-PBF is still necessary to manufacture high-quality
components, guaranteeing repeatability, reproducibility, and traceability. The principal material
candidates were reviewed and the AM feasibility was evaluated. Particular attention was
focused on the most common material, high-strength Aluminium alloys, which maintain high
mechanical strength even at high temperatures and severe environments. Microstructure,
mechanical properties and the influence of post-thermal treatments on the performance of these
alloys produced using L-PBF were provided. Therefore, the following gaps were identified and

addressed in this doctoral research work:

e The application of ML-driven approaches for the optimisation of the process has shown
significant potential. However, further research is needed to address the optimisation of
high-strength Al alloys and the prediction of optimal process parameters for ensuring
dimensional accuracy in the fabrication of thin-walled features. These aspects are
critical for enhancing the performance and manufacturing feasibility of aerospace

components produced using L-PBF technology.
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e HTS strategies play a significant role in meeting the stringent mechanical performance
requirements of aerospace applications, especially under severe environmental
conditions. However, the lack of standardised HTs for additively manufactured high-
strength Al alloys, and in particular the A205 alloy, remains a significant gap. Limited
studies on the impact of standard HTs, designed for cast materials, and the attempts to
develop novel HTs were found in the literature. Moreover, the influence of such heat
treatments on key properties such as tensile strength, fatigue resistance, and creep
performance, as well as their correlation with microstructural evolution remains still to
be fully understood.

e The PEO process has emerged as an eco-friendly and efficient surface treatment method
to improve both the tribological and corrosion performance of Al alloys, generating a
protective uniform layer of alumina on the material surface. While its application is
well-established for conventionally manufactured Al alloys, a lack of comprehensive
studies evaluating its influence on additively manufactured high-strength Al alloys was
found in the literature, particularly for the A205 alloy. Additionally, further
investigation is required to understand the effect of surface preparation on the PEO

process and the impact on the performance of components in harsh environments.
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CHAPTER 3. Methodology

This chapter outlines the methodologies used to produce, characterise and evaluate the high-
strength Al alloys of the research. The experimental procedures were designed to ensure the
reliability of the data acquired. Each subchapter details the techniques applied to investigate a
specific area of characterisation. A wide range of processes and characterisations were

employed during the study and are described below.

3.1 Materials

The high-strength Al alloys used in this study were A205 and AlSilOMg. Both materials were
obtained in metal powder form, from different suppliers. The details and properties of each
powder are described below.

The batch of gas-atomised A205 spherical powder was supplied by Aeromet Ltd., now acquired
by Eckart, an Altana group. The batch of AISi10Mg, produced using plasma atomisation, was
instead acquired from TECKNA Advanced Materials.

The analysis of particle size for metal powder used in L-PBF is crucial for optimising the
process and achieving high-standard components. Particle size distribution (PSD) directly
influences powder flowability, packing density, and laser absorption, which affect the meltpool
formation and therefore the final properties of the fabricated components [1, 2]. The powder
size distribution of the acquired materials was measured according to standard ASTM B822-20
[3] and the results are shown in Figure 3.1. Both materials are characterised by a Gaussian

distribution with a peak near a powder size of 30 - 40 um. In particular, the average powder
sizes calculated for the analysed distribution were 33.29 um and 39.97 um for A205 and

AlSi10Mg alloys, respectively. The results highlighted the good quality of the acquired powder,

suitable for the L-PBF process.
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Figure 3.1. Powder particle characterisation for high-strength Al alloys used in the study. Powder size
distribution for a) A205 alloy and b) AlSi10Mg alloy; ¢) powder size values for A205 and AlSi10Mg

alloys.

Additionally, the morphology of the powder was assessed using Scanning Electron Microscopy

(SEM) to analyse the sphericity, surface, and presence of agglomerates which could impact
negatively on the deposition and melting of the layers. The images captured through SEM are
shown in Figure 3.2. Both powders are characterised by spherical geometry, and no large
presence of agglomerations or satellites was found. In particular, the A205 alloy showed higher

concentrations of smaller particles, which could decrease the spreadability, but overall both

powders were considered free from defects.
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Figure 3.2. Morphology characterisation for the high-strength Al alloys used in the study. SEM images
at different magnifications for a) A205 alloy and b) AlSi10Mg alloy.

Finally, the chemical composition of the powder was analysed to quantify each alloy present in
the material. The analysis was carried out using Inductively Coupled Plasma (ICP) according

to the standard ASTM E3061-17 [4]. The results are presented in Table 3.1.

Table 3.1. Chemical composition for the high-strength Al alloys used in the study, A205 and AISi10Mg.

Chemical Composition [w9%]
Material Al Si Mg Cu Fe Ti B Ag Ni
A205 Bal. 0.1 0.24 4.49 0.04 24 0.91 0.71 -
AlSilOMg | Bal. 11 0.45 <0.1 - - - - <0.05
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3.2 L-PBF Systems

Two L-PBF systems were used in the study, Concept Laser M2 Cusing and SLM 500 HL. Both
machines are very similar in characteristics and working operation. The details of each machine

are presented below.

3.2.1 Concept Laser M2 Cusing

The Concept Laser M2 Cusing is produced and distributed by GE Additive. It is equipped with
a single continuous fibre laser source with a maximum power of 400W. Laser power calibration
was performed regularly during the study, maintaining an optimal laser spot of 67 um and a
Gaussian laser beam distribution. All manufacturing processes were performed under an inert
atmosphere using argon, with a level of oxygen less than 0.1%. The system was equipped with
a powder handling chamber where the set-up of the build was carried out. In particular, powder
sieving, powder pouring on the powder feeding area, and substrate levelling were performed
for each build. Two different building volume kits were used in the study. The optimisation of
process parameters was carried out using a Reduced Building Volume (RBV) characterised by
a building envelope of 90 x 90 x100 mm in length, width and height, respectively. The other
builds were carried out using the maximum build volume chamber of 250 x 250 s 280 mm. The
powder spreading was performed using a flexible rubber blade. An image of the Concept laser
M2 Cusing is presented in Figure 3.3.

Prior to the build, the design to be manufactured was designed using CAD software such as
Solidworks and Autodesk Fusion 360, and exported in STL format. Then, the files were
imported into the slices software compatible with the machine, Materialise Magics, where the
settings of layer thickness, BC, CD, and scanning strategy were set. Finally, the sliced files

were imported into the L-PBF system, where the process parameters were set.
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Figure 3.3. Concept Laser M2 Cusing system [5].

During the set-up, the substrate in Al alloy was fixed to the building platform and the powder
of both the powder feeding and build platform was levelled. Once the set-up was completed,
the entire module was moved to the processing chamber on the right side of the machine,
accommodating the laser and mirror system. When the build was completed, the module was
moved back to the handling chamber and filled with argon. The powder was collected, and the
substrate was removed from the machine.

In particular, the A205 Al alloy was manufactured using exclusively the Concept Laser M2

Cusing.

3.2.2 SLM 500 HL

The SLM 500 HL is an industrial L-PBF system produced and distributed by Nikon SLM
Solutions. The machine is characterised by a 500 x 280 x 325 mm build envelope, and a dual-

beam setup, with a 400 W and 1000 W laser firing from the same print head. The system version
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used in this study had two such print heads, making it possible for 2 lasers to work in tandem,
each for half of the build volume, with a central area of overlap. Figure 3.4 shows a

representation of the SLM 500 HL system.

Figure 3.4. SLM 500 HL system [6].

The machine was supplied with an automated powder management technology, using a
continuous conveyance system, decreasing the overall setup and manufacturing time. A single
chamber was used for both preparation and printing, while a separate glovebox was used for
depowdering and substrate setup. As for the other L-PBF system, the manufacturing of samples
was carried out in an inert gas atmosphere, argon, with a level of oxygen less than 0.02%. The
setup included the placement of an Al alloy substrate on the building platform, carried out in
the glovebox. The substrate was then placed inside the machine from the left side. The powder

spreading was carried out using a gravity recoater equipped with a flexible rubber blade. After
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the levelling of the powder on the substrate, the build was initialised. As for the Concept Laser
M2 Cusing the components were first designed using CAD software and then imported to
Materialise Magics to create the sliced file compatible with the SLM 500 HL system.

All lasers of the machine were regularly tested and calibrated. In particular, the 400 W lasers
were characterised by a Gaussian profile and an average laser spot size of 80 um, while the
1000 W lasers were composed of many small laser beams converging to the same point,
increasing the average total spot size, characterised by an average evaluated diameter of 630
um. The SLM 500 HL offered a wide selection of process parameters compared to the Concept
Laser M2 Cusing, including up-skin and down-skin process parameters, and scanning
strategies.

The SLM 500 HL, due to its limit in changing metal powder due to its size and automated

conveying system, was employed for the manufacturing of the AlSi10Mg alloy.

3.3 Machine Learning Approaches

In this study, Machine Learning (ML) approaches were applied in an interdisciplinary context,
combining principles from material science and data science to enhance data analysis and
prediction accuracy. The application of diverse fields allowed for the optimisation of L-PBF
process parameters, enabling efficient identifications of the relationship between material
properties and the L-PBF processing system. This subchapter outlines the ML-based techniques

employed in this study.

3.3.1 Computer Vision

An Atrtificial Intelligence (Al) driven approach was used to analyse the extensive dataset of
SEM images collected during the study, with a particular focus on Computer Vision techniques.

Computer Vision enables the digital processing of data derived from images, video, and other
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visual sources, facilitating more precise and efficient data analysis [7]. The particular method
used in the study was the development of a Canny Edge Detection Algorithm (CEDA) [8], to
analyse images of structures produced during the study, captured using SEM microscopy. This
approach provided an improvement in the accuracy and speed of data analysis.

Initially, each image was converted to greyscale, assigning a pixel value from 0 (black) to 255
(white). The CEDA algorithm was then applied to detect the edges of the structure under
analysis. The pixel length of the scale bar related to the image was measured and converted by
dividing it by the pixel count, and subsequently, the scale bar was removed from the image to
avoid any interference with the measurement process. The CEDA was then performed and the
coordinates of the detected edges were acquired along all the structures to calculate the overall

average measurement.

3.3.2 Neural Networks (NN)

The Neural Network (NN) [9] developed in this work was used for the optimisation study of L-
PBF process parameters of the high-strength Al alloys. The NN featured two hidden layers,
each including five nodes. Each of the nodes within the hidden layer and the output layer was
defined by an activation function and an associated set of weights, used to increase the
efficiency of the model.

Two NNs were used in this study. The first NN was employed to predict optimal L-PBF process
parameters (laser power, scan speed, and hatch spacing) for density, aiming for the discovery
of a good processability window for the material. The second NN was used to understand the
relationship between BC and CD and the geometrical and dimensional accuracy of thin features.
The model was applied to predict the optimal parameters, fixing the other L-PBF process

parameters.
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For both NNs, the activation functions applied were the Rectified Linear Unit (ReLu) and the
sigmoid function [10]. Each hidden layer node utilised the ReLU function, chosen for its
computational efficiency, while the sigmoid function was employed in the output layer to
enhance model reliability in predicting RD. The Mean Squared Error (MSE) was selected as
the cost function, being widely used in neural networks, with backpropagation applied to further
refine model performance [9, 11]. Given the limited experimental data available for both
optimisation studies, hyperparameter tuning was conducted to improve model accuracy. This
tuning process helped to minimise the risks of overfitting and underfitting, enhancing the

robustness of the NN models.

3.4 Characterisation Methods for L-PBF Process Analysis

This subchapter provides a detailed overview of the characterisation techniques employed in
this study to analyse and understand the material properties critical to my research objectives.
Each technique was selected based on its suitability for investigating specific aspects of the

materials, such as structural, chemical, mechanical, and others.

3.4.1 Metallurgical Preparation

The samples were initially sectioned, either along the build direction, on plane XZ, or
orthogonal to the build direction, on plane XY. The sectioning was carried out using either an
Electrical Discharge Machining (EDM) or a precision saw cutting machine, a Buehler IsoMet
5000. Then the samples were manually mounted using cold resin, or placed in an automatic
system, the Presidon ML-P mounting machine, to be mounted in conductive bakelite. The
samples were then subjected to several cycles of grinding and polishing using a Struers
Tegramin-25 system. In the first grinding step, a disc with different roughness was employed,

from a grade of #120 to #4000, and water was used as a cooling and grinding liquid. Later on,
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the polishing was divided into two steps, where the first was performed using a DAC disc with
3 um diamond suspension, while the second step was carried out using a CHEM disc and a
silica suspension of 0.25 um to ensure an acceptable surface finishing scratch-free suitable for

all the several characterisation techniques.

3.4.2 Density and Porosity Measurements

The methodologies employed to analyse the density of the material after the manufacturing via
L-PBF were Archimedes density and porosity analysis. The Archimedes density measurement
was used to determine the bulk density based on Archimedes’ principle. The tests were carried
out following the standards ASTM F3637-23 [12] and ASTM B311-22 [13].

Each sample was first weighed in air and then in a liquid of known density, in this case, ethanol.
Looking at the temperature of the liquid the correlated density was used and the density
measurement was calculated using the following Equation 3.1.

My )
Archimedes Density = ——— Equation 3.1

The analysis of density was also carried out in further detail at a microstructural level using
microscopy images of the sectioned samples. Images were acquired using different types of
microscopy, in particular optical microscope and SEM, and then quantitatively analysed using
ImageJ, a Java-based processing software designed for scientific purposes. The porosity
analysis in ImageJ involved several steps. First, each image was converted to greyscale, to
enhance the contrast between solid material and pores. Then the image was subjected to a
threshold to highlight any voids inside the image. Once the right threshold was set, the software

calculated the area fraction of the voids in relation to the total area analysed.
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3.4.3 Microscopy

The study involved the use of several microscopy techniques, each tailored for a specific
purpose. In particular, optimal microscopy, SEM, and optical profilometers were employed to
evaluate a wide range of properties of the material, from pores to microstructural changes, and
from surface roughness to fractography analysis.

Optical microscopy was carried out using a digital microscope, the Keyence VHX-7000 4K,
capable of acquiring images in a wide range of magnifications and equipped with a motorised
stage and image stitching tool. The optical microscope was used to capture images for relative
density analysis and corrosion analysis, allowing for the identification of defects' size and
distribution.

SEM was employed to achieve a higher resolution in the analysis of the material properties.
The SEM used in the study, the HITACHI TM4000, was equipped with both backscatter
electron (BSE) and secondary electron (SE) to acquire a wide range of structural details. BSE
was used to gain insights into the composition through the difference in contrast of the different
element compositions, while SE provided a high resolution of the surface topography, allowing
for detailed analysis of features such as fractography, and grain boundaries. Additionally,
energy-dispersive X-ray spectrography (EDX) was used to perform elemental analysis of
specific regions of interest.

Finally, an Alicona InfiniteFocus profilometer was used to obtain quantitative data on the
surface. The optical profilometer provides three-dimensional surface measurements combining
both microscopy and contact profilometry. The Alicona system was employed to acquire
measurements of surface roughness, tribological tracks and corrosion analysis, crucial for

understanding the performance of the material in critical conditions.
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3.4.4 Electron Backscatter Diffraction (EBSD)

Electron Backscatter Diffraction (EBSD) measurements were carried out to analyse the grain
size and generate IPF maps for microstructural samples. In particular, a JEOL JCM-7000F
equipped with EBSD was used in the study. The analysis was carried out using a step size of
0.1 um, at a magnification of x10000 using a tension voltage of 20 kV. Texture measurements
were performed using the IPF maps, but the aim of the EBSD mapping was the calculation of
grain size.

The raw data was initially processed using the software ATEX. This tool helped in refining and
cleaning the EBSD map, increasing the EBSD data quality. Then, the grain size measurement
was calculated using the ATEX software, which gives in return the average, and min & max of

the grain size of the map.

3.4.5 Transmission Electron Microscopy (TEM)

The TEM analysis was carried out during the study of the development of a new heat treatment
for the A205 alloy. The TEM analysis was conducted with the support of the Henry Royce
Institute through the Student Equipment Access Scheme, at the University of Sheffield, using
a JEOL JEM-F200 equipped with EDX.

The samples for the TEM were generated using a Focused lon Beam (FIB) technique, allowing
for the fabrication of very thin specimens, ideal for TEM analysis. TEM-EDX were performed
at high magnification in order to verify the presence of precipitation in the material, while High
Angle Annular Dark-Field (HAADF) imaging was carried out at different magnifications to

identify the presence and quantitatively assess the size and distribution of phases in the material.
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3.4.6 X-ray Diffraction (XRD)

The structural characterisation of the alloys was performed using the X-Ray Diffraction (XRD)
technique. XRD is a non-destructive analytical method that provides information on the phase
composition and crystallographic structure of a material. The XRD system used in the study
was a benchtop PROTO AXRD.

In this study, the XRD system was equipped with a copper line-focus X-ray tube. The analysis
was carried out using a Bragg-Brentano (BB) geometry. Furthermore, the parameters used
during the analysis were characterised by an angle range of 26 between 20° and 100°, with a
step size of 0.05° and a dwell time of 1 s. All the acquired raw data were then processed using

the crystallographic software CrystalDiffract.

3.4.7 Micro-Hardness

The evaluation of the hardness of the material was carried out using Vickers micro-hardness
testing. The semi-automated micro-hardness machine equipped with a Vickers indenter used in
the study was a Wilson VH1202.

The samples were polished before the hardness analysis and the indentations were performed
using both manual location and pattern, such as lines, and matrix. A load of 0.1 Kg and a
minimum distance of two times the biggest diagonal was used during the testing. After each
indentation optical images were acquired automatically from the software, at a magnification
of x50. The software was then automatically evaluating the value of the diagonals, and
calculating the correlated hardness. Each measurement was then manually validated, and if
necessary, the measurement of the diagonal was manually adjusted. Multiple measurements
were taken across the sample to ensure statistical reliability and to capture potential variations

in hardness due to microstructural differences.
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3.4.8 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) was employed as a thermal analysis technique to
investigate the phase transitions of the materials studied. The results acquired through DSC
played an essential role in the design and development of heat treatments. The DSC system
used in the study was a Netzsch STA 449 F3 Jupiter.

In this study, DSC measurements were performed using a heating a cooling cycle between room
temperature and a max temperature of 550°C, using a heating and cooling rate of 10 °C/min. A
pure Al was used as reference material, and the test was performed in an inert atmosphere using

argon.

3.5 Post-Processing Treatments

The study of the influence of post-processing treatments on the material’s performance was
evaluated, focused in particular on heat treatments and surface treatments. These post-
processing treatments enable the tailoring of the material’s mechanical, thermal, tribological
and corrosion properties to meet specific application requirements. The post-processing

treatments applied in the study are explained below.

3.5.1 Heat Treatments

Heat treatment is a critical process for heat-treatable Al alloys, allowing for the enhancement
of properties such as strength, hardness, and ductility by altering the alloy's microstructure. In
this study, heat treatment procedures of solution and quenching, and artificial ageing were
performed on the A205 Al alloy to study the influence on the material microstructure and
mechanical properties. Typical solution temperatures for Al alloys are in the range of 500°C -
550°C for a long time, allowing alloying elements to dissolve into the matrix. Usually, solution

treatments are followed by quenching in water or glycol to "freeze" the alloying elements in a
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supersaturated solid solution, avoiding the precipitation of phases and creating a positive
condition for the following step of artificial ageing. Typical temperatures of the latter are in the
range of 150°C - 200°C for extensive dwell times, allowing the precipitation of strengthening
phases [14].

The heat treatments evaluated in the study were several. In particular, a standard T7 HT, and a
commercial HT, were applied to the Al alloy. Furthermore, the development of an optimised
HT was performed and compared to the existing ones. Solution HT was carried out using a
Carbolite Gero CWF 1200 furnace, equipped with Molybdenum heating elements, and the
quenching was performed using water. Finally, the artificial ageing step was performed using

an industrial Elite convection oven.

3.5.2 Surface Treatment

The surface treatment employed in this study was the Plasma Electrolytic Oxidation (PEO)
process. PEO is an advanced eco-friendly electrochemical process that forms a hard, ceramic-
like oxide layer on the surface of light metals such as Al alloys, enhancing the hardness,
tribological and corrosion resistance of the materials [15].

The PEO process includes the immersion of the metal substrate in an alkaline electrolyte
solution and the application of a high-voltage current, either pulsed DC or AC, across the
electrolyte. Due to the high voltage, plasma micro-discharges are generated on the metal
surface, causing localised melting and oxidation. This high-energy reaction promotes the
growth of a dense and porous oxide layer, which becomes strongly bonded to the substrate due
to the high-temperature conditions. The oxide layer typically consists of aluminium oxide
(AL2Os), providing excellent hardness and corrosion resistance. A representation of the
schematic process is represented in Figure 3.5. For this study, the PEO coatings were applied

to both Al alloys, A205 and AlSi10Mg. The treatment was performed on samples with different
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surface preparations, in particular as-fabricated and polished. For the polished configuration,
samples underwent initial grinding and polishing to significantly lower the surface roughness

introduced by the L-PBF process.
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Figure 3.5. Schematisation of Plasma Electrolytic Oxidation (PEO) process.

The PEO treatment was conducted by Cambridge Nanolitic Limited, a company specialising in
advanced coating technologies. The PEO coating was applied using three distinct alkaline
electrolytes, each containing varied concentrations of phosphate and silicate. The electrolytes

used were as follows:

e Lean (L) electrolyte: An alkaline solution with less than 1 g/l of phosphate and less than
0.5 g/l of silicate.

e Medium (M) electrolyte: An alkaline solution with less than 1 g/l of phosphate and up
to 1.5 g/l of silicate.

¢ Rich (R) electrolyte: An alkaline solution containing up to 2.5 g/l of phosphate and 5

o/l of silicate.
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The A205 alloy samples were successfully coated with all three electrolyte types, while only
the Rich (R) electrolyte was suitable for the AISi10Mg alloy, due to its high silicon content.
For all samples, the PEO process was carried out using a "soft sparking" electrical mode,

employing bipolar pulse sequences with applied voltages reaching up to 650 V.

3.6 Mechanical Testing

The performance of the materials studied was evaluated using different mechanical testing
methods. Mechanical tests are essential to understand how materials respond under various
loading conditions, which is crucial for assessing materials’ suitability in specific applications.
In this study, tensile, fatigue and creep testing were performed to investigate the materials’

performances, and are described below.

3.6.1 Tensile testing

In this study, uniaxial tensile tests were conducted, applying a controlled tensile force, to
determine properties such as ultimate tensile strength, yield strength, and elongation. The
tensile testing was performed using a Zwick/Roell 1484. The system was characterised by a
load cell of 100 kN, designed for both tensile and compression testing. An extensometer was
already present in the machine, making setup operations easier. Furthermore, the software
interface included the setup of all the important factors for the testing.

The tensile tests were carried out using dogbone specimens fabricated in both vertical and
horizontal directions. The design of the specimen and the tensile test were designed and
conducted according to the standard ASTM E8/E8M — 22 [16]. The tests were performed at
room temperature, with three repetitions for each condition, at a loading rate of 0.39 mm/min.

An extensometer was attached to the gauge length of the specimen to record displacement
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throughout the duration of the test. Fractographic analysis was conducted using SEM to

examine fracture surfaces.

3.6.2 Fatigue testing

Fatigue testing was performed to evaluate the material’s resistance to cyclic loading, assessing
its behaviour under repeated stresses below the ultimate tensile strength. In particular, in this
study, the specimens were subjected to high-cycle fatigue testing at room temperature using an
electromagnetic resonance fatigue machine. This type of machine uses a mechanical resonator
in connection with an electromagnetic drive to generate a resonant frequency vibration that
drives the cyclic loading of the sample. The machine is designed to operate at the material's or
machine’s natural resonant frequency, with typical resonant frequencies in the range of 20-300
Hz. For the Al alloys used in the study, a frequency of 78-80 Hz was reached for all the tested
conditions. The particular design of this machine allows for reaching millions of cycles within
a short period, making it highly efficient for fatigue testing. The fatigue test specimens were
designed and evaluated in accordance with standard ASTM E466 — 21 [17] and were tested in
both vertical and horizontal orientations. Testing of all the specimens, horizontal and vertical,
was carried out under a fixed load set to 60% of the yield strength (180 MPa) of the as-fabricated
vertical condition. Three repetitions were conducted for each orientation at room temperature.

Fractographic analysis was conducted using SEM to examine fracture surfaces.

3.6.3 Creep testing

Creep testing was used to assess the material’s ability to resist deformation under constant load
at elevated temperatures over a prolonged period, critical in components that operate in
environments where prolonged exposure to stress can lead to gradual deformation and failure.

In this study, the uniaxial creep test in force control mode employs a high load to minimise the
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duration of the test. Creep tests were performed using an Instron 8862, on specimens
manufactured along the horizontal direction only, to minimise the effect of metallurgical
defects. The creep test was conducted on specimens designed and evaluated in accordance with
standard ASTM E139-11 [18]. A uniaxial load of 200 MPa was applied at a constant
temperature of 180°C. The specimens were subjected to a preload until the target test
temperature was reached, followed by a stabilisation period of 30 minutes to ensure uniform

temperature distribution. The elongation was recorded for the entire duration of the test.

3.7 Tribological testing

Tribological testing is essential for evaluating the wear resistance and frictional behaviour of
materials, particularly in applications where surface durability and low friction are critical. In
this study, a linear reciprocating ball-on-disk test, schematised in Figure 3.6b, was conducted
to investigate the tribological properties of the materials. The wear tests were conducted
following the standard ASTM G133-22 [19], using a Phoenix Tribology Tester, depicted in
Figure 3.6a.

The tests employed Al=Os balls with a diameter of 10 mm as the counterpart. The tests were
performed at room temperature using a fixed load of 10 N, and a sliding velocity of 5 mm/s, for
a total of 500 cycles. The coefficient of friction (CoF) was measured using the dedicated
software provided with the tribometer.

Images of the wear tracks were captured using scanning electron microscopy (SEM) and an
Alicona optical profilometer to assess wear characteristics and surface degradation.
Additionally, the Alicona profilometer was used to calculate the wear volume loss and wear

rate for each testing condition.
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a) b) Wear Track

Ball

Plate

Figure 3.6. Tribology testing system. a) tribological system used in the study, a Phoenix Tribology
Tester; b) Schematisation of Linearly Reciprocating Ball-on-Flat Sliding Wear.

In particular wear loss was calculated as the volume of the wear track, while the wear rate was
determined in compliance with standard ASTM G133-22 [19], expressed as the wear volume
loss per unit sliding distance, calculated by multiplying the linear slide distance by the total test

duration.

3.8 Corrosion testing

The performance of the materials in severe environments was evaluated through corrosion
testing, and, in particular, the Salt Fog Test. The salt fog test is widely used to evaluate the
corrosion resistance of materials and coatings by introducing them into a simulated corrosive
environment that accelerates the natural corrosion process. This method is particularly relevant
in assessing materials used in marine, automotive, and aerospace applications, where exposure
to salt and humidity is common. An overview of the salt fog test is represented in Figure 3.7.
During the test, the specimens are placed in a sealed chamber where a continuous mist of a
saline solution, typically 5% sodium chloride (NaCl), is sprayed. This salt fog creates a highly

corrosive environment, simulating prolonged exposure to saline conditions.
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Figure 3.7. Schematisation of the Salt Fog Test, detailing the components of the system and the
operations [20].

In this study, the salt fog test was carried out externally, in a calibrated salt fog chamber in TWI
Ltd, Cambridge. Testing was conducted in accordance with standard ASTM B117-19 [21],
using an exposure period of 96 hours in a saline environment created by dissolving sodium
chloride in deionised water. The saline liquid was generated using water and a saline
concentration of 4.0 — 6.0 % by weight, and the pH value of the atomised salt solution was
constantly monitored and was in the range of 6.5 — 7.2. The chamber temperature was kept
between 33°C and 37°C, while the collection rate of atomised salt solution was around 1.0 —
3.0 ml/hour. The samples were first weighted using a precision scale with an accuracy of four
decimal places, and then placed in the chamber. Visual inspections were conducted at 24-hour
intervals to monitor and document the effects of the salt environment on the samples. After the
completion of the test, the specimens were removed from the chamber, rinsed with clean
running water to eliminate any surface salt deposits and subsequently dried. Corrosion products
were then removed following the standard ASTM G1-03 [22] by placing the samples in an

ultrasonic bath containing a solution of HNOs in water (at a concentration of 70% by volume)
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at 90°C for a duration of 10 minutes. Following this cleaning procedure, the specimens were
weighted using the precision scale in order to calculate the mass loss. The average corrosion
rate was then determined based on the mass loss, as specified in the standard ASTM G1-03
[22], providing a quantitative measure of material degradation under the test conditions. Finally,
the samples were examined using a digital microscope to assess the extent of damage incurred
during the salt fog test. This high-resolution imaging allowed for detailed visualisation and
documentation of corrosion features, providing insights into the surface degradation and

morphological changes caused by exposure to the salt environment.
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CHAPTER 4. Application of Machine Learning in
Optimisation of L-PBF technology for Al alloys

This chapter is part of a scientific paper that has been published in the Journal ‘The International
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Abstract

Additive Manufacturing (AM) of complex geometries faces limitations in the dimensional and
geometrical accuracy, especially when the geometries are characterised by thin features
designed to tailor the mechanical and thermal properties of novel Heat Exchangers (HXs). In
this work, a novel, complex, thin hollow-walled lattice compact HX was fabricated using the
Powder Bed Fusion-Laser Beam on Metal (PBF-LB/M) process. Given the intricate
relationships between process parameters and complex design, Machine Learning (ML)
methods were utilised to optimise the manufacturing workflow. Although new ML models
would be required for different cases to ensure optimal performance, the flexibility of such
approaches allows for recalibration and re-optimisation whenever there are changes to material
properties, geometry, or manufacturing settings. A process map for the A205 Aluminium alloy
was generated, investigating metallurgical defects and surface quality. Optimal process
parameters for defect-free materials were estimated using a Neural Network (NN). Further
optimisation evaluated the influence of laser parameters, Beam Compensation (BC) and
Contour Distance (CD), on the geometrical and dimensional accuracy of thin features, with a
second NN predicting optimal BC and CD. Thickness deviations in hollow lattices were
reduced to under 2%. A prototype of the novel HX using optimised parameters was successfully
fabricated and characterised to evaluate manufacturing feasibility. The analysis of pores in thin
features, potentially leading to leakage and part failure, was carried out through SEM analysis.
While PBF-LB/M is well-established for HXs, this study demonstrates its capability for

manufacturing highly complex, thin-walled designs when guided by ML-based optimisation.
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4.1 Introduction

There is growing attention on Additive Manufacturing (AM) for the development of novel Heat
Exchangers (HXs), aiming to enhance thermal properties while achieving compactness and
lightweight designs. Among AM technologies, Laser-Powder bed Fusion (L-PBF) has emerged
as a preferred manufacturing method for the fabrication of high-performance HXs, in particular
for aerospace and automotive applications [1, 2], where the demand for high-efficiency,
lightweight thermal management is critical. Other AM technologies, such as Directy Energy
Deposition (DED-LB/powder) and Wire Arc Additive Manufacturing (WAAM), are also
employed for HX production. However, their applicability is mainly suitable for larger
components, characterised by simpler geometries and lower tolerance requirements [3]. While
DED and WAAM offer advantages like increased build volume and faster production speed
compared to L-PBF [4], their lower resolution and limited design flexibility make them
unsuitable for the accurate production of highly complex HXs characterised by thin features.
L-PBF offers instead high precision and the ability to produce intricate designs characterised
by thin-walled features, making this technology suitable for complex high-efficiency HX
applications. Conventional manufacturing strategies, including machining and brazing, impose
limitations on design complexity and often require multiple steps, leading to increased
production time. Additionally, conventional manufacturing processes have reached their limits
in improving the weight-to-performance ratio of manufacturable components [5]. In traditional
manufacturing, the design of relatively simple geometries often results in heavier components
due to the need for joining multiple sections. Moreover, achieving fine, thin features or complex
internal structures essential for optimising heat transfer performance is challenging with
conventional processes. L-PBF offers solutions to these constraints by enabling the fabrication

of complex geometries such as lattice structures [5, 6], which enhance the thermal properties of
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HXs while maintaining structural integrity and reduced weight [7, 8]. Recent studies have
demonstrated the potential of L-PBF in advancing HX performance. For example, Ning et al.
compared AM and conventional manufacturing strategies for finned HXs, revealing that the
additively manufactured component exhibited superior thermal properties compared to the
conventional counterpart. Furthermore, topological optimisation, enabled by AM technologies
such as L-PBF, has allowed the creation of micro-architected designs, such as gyroid structures,
that are impossible to manufacture with traditional strategies. Mahmoud et al. explored in their
study the geometrical and thermal performance of HX generated using gyroid lattice structures.
The authors employed Computational Fluid Dynamics (CFD) to analyse the correlation
between several designs and HX properties, such as pressure drop and thermal conductivity.
Prototypes were fabricated using AISilOMg via L-PBF process and then compared to
conventional HX designs. The additively manufactured prototypes outperformed the
conventional counterparts, achieving superior thermal performance through optimised
geometries and manufacturing parameters.

Despite the advancements in AM technologies, modelling and optimising the L-PBF process
remain challenging due to the complex relationships between process parameters and part
quality. In particular, the production of intricate geometries, achieving dimensional accuracy,
structural integrity and defect-free components is difficult and influenced by process parameters
such as laser power, scan speed, hatch spacing, and layer thickness [5, 9, 10]. Unoptimised
process parameters tend to generate metallurgical defects such as porosity, keyholes and lack
of fusion, which can compromise both mechanical properties and the overall performance of
the HX. The process parameters significantly influence defect formation and dimensional
accuracy by affecting the thermal gradient and heat input during the PBF-LB/M process [11].

The phenomena occurring during the process generate thermal stresses, possibly causing part
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distortion and even failure. In addition to optimising process parameters, modern PBF-LB/M
technologies employe baseplate preheating as a strategy to mitigate these challenges. This
approach, if combined with process parameters optimisation, could guarantee a more uniform
thermal history, reducing thermal gradients between the substrate and deposited layers [12]. As
a result, a decrease in residual stresses could lead to a reduction of defect formation and
distortion, enhancing part quality [13]. Furthermore, the complexity of HXs poses challenges
in terms of geometrical accuracy, surface roughness, and powder removal [14]. Several studies
have addressed the manufacturing limits of L-PBF for thin complex features characterising
HXs. Wu et al. [15] addressed the manufacturing limits of thin walls using PBF-LB/M, focusing
on the influence of several materials and scan strategies on thin walls. Micro-computed
Tomography (CT) was performed to analyse the distribution of the porosity inside the thin walls
and assess the influence of design, material and scan strategy on the dimensions, surface
roughness, and structural integrity. The results of the study emphasised the importance of
optimising process parameters to minimise defects and ensure high accuracy and performance.
Similarly, Tan et al. [16] investigated the influence of process parameters on the geometrical
and dimensional integrity of TiNi lattices produced via L-PBF. In particular, the authors carried
out a full optimisation for the L-PBF process parameters and analysed the deviation in strut
size. After identifying the optimal process parameters for high density, the best combination of
parameters to enable the manufacturing of accurate thin struts was tested and evaluated through
microscopy highlighting the achievement of geometrical control.

However, the complexity of L-PBF lies in the intricate physical phenomena occurring during
the process. The challenges in processing modelling emphasise these challenges. Stavropoulos
et al. [17] highlighted in their study the intensive computational burden when simulating the

thermal and physical interaction during L-PBF essential to accurately predict melt pool and
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porosity formation. The authors proposed a multi-scale thermal modelling approach based on
the enthalpy method, showing an increased efficiency in predicting the critical phenomena
occurring during the process achieving good accuracy. Similarly, Foteinopoulos et al. [18]
demonstrated how space-partitioning and dynamic mesh adaptation could significantly reduce
simulation times by over 70% while maintaining the accuracy of the outcomes. The authors
optimised modelling approaches for the prediction of meltpool dynamics and temperature
distributions during the L-PBF process, validating the method through computational and
experimental case studies.

In addition to experimental and modelling approaches, methods such as Machine Learning
(ML) and Artificial Intelligence (Al) offer powerful tools for the optimisation of L-PBF process
parameters [19-21]. ML algorithms can analyse datasets of experimental results and simulation
data to identify optimal process parameter combinations that minimise defects while ensuring
geometric accuracy. Through the use of ML techniques, it is possible to predict the relationship
between process parameters and part quality. Several ML techniques have been tested for the
optimisation of L-PBF process parameters, such as Neural Networks (NN) [22-26], physics-
informed NNs [27, 28], and Reinforcement Learning (RL) approaches [29, 30]. In the work of
Mohammed et al. [31], for example, an artificial NN was developed to predict the porosity in
L-PBF manufacturing parts. The authors trained the NN using X-ray CT images of the
additively manufactured parts, augmented with synthetic data to improve the performance of
the algorithm. The results obtained showed high accuracy, emphasising the deep learning model
as a cost-effective method for quality enhancement in AM.

The role of ML and Al approaches along with advanced simulation in addressing the
complexity of L-PBF processes and improving part quality is growing, emphasising their

potential to enhance the decision-making process and reduce the resource and time-intensive
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experimental methods [17, 18]. However, despite their potential, most ML and Al approaches
for L-PBF prediction and optimisation have achieved limited success due to the significant
dependency of process outcomes on part geometry and variability of the process.

This research aims to address these challenges, developing a robust L-PBF strategy for the
production of a prototype of next-generation HX using thin, hollow lattice structures in
Aluminium (Al) alloy. By integrating ML and Al-based optimisation techniques, the study
aimed to identify the optimal overall L-PBF process parameters to minimise defects and ensure
the geometrical and dimensional integrity of the thin features required for efficient heat transfer.
Two different NN algorithms were developed and trained using experimental data. A NN model
was used to predict the combination of the most important parameters responsible for the
generation of metallurgical defects, i.e. laser power, scan speed and hatch spacing, in order to
control the heat input during the manufacturing process and achieve highly dense components.
Furthermore, another NN model was generated to optimise other laser parameters, beam
compensation and contour distance, correlated to the geometrical and dimensional accuracy of
the produced components. Finally, the overall optimised process parameters generated via the
ML approach were experimentally validated and tested for the manufacturing of a novel HX
design. The additively manufactured part was analysed using microscopy methods to
investigate the reliability of the ML approaches in generating defect-free accurate components

through L-PBF.

4.2 Material and Methods

The metal powder used in the study was a pre-alloyed A205 Al alloy, with a size range between
20-60 um and an average value of 40 um. The chemical composition of the A205 alloy was:
Cu 4.49 wt.%, Si 0.1 wt.%, Mg 0.24 wt.%, Fe 0.04 wt.%, Ti 2.4 wt.%, B 0.91 wt.%, Ag 0.71

wt.%, with the balance being Al. The L-PBF technology used was a Concept Laser M2 Cusing
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system, produced by General Electric (GE) Additive. The machine was equipped with a single
continuous fibre laser source with a maximum power of 400W. The laser beam distribution was
considered Gaussian, and the laser spot size was 67 um. The L-PBF process parameters mostly
related to geometrical and dimensional integrity, along with the generation of metallurgical

defects were investigated. In particular, these process parameters are described in Figure 4.1.
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Figure 4.1. Schematisation of most important L-PBF process parameters.
Laser power (P), scan speed (vs), hatch spacing (hs), and layer thickness (t) are responsible for
the metallurgical defects and mechanical properties. The different combinations of the laser
power, scan speed and hatch spacing resulted in different levels of volumetric energy density
(VED), the formula for which is described in Equation 4.1.

VED = m Equation 4.1
Furthermore, laser process parameters such as Beam Compensation (BC) and Contour Distance
(CD) were studied due to their significant impact on the geometrical and dimensional integrity
of thin features. BC refers to the adjustment made to the laser path in terms of the distance

between the scanning patterns and the edge of the features, ensuring that the final dimensions
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match the intended design. CD, on the other hand, controls the spacing between the contour
laser scans at the edges of features, which is particularly important for achieving smooth,
accurate surfaces on thin-walled structures along with dimensional accuracy. A high accuracy
is essential during the manufacturing process of complex geometries such as HXs characterised
by lattice structures. Consequently, an optimisation study was carried out using a combination
of experimental campaign and ML techniques, in particular NN, to find the optimal overall
process parameters to guarantee the feasibility of thin complex features and the tailoring of HXs

properties.

4.2.1 Experimental method

The experimental campaign was carried out to generate data to train the ML algorithms. In
particular, two different experimental studies were carried out. Initially a study of the influence
of process parameters, i.e., laser power, scan speed, and hatch spacing, on the final density of
the component was carried out, while using a fixed value of layer thickness of 30 um. The
Design of Experiments (DoE) was carried out using a Taguchi orthogonal array in order to
generate a fractional factorial study with 25 combinations, randomising the combinations
between the three factors and selecting the parameters with a VED below 200 J/mm?,

Table 4.1. Details of the parametric study carried out for the generation of experimental data for the
optimisation study of the L-PBF process parameters.

Factor Levels
Factors Units
A B C D E
Laser Power 100 125 150 175 200 w
Scan Speed 750 1100 1450 1800 2150 mm/s
Hatch Spacing | 0.0300 0.0525 0.0750 0.0975 0.120 mm
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The method allowed analysis of all the factors and multiple levels using a selected small subset
of combinations, ensuring at the same time that all the levels of all factors were equally
considered in the study. No replicates were carried out during the study. The DoE details are
summarised in Table 4.1. A wide range was analysed, from a low VED, of 13 J/mm?3, to a high
value, of more than 100 J/mm?3. A chess-type scan strategy was used with islands of 5 x 5 mm,
rotated at 45 degrees at each layer, and no contour line was used during the process. The analysis
was performed on different types of specimens, in particular, single laser tracks were built to
assess the effect of process parameters on the melt pool morphology and bulk samples were
manufactured to analyse the influence on the mechanical and microstructural properties. The
bulk samples were then sectioned parallel to the build direction, using a Buehler IsoMet 5000
cutting machine, and mounted in conductive bakelite using a Presidon ML-B mounting
machine. The bulk samples were then metallographically prepared using a Struers Tegramin-
25 polishing system. Finally, the characterisation of the materials was carried out with several
techniques, explained in Section 4.2.4.

The influence of BC and CD on the geometrical and dimensional accuracy was evaluated with
a full DoE with 5 different levels for each of the two factors, for a total of 25 sets of parameters.
In particular, a single set of process parameters (P, vs, hs, t) was used. The detail of the levels
used for the DoE is summarised in Table 4.2.

Table 4.2. Details of the parametric study carried out for the generation of experimental data for the
optimisation study of the L-PBF laser parameters.

Factor Levels
Factors Units
B C D E
BC 0.025 0.050 0.075 0.100 mm
CD 0.025 0.050 0.075 0.100 mm
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The scan strategy used in the study was a chess type, with the number of contours set to a value
of 2. Furthermore, a benchmark was designed to characterise the manufacturability and
optimisation of the accuracy of several thin features, in particular thin walls. The benchmark
design along with the details of the thin features, and metallographic characterisation, along
with the details of the thin features analysed are represented in Figure 4.2.

The benchmarks were removed from the substrate and sectioned in 3 equal parts at a distance
of 5 mm along the build direction. The samples were then manually grinded and polished, and

then characterised with several techniques as described in Section 4.2.4.

(a)

(c) (d)

Bottom

10 mm

Figure 4.2. Benchmark design and characterisation for the parametric study of BC and CD. a)
Benchmark design and thin features details; b) L-PBF manufacturing; ¢) sectioning strategy for SEM
analysis; d) example of a measurement carried out via SEM microscope.

In particular, each of the two investigated parameters, BC and CD, were made to vary between
a minimum of 0 um and a maximum of 100 um with an interval of 25 um, for a total of five
levels, while the contour hatching space was set at the same value as the CD due to slicing

software limitations.
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A predetermined contour number of two (2) was used for all samples, while a chess-type raster
with islands of 5 x 5 mm was chosen as the scanning strategy, given its popularity in the AM
industry due to its ability to ensure low residual stresses, with a rotation of 45° of each layer to

ensure minimum residual stresses[24, 25], in order to reduce the failure risk of builds.

4.2.2 ML methods

The NN used in the study consisted of two hidden layers, each consisting of five nodes. Each
node in either the hidden layers or the output layer was characterised by two activation

functions, the Rectified Linear Unit (ReLU) and the sigmoid function, and a set of weights,

used to tune the NN.
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Figure 4.3. Schematisation of the Neural Network used in the study, characterised by 5 nodes and 2
hidden layers.
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The input parameters for the prediction of optimal L-PBF process parameters for density were
Laser Power, scan speed, hatch spacing and layer thickness, while the output was the relative
density (RD) associated with the combination. The input for the optimisation of laser
parameters ere BC and CD while the output was the deviation from the nominal dimension.
The data was normalised using the min-max scaling method before the training of the model.
A schematisation of the NN used in the study is represented in Figure 4.3.

The activation functions used for both NNs used in this study, the ReLU and the sigmoid

function, are expressed in Equation 4.2 and Equation 4.3, respectively.

ReLU(x) = max(0,x), Equation 4.2

1
1+ex’
In particular, each node in the hidden layer used the ReLU function because characterised by

Equation 4.3

Sigmoid(x) =

being less computationally expensive, where the sigmoid was used as an activation function for
the final output layer, representing the expected RD, in order to increase the reliability of the
model. As for the cost function, the Mean Squared Error (MSE) was used, being the most
common cost function in NNs, and a backward propagation method was applied to improve the
efficiency of the model. Finally, a tuning of the hyperparameters was performed to further
improve the accuracy of the NN models, decreasing the possibility of incurring errors of
overfitting and underfitting.

Along with the NN models, an Al approach was used to analyse the large amount of data
received during the study of BC and CD, based on Computer Vision. Computer Vision enables
the digitalisation of information deriving from images, video and other inputs, allowing a better
analysis of data. In particular, an automated processing of images taken using an optical
microscope was developed using the Canny Edge Detection Algorithm (CEDA) [32], to

determine the wall thickness of the thin walls. Benefits such as increasing in data analysis
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accuracy and processing speed were key points of the development of such a method. The
methodology used in the development of the CEDA technique is represented in Figure 4.4.

The image was initially fully converted to greyscale, with each pixel having a value in the range
0 — 255, where 0 was associated with black and 255 with white. The CEDA algorithm was then
applied. This method is characterised by the automatic detection of the edge of the part being
analysed, and the average thickness measurement was determined by counting the pixels
enclosed by the innermost and outermost edge pixels. Initially, the measurement in pixels of
the scale bar associated with the image was performed and divided by the number of pixels to
obtain the individual width in mm of a single pixel. The scale bar was then cut out of the image
because it would interfere with the edge detection. Finally, the CEDA was applied to produce

overlaid edges, in blue in Figure 4.4, on top of the original image.

Canny Edge Detection Algorithm

Image Smoothening

Intensify the Gradient

Apply Non-maxima Suppression

Thresholding

Hysteresis Edge Tracking

Figure 4.4. Schematisation of the Canny Edge detection Algorithm (CEDA) process for image analysis.
The algorithm’s five steps are, in order of application: Image smothering, where a Gaussian filter is
applied to reduce the noise of the image; Intensify the Gradient, where the algorithm calculates areas in
the image with an intensity change of the pixels; Non-Maxima Suppression, where the algorithm
analyses the gradient direction of each pixel; Thresholding, where the algorithm marks the strong edges
in the image based on thresholding; and Edge Tracking, where the algorithm identifies and reconstructs
the edges of the object in the image.
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The coordinates of the blue pixels were then obtained and a measurement of thickness for each
of the pixels was carried out along the wall. Finally, the wall thickness was calculated as the
average of all the measurements performed. While this approach ensured good repeatability for
the specific material and case study analysed, a larger dataset and the investigation of other

materials are necessary to generalise those ML-based approaches.

4.2.3 Novel HX design

The new generation of HXs by the application of hollow structures, fabricated via L-PBF has
great potential for industrial development. Therefore, a novel geometry was generated
characterised by a lattice structure of hollow tubes. A portion of a real component was designed,
in order to assess the feasibility of the L-PBF process. A novel air-to-fluid HX was designed
using the CAD design platform Autodesk Fusion 360, and the manufacturability was assessed

in the study. A representation of the tested design is shown in Figure 4.5.

50 mm
N QNN

T
\ 4

TR

N
A\

RS

\ ¢

N\

=

=

Figure 4.5. Design and details of the novel hollow lattice structure HX.

An air-to-fluid heat exchanger facilitates the transfer of heat between an air stream and a

working fluid, typically in automotive, aerospace, and industrial applications. Usually, this type
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of HXs consists of a network of finned tubes through which the fluid flows, while the
surrounding air passes over the tubes, absorbing or releasing heat depending on the operational
requirements. In particular, in this study, a compact HX composed of Face-Centered Cubic
(FCC) lattice structures with hollow walled struts was designed. The component was
characterised by two vertical plates of 2.5 mm, holding the inlet and outlet of the fluid. Two
different wall thicknesses were selected, 350 um and 500 um, respectively, in order to estimate
the limits of the L-PBF technology. The other design details were fixed for both configurations
and described in Figure 4.5. In particular, the internal diameter of the tubes was 1.5 mm and
45-degree angles were applied to minimise the requirement of support structures. The lattice
was designed on a flat 4mm thick bottom plate that takes into consideration the cutting process
from the substrate, after the L-PBF manufacturing, and fillets with a radius of 0.5mm were

used.

4.2.4 Characterisation methods

The characteristics of HX targeted for this study were dimensional and geometrical accuracy
and low presence of metallurgical defects. In particular, achieving the desired accuracy and
surface quality for HXs produced via PBF-LB/M is crucial. Improved accuracy ensures that the
additively manufactured HXs meet operational specifications, such as flow rate and regime,
and pressure drop, reducing or even eliminating the need for additional post-processing steps.
This can significantly decrease the total manufacturing time and associated costs. Moreover,
due to the high complexity of such HXs geometries, conventional post-processing technologies
are often unsuitable. For instance, surface finishing operations, such as machining, cannot be
effectively applied to the intricate internal structures and thin features that characterise the
advanced HXs. The comprehensive analysis of the material properties for the process

parameters optimisation and for the characterisation of the fabricated HX was carried out using
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a range of advanced characterisations. Porosity and dimensional accuracy were assessed using
both optical and electron microscopy. For optical microscopy, a Zeiss Axioskop 2 was utilised
to obtain images of the material's surface and internal structure. This method allowed for the
identification of larger pores and surface irregularities, while a Hitachi TM3030 tabletop
scanning electron microscope (SEM) was used to investigate smaller pores and microstructural
features that were not easily discernible through optical methods alone. The data acquired were
then processed using a Java-based image analysis software, ImageJ. To evaluate the influence
of process parameters on the mechanical properties of the material micro-hardness testing was
conducted using a Wilson VH1202. Vickers testing method was employed, applying a load of
0.1 Kg. Finally, the surface quality of the fabricated parts was analysed using a 3D optical
profilometer, the Alicona InfiniteFocus, which allows for the mapping of surface roughness,
offering a three-dimensional visualisation and analysis of the surface features. Additional
analysis such as mechanical tests was not included in this study, as optimal dimensional and
geometrical accuracy and minimisation of porosity, mostly near the surface were targeted as

primary requirements for increasing the life in operation of HXs.

4.3 Results and Discussion

4.3.1 Optimisation of Process parameters for Metallurgical defects

The optimisation of L-PBF process parameters was initially experimentally conducted. In
particular, the laser track analysis included the assessment of two important properties of the
meltpool to understand the phenomena during the L-PBF process. The full DoE was analysed,
and the influence of laser power and scan speed on the generation of a single laser track was

evaluated. A contour map was generated and is presented in Figure 4.6.
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Figure 4.6. Laser track morphology map. a) morphology map; SEM image of b) incomplete laser track;
¢) discontinuous laser track; d) balling effect; e) continuo laser track.

The contour map shows the different types of laser tracks achieved with different process
parameters. The results highlighted that low power and elevated scan speed reduce the quality
of the meltpool, leading to poor formation of incomplete laser tracks. Furthermore, increasing
in laser power showed the generation of continuous laser tracks, but the presence of balling
phenomena was found for very high scan speed values. The interaction between the process
parameters was further investigated using bulk samples. In particular, the density was evaluated

by using microscopy analysis, and the trend of the RD vs the VED is shown in Figure 4.7.

137



100 . ¥y 1
Qif‘ "J-Q $I"-
¢ ! H ! 18
90 . ! ! 3 E
- L I . - E
& ~§ ! ! . F16'g
= 80 s b ! i
= > 1 1 A
G ¢ i';* \ | 14 @
o 70 4 4 | | <
(=] 1 § 1 [ 1 Ed
v - 1 8
B 60 , !
© . v
3 - 1 1 109
& |$ ! P £
50 ! ! - 3
At ! @ o LT re @
; I 9 I
04— 1 ‘ —1 6
0 15 30 45 80 75 od 105 120

Volumetric Energy density [J/mm?3]

Figure 4.7. Metallurgical characterisation of the experimental analysis. Relative density analysis and
Surface roughness analysis vs volumetric energy density.

Furthermore, surface roughness was measured on the high-density samples. The results
highlighted an optimal process window for the material in the range of 60-90 J/mm?3. In
particular, a low RD at low VED was found, and the characterisation showed a large lack of
fusion effects in the material. Higher values of RD were measured by increasing the VED,
reaching the best condition near 90 J/mm?®, while excessive VED led to the formation of
keyholes, decreasing the total RD. The optimal process parameters for RD were also
characterised by lower average surface roughness, with values of around 50% less than
unoptimised process parameters.

The data obtained by the experimental results were normalised and fed to a NN. The
hyperparameters producing the most reliable output were obtained after 2500 iterations,
reaching a learning rate of 0.03. Using the previously determined optimal hyperparameters, the

NN model was trained using the full set of data acquired during the experimental analysis, i.e.
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combination of process parameters and corresponding properties. The NN training process
required relatively minimal computation effort, with a total time of a few minutes to complete.
By training the model on experimental data, the NN was able to predict outcomes based on
specific parameter combinations, providing information regarding the importance of each
parameter in reducing porosity and achieving the desired density. The NN model highlighted
complex interactions among the three investigated process parameters, effectively capturing
both favourable and adverse influences on material densification.

The prediction of the ML algorithm successfully identified a region of combination space with
high RD, while confirming the generation of metallographic defects correlated to low density
for the combination of low laser power associated with high scan sped and hatch spacing values.
The validated NN model was then used to provide new optimal process parameters leading to
the manufacturing of A205 alloy with high density and good overall properties. In particular,
to validate the model, combinations specifically generated to produce metallurgical defects
were also included. The results are shown in Figure 4.8.

The NN model was characterised by a mean squared error (MSE) of 0.017, highlighting the
ability of the algorithm to accurately predict the influence of experimentally untested process
parameters on metallurgical defects. As shown in Figure 4.8, the model exhibited greater
accuracy in predicting the RD of process parameters in the optimal process window, while
showing a higher MSE in predicting the exact RD below 90%. This discrepancy was attributed
to dataset limitations, as approximately 80% of the data points used to train the NN represented
RD above 90%. Despite this imbalance, the NN model accurately forecasted the likelihood of
an ineffective build and provided the generation of L-PBF strategies to reduce metallurgical

defects and enhance the properties of the A205 Al alloy.
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Figure 4.8. Validation results of the NN used for the optimisation of L-PBF process parameters for
density showing Predicted and measured RD vs VED.

The best combination of process parameters was utilised in the manufacturing of the new

hollow lattice HX.

4.3.2 Optimisation of Laser parameters for Accuracy

The optimisation of laser parameters, BC and CD, is essential when manufacturing thin
features. Therefore, the influence of BC and CD on the accuracy of several types of thin features
was initially assessed experimentally to generate data to train an NN algorithm. In particular,
the benchmark was designed to evaluate the limits of the L-PBF system in the feasibility of
several wall thicknesses. The optimal combination of process parameters (Power, scan speed,
hatch spacing, and layer thickness) was used, and the parametric study carried out only varying
BC and CD. A large amount of data was extracted from the analysis of the thin features, and
therefore, the Computer Vision approach was used to evaluate the average thickness of the thin
walls manufactured using several BC and CD combinations. The results are represented in

Figure 4.9.
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Figure 4.9. Influence of BC and CD in the dimensional accuracy. Measured thickness values for each
combination of BC and CD against the nominal value for a) wall thickness of 1 mm, 0.7 mm, and 0.5
mm; b) wall thickness of 0.4 mm, 0.3 mm, and 0.2 mm.

The results highlighted a similar trend for different wall thicknesses, identifying the CD as the
main parameter influencing the accuracy of thin features. The NN was then applied to predict
the optimal BC and CD for the generation of several wall thicknesses. The NN was trained
using the data generated during the experimental analysis. The prediction of optimised laser

parameters to generate several thin walls was then evaluated. In particular, wall thicknesses
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from 1 mm to 0.2 mm were tested, and the deviation from the nominal value was calculated.

The results are shown in Figure 4.10.

Wall thickness
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Figure 4.10. Validation results of the NN used for the optimisation of L-PBF laser parameters for
accuracy. The results in terms of deviation from the nominal thickness are represented for thin features
characterised by several thicknesses.

The results highlighted the ability of the NN to predict optimised parameters for reducing the
deviation and improving the dimensional accuracy of thin features. In particular, the NN
optimisation was more reliable for thicknesses between 0.6 and 0.4 mm, characterised by a
negative deviation of less than 1%. While for wider and thinner thicknesses a positive deviation
was found, with the real dimension higher than nominal. This was correlated to the interaction
of filling and contour scanning, generating phenomena hard to understand without a physical
model. While for thinner thicknesses, characterised by only contour strategy, the surface
roughness led to an increase in real dimension and consequently in the deviation from the

nominal target.
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4.3.3 Characterisation of Manufacturability of Novel HX Design

The novel hollow walled lattice structure HXs with different wall thicknesses, 350 um and 500
um, were manufactured using the optimal process parameters generated using the NN models
during the study and summarised in Table 4.3. The total manufacturing time of such novel HX
including the entire workflow, from data generation and model development to validation and
production, can be summarised as follows: i) data generation required approximately 2 weeks
through an experimental campaign in which the collection of data on microstructural properties,
geometrical and dimensional accuracy was carried out; ii) design and model development
required approximately 1.5 weeks, including the developing of the ML algorithms, training of
NN models, and validating the predicted optimal parameters through experimental tests; iii)
manufacturing of the novel HX required approximately 0.5 weeks, including steps such as build
preparation and setup, printing, depowdering, removal from the substrate, and cleaning the

channels from powder debris.

Table 4.3. Summary of the overall L-PBF process parameters optimised using the ML-based strategy
for the manufacturing of the novel HXs characterised by a thin hollow-walled lattice structure.

L-PBF Process Parameters L-PBF Laser Parameters
p Vs Hs T VED BC CD Contour
Parameters
W] | [mm/s] | [mm] | [mm] | [J/mm3] | [mm] | [mm] | number
Value 200 1100 0.075 0.03 80 0.04 0.055 2

The HXs were successfully produced demonstrating the feasibility of the L-PBF manufacturing

process. Figure 4.11 depicts the novel HXs from different perspectives.
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Figure 4.11. L-PBF manufactured novel HXs with 2 wall thicknesses. a) HXs on the substrate; b)
orthogonal view; c) frontal view; d) top view.

Both HXs were sectioned and analysed to assess the quality of the design and thin features, and
the presence of defects. In particular, a frontal section was used to analyse the presence of pores
resulting in possible leakage failure, while a section at 45 degrees was performed to analyse the
dimensional and geometrical accuracy of the hollow thin-walled struts composing the HXs. The
results are shown in Figure 4.12.

The analysis of defects was assessed on all the sectioned surfaces. Porosity analysis was carried
out to evaluate the metallurgical defect generation due to the optimised process parameters. The
resulting RD was 99.8 A% for both of the HXs analysed. The evaluation of different types of
pores was assessed using ImagelJ. In particular, all the pores with a diameter lower than 100 um
were considered small pores (sp), while higher ones were considered large pores (Ip). The
analysis of the types of pores carried out for both HXs highlighted a high presence of small
pores, and no presence of cracks or large pores along the surface was discovered. In particular,

the amount of sp and Ip was 85% and 15% in density for the HX characterised by a wall
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thickness of 350 um, respectively, while 82% and 18% for the HX with a wall thickness of 500

Down-skin
Surface Roughness

Up-skin "%
Surface Roughness ﬁ

Sq =845um

RD =99.8 A%
sp=85A%
Ip =15 A%

Wall thickness @500 um @350 um

Figure 4.12. Characterisation of the manufacturability of the novel HX design characterised by a wall
thickness of 350 um and 500 um in terms of porosity and density, dimensional and geometrical accuracy
of thin features, and surface roughness.

Furthermore, the average pore size (Savg) Was calculated, showing consistency with the quantity

of porosity analysed, with values of 122 um and 130 um, for HX with a wall thickness of 350
um and 500 um, respectively. The results emphasised the effectiveness of the optimised process

parameters via ML models, leading to components with few metallurgical defects. Furthermore,
the analysis carried out on the dimensional and geometrical accuracy of the hollow struts
showed a good correlation between nominal and real dimensions. In particular, the dimensional

deviation was lower for the wall thickness of 500 um, highlighting a better control for thicker

geometries with an average deviation of 1.6% compared to the 2.3% of the HX with a wall
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thickness of 350 um. Overall, the average deviation was smaller than 2.5% in all the analysed
features, highlighting the high dimensional accuracy achieved in manufacturing thin features.
The deviation in the geometrical shape was also calculated as less than 1% for both HXs,
emphasising the manufacturability of hollow thin-walled lattice structures. Finally, the surface
roughness of the upskin and downskin was evaluated to evaluate the influence of the optimal
process parameters on the surface quality of the component. An average value of Sa=8.45 pum
and Sa=15.68 um was evaluated for the up-skin and down-skin, respectively, calculated for the

HX characterised by a wall thickness of 350 pum.

4.4 Conclusions

The development of an L-PBF strategy for the manufacturing of a novel hollow lattice structure
HX was carried out using ML-based models. The evaluation of the effectiveness of using ML
approaches in AM and more in particular L-PBF technology to optimise the process parameters
for the manufacturing of high-dense, high-fidelity HX characterised by thin features was

performed. The main results of the study can be summarised as follows:

e The optimisation of L-PBF process parameters, power, scan speed, and hatch spacing,
for the A205 Al alloy was carried out using a NN approach. The model was trained
using the limited data generated during the experimental campaign and tuned in order
to estimate the influence of each process parameter and several combinations on the
achievable relative density of the alloy. The NN was then validated, showing good
accuracy in detecting the optimal process window of process parameters for high
density. However, due to the limited data set generated during the experimental
campaign, further studies are needed in order to generate a larger training data set to

increase the reliability of the NN.
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A second optimisation study, focusing on the laser parameters, BC and CD, was
performed using a Computer Vision approach, the CEDA, and an ML-based technique,
the NN. The manufacturing of thin walls characterised by several thicknesses was
carried out and the average wall thickness associated with each combination of the two
laser parameters was evaluated using the CEDA. The data was then fed to the NN for
training. The validation of the NN model was finally performed to evaluate the potential
of the new method in finding the optimal combinations of Bc and CD to decrease the
dimensional deviation from the nominal thickness. The results highlighted a positive
accordance between the outputs of the NN and the experimental measurements.

The novel HX designs characterised by two wall thicknesses of 350 um and 500 um
were successfully manufactured using the overall optimal L-PBF process parameters
generated using the ML-based models.

The characterisation of the thin features composing the novel HXs was assessed using
several techniques. The porosity and density analysis highlighted a positive effect of the
optimal process parameters in decreasing the generation of large pores. A relative
density of 99.8% was achieved, with an average size of the pores of less than 150 um
for both manufactured HXs. The geometrical and dimensional accuracy in the
fabrication of the thin features was also performed. The results showed a high fidelity
in the manufacturing of complex features with thin wall thicknesses. In particular, a
dimensional deviation of 1.6% and 2.3% was found for the hollow struts of the HX
characterised by wall thicknesses of 350 um and 500 um, respectively, while the
geometrical deviation was less than 1% for both analysed HXs. Finally, the surface
roughness of the hollow lattice structure features of the HX with a wall thickness of 350

um was assessed. The results highlighted a good compromise between the average



surface roughness of up-skin and down-skin, with values of Sa=8.45 um and Sa=15.68

pm, respectively.

The results emphasised the significant role of ML in the optimisation process of L-PBF
technology for the manufacturing of the new generation of HXs characterised by thin complex
features. By reducing the experimental burden and enhancing the overall quality of the
produced components, ML approaches offered optimised solutions for PBF-LB/M
manufacturing of thermal management systems in fields such as aerospace and automotive.
Although further studies are necessary to ensure the robustness and reliability of ML
approaches for optimisation, as well as to generate models capable of predicting optimised
parameters beyond their training range, such as physical-informed Neural Networks, the
findings of this work demonstrate the potential of the methods. This research serves as a
foundation for integrating ML-based strategies for one of the most widely adopted processes in
the modern industry, promoting improvement in efficiency and flexibility in industrial

manufacturing operations of thermal management systems.
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Abstract

Recent advances in the additive manufacturing of high-strength aluminium alloys have enabled
the replacement of cast components in industrial sectors such as aerospace and automotive.
However, a major challenge facing additively manufactured alloys is the lack of standardised
heat treatments (HT) to optimise mechanical properties. This study investigates the
development of a novel HT and its influence on the microstructure and mechanical properties
of the A205 Aluminium alloy, fabricated by Laser-Powder Bed Fusion (L-PBF). The A205
alloy was subjected to the Standard T7 HT, a Commercial HT, and the newly developed Rapid
HT. Microstructural analysis, using Scanning electron microscopy (SEM) and Electron
backscatter diffraction (EBSD), showed a decrease in grain growth for the Commercial HT and
Rapid HT compared to the Standard T7, with average grain sizes of 2.4 um, 2.3 um, and 3.2
um, respectively. TEM analysis revealed a higher volume fraction and finer Q-AICuAgMg and
9'-Al>Cu precipitates in the Rapid HT compared to the other HTs. The mechanical tests
highlighted a higher UTS for the newly developed Rapid HT, achieving 465 MPa, compared to
the values of 422 MPa and 449 MPa for Standard T7 HT and Commercial HT, respectively.
Additionally, the Rapid HT showed an increase in fatigue life of around 189% and 125% and
in creep life of around 33% and 80% compared to Standard T7 HT and Commercial HT,
respectively. Finally, a strengthening mechanism model was applied to correlate microstructure
evolution and mechanical properties, emphasising the strengthening role of precipitates and

confirming segregations in Standard T7 HT.

5.1 Introduction

Additive Manufacturing (AM) is a rapidly developing technology with the potential to

revolutionise the manufacturing process and the tailoring of properties for complex geometries.
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In particular, the AM of high-strength alloys along with topological optimisation tools can
produce lightweight, high-performance parts, significantly impacting industrial sectors such as
space, aerospace, and automotive [1, 2]. Aluminium alloys (Al alloys) have gained significant
attention in various engineering applications due to their excellent mechanical properties, low
density, and corrosion resistance. Among these, the additively manufactured (AMed) high-
strength AlCu-based alloy reinforced with TiB2, commercially known as A205 or A20X™,
stands out as a strong alternative to cast Al alloys, thanks to its superior mechanical properties
at high temperatures and enhanced corrosion resistance [1, 3]. The A205 alloy, fabricated using
Laser-Powder Bed Fusion (L-PBF), exhibits superior properties, particularly at elevated
temperatures, compared to AlSi10Mg, which is currently the most commonly used alloy in the
additive manufacturing (AM) of aluminium parts across various industrial sectors [4]. The as-
fabricated A205 alloy is characterised by ultra-fine equiaxed microstructure with no apparent
segregations and contains both nano- and micro-sized TiB: [5]. This alloy is heat-treatable,
meaning it achieves its maximum potential in terms of mechanical properties and performance
when subjected to post-processing thermal treatments. Unfortunately, standard heat treatments
(HTs) developed for cast or wrought materials are not compatible with additively manufactured
aluminium alloys due to differences in the microstructure of as-fabricated materials [6-8].

Recently, numerous studies have focused on examining the influence of standard HTs on the
A205 alloy and comparing them with cast materials. Shakil et al. [9] analysed the correlation
between the microstructure and micromechanical properties of A205 using standard HTs. In
particular, they assessed the differences between cast and additively manufactured (AMed)
materials subjected to a Solution HT and a standard T7 HT. The AM material exhibited high
hardness due to grain refinement strengthening. However, the heat-treated AM material showed

less strength compared to its cast T7 counterpart. The authors attributed the lower strength of

157



AM T7 to the formation of precipitation-free zones (PFZs). PFZs typically form along grain
boundaries and can degrade both mechanical performance and corrosion resistance. The study
highlighted that PFZs play a crucial role, particularly when the grain size is fine. Avateffazeli
et al. [10] examined the correlation between standard heat treatments (HTs) and mechanical
properties, focusing on the tensile strength of L-PBF A205 compared to its cast counterpart.
The authors highlighted differences in the yield point phenomena between the two
configurations after the same T7 HT, noting a slightly better strength improvement for the cast
T7 material, but greater ductility for the AMed material. Additionally, Avateffazeli et al.
recently analysed the effect of the same standard HT on the fatigue behaviour [11], as well as
the response of the additively manufactured A205 alloy to very high cycle fatigue (VHCF) after
T7 heat treatment [12]. The authors generated stress-life (S-N) data for both as-fabricated and
T7 HT materials, discovering significant strengthening during the HT process compared to the
as-fabricated condition. The S-N curves showed some overlap near the transition zone and for
infinite life cycles, but overall, the fatigue life of T7 HT specimens was superior at all stress
levels, indicating the effectiveness of precipitate strengthening. Finally, the creep behaviour of
T7 heat-treated AM A205 and its cast counterpart was first investigated by Shakil et al [13]
using room temperature indentation creep testing. Shakil et al. study concluded that the cast
material exhibited better creep resistance, highlighting a correlation between creep properties
and the number density of Q phases, as well as the extent of precipitate-free zones (PFZ). The
cast counterpart was found to have a higher density of precipitates and a lower fraction of PFZs
compared to the additively manufactured material subjected to the same T7 HT. Kulkarni et al.
[14] later made a first attempt at uniaxial creep testing and DIC-augmented bending creep tests

at 200°C. Furthermore, in another study [15], Kulkarni et all. investigated the precipitate
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evolution during heat treatments of A205 Al alloy demonstrating the composition of Q phase
composed by Al-Cu-Mg-Ag.

Due to the observed impact of standard heat treatments (HTs) on the mechanical properties,
particularly fatigue and creep performance, of additively manufactured A205 compared to its
cast counterpart, recent research has shifted towards the development and optimisation of
tailored post-thermal treatments specifically designed for L-PBF A205 aluminium alloy.
Barode et al. [16], in particular, proposed a revision of standard HTs for this high-strength alloy.
The authors demonstrated that the T7 treatment was not the most suitable thermal treatment for
A205, and they introduced a new HT, comparing the results with the standard T7 HT. Their
study highlighted the possibility of using a single-step solution heat treatment (SS-ST) in place
of the standard multi-step (MS-ST) process. The SS-ST resulted in finer precipitation-
strengthening phases, leading to improved strength and ductility. It also enabled the almost
complete dissolution of Cu-rich phases into the matrix, which is crucial for achieving
strengthening during the ageing process. Based on their findings, the authors emphasised the
need for new HTs specifically tailored for L-PBF fabricated A205 to achieve superior
mechanical properties compared to standard HTs.

Despite the available data in the literature, inconsistencies and a lack of comprehensive
investigations into the overall characterisation of mechanical properties in relation to post-
thermal treatments for L-PBF produced A205 remain. Thus, further research is required to fully
understand the phenomena occurring during HTs of AM aluminium alloys, in order to optimise
and develop tailored post-thermal treatments. This study aims to develop an innovative post-
thermal treatment strategy for A205 fabricated via L-PBF to enhance its overall mechanical
properties and overcome the performance limitations observed in materials subjected to

standard HTs. A comprehensive evaluation of the mechanical performance of both vertically
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and horizontally fabricated L-PBF materials, specifically in terms of strength, fatigue, and
creep, was conducted for the newly developed Rapid HT. The results were compared with the
Standard T7 HT, used for cast alloys, as well as the Commercial HT currently available for
additively manufactured A205. The correlation between mechanical properties, microstructure,
and thermal treatment strategies was investigated by analysing the microstructure evolution of
each HT using advanced characterisation techniques, including Electron Backscatter
Diffraction (EBSD) and Transmission Electron Microscopy (TEM). Furthermore, the
relationship between microstructural evolution and mechanical properties was quantitatively
assessed by analysing various strengthening mechanisms. These included contributions from
grain boundaries, TiB: particles, Q and $'-Al>Cu precipitates, solid solution strengthening, and
clusters, both in the as-fabricated and heat-treated conditions. The findings provided insights
into the role of grain size and precipitation phases in the alloy's strengthening mechanisms,
allowing for the development and optimisation of a novel post-thermal processing strategy

specifically tailored for L-PBF A205 alloy.

5.2 Material and Methods

The material used in the study was a pre-alloyed version of A205 (AICu-TiB2) alloy, featuring
a lower content of Ti and B compared to the standard version. The chemical composition of the
alloy used in the study, analysed using Inductively Coupled Plasma (ICP) according to the
ASTM standard E3061-17 [17], along with a comparison to the standard A205 version, is
presented in Table 5.1.

A Concept Laser M2 Cusing L-PBF machine with a 400W laser was used to fabricate the A205
samples. The powder used in the study was recycled, and the alloy was characterised by a wide
processing window, achieving high relative density with minimal metallurgical defects. In this

study, a layer thickness of 0.030 mm was used, and the L-PBF process parameters were
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optimised to achieve a relative density of 99.9%, ensuring good repeatability in material

production.

Table 5.1. Material composition for the A205 powder used in the study and comparison with
composition of standard A205 [18].

Element Percentage (wt.%0)
A205 alloy Nominal Value [18]

Al Balance Balance

Cu 4.8 4.2-5.0
Mg 0.3 0.2-0.33

Si 0.06 0.1 max

Fe 0.03 0.08 max

B 0.92 1.25-1.55

Ti 2.25 3.00-3.85

Ag 0.77 0.6-0.9

The development and optimisation of the novel Rapid HT parameters were conducted in several
stages. Specifically, the solution and artificial ageing treatments were performed at fixed
temperatures, which were selected based on data obtained from Differential Scanning

Calorimetry (DSC) analysis of the as-fabricated material, as shown in Figure 5.1.

Endothermic
=
£ . .
0.8 I s Melting Point
.8 1 E )
] 3 .
. g 1
06 A Exothermic L '
z 1
W |
0.4 - I
£ 1
\ b 1
= 02 1
E =
[ ) 0 \ } 1
3 T 5=
o) 140 150200 250 300 350 400 450 500 55 1600 650
o 02 :
‘t; J |
@ 0.4 4 :
I ] 1
-0.6 { ==Heating =——Cooling X
| 1
1
-0.8 -

Temperature [°C]

Figure 5.1. DSC analysis of as-fabricated A205 alloy material.
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As shown in Figure 5.1, an exothermic peak corresponding to the precipitation of Q and §'
strengthening phases occurred between 170°C and 350°C, while the precipitates at the grain
boundaries melt around 530°C [19]. The temperatures for the solution and artificial ageing steps
were selected based on the DSC results, with the solution temperature set below 530°C and the
artificial ageing temperature set at 170°C. A single-step solution HT was carried out using a
Carbolite Gero CWF 1200 furnace at a fixed temperature of 520°C, with a dwell time of up to
24 hours, to assess the influence of solution treatment on the dissolution of Cu-rich phases
typical of as-fabricated conditions. The most promising candidates after the solution treatments
were evaluated through micro-hardness testing with a Wilson VH1202, while microstructural
analysis was performed using a Benchtop Hitachi TM3030 Scanning Electron Microscope
(SEM) equipped with Energy Dispersive X-ray (EDX) capabilities and X-ray Diffraction
(XRD) analysis conducted with a Benchtop PROTO AXRD. Subsequently, the samples were
subjected to an artificial ageing step using an Elite oven at a fixed temperature of 170°C for up
to 24 hours. The optimal combination of solution and ageing conditions was determined via
micro-hardness analysis. Cuboid samples were fabricated using optimised L-PBF process
parameters and heat treated using: i) newly developed Rapid HT, ii) Standard T7 HT [20] and
iii) Commercial HT [21].

The microstructure evolution, including changes in grain size and phase distribution during the
post-thermal treatments, was assessed using various equipment. In particular, EBSD analyses
were performed using a JEOL JSM-7000F to evaluate differences in grain size and orientation
after the three tested HTs. Additionally, TEM analysis was conducted with a JEOL JEM-F200
equipped with EDX to acquire high-magnification images for analysing the evolution of
strengthening phases and correlating these changes with the mechanical performance of each

of the three HTSs.
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The mechanical properties, tensile and fatigue, were tested at room temperature using a
Zwick/Roell 1484 and a Phoenix resonant testing machine, respectively, while the creep test
was carried out using an Instron 8862. The tensile test specimens, illustrated in Figure 5.2a,
were designed and tested in accordance with the ASTM standard E8/E8M — 22 [22], for both
vertical and horizontal orientations. The tests were performed at room temperature with three
repetitions for each condition, at a loading speed of 0.39 mm/min. An extensometer was fitted

on the gauge length of the sample to acquire the displacement during the entire test.

(a) 53 | (b) 84.8

26.5 1/2-20 UNF 3A 19.2

1/2-20 UNF 3A | 30

Figure 5.2. Mechanical test specimens. Designed specimens for a) tensile test, b) fatigue test and ¢)
creep test according to ASTM standards.

The fatigue test specimens, depicted in Figure 5.2b, were designed and tested following the
ASTM standard E466 — 21 [23], also in both vertical and horizontal orientations. The tests were
performed using a fixed load set at 60% of the yield stress (180 MPa) of the as-fabricated
vertical condition. Similar to the tensile tests, three repetitions were conducted for each
orientation at room temperature. The fractography of tensile and fatigue tests was performed

using SEM analysis.
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The creep test, represented in Figure 5.2c, was performed on specimens designed and tested
according to the ASTM standard E139-11 [24]. In particular, the creep tests were performed
only on specimens manufactured along the horizontal build direction to minimise the effect of
metallurgical defects such as pores. A uniaxial load of 200 MPa was applied at a fixed
temperature of 180°C. The specimens were first subjected to an initial preload until reaching
the test temperature, followed by a stabilisation period of 30 minutes to ensure temperature
homogenisation. The creep test was then performed in force control mode, employing a high
load to minimise the duration of the test. Finally, a strengthening mechanisms method was
applied to as-fabricated and heat treated conditions to evaluate the influence of HTs on the

mechanical properties of the A205 alloy.

5.3 Results and Discussion

5.3.1 Development of the new Rapid HT

The development of the novel post-thermal treatment involved conducting each of the two steps
individually while analysing the evolution of the microstructure and phases. In particular,
micro-hardness measurements were employed to evaluate the optimal conditions of each step,
followed by further characterisations to determine and select the parameters for the HT.
Initially, the study was focused on the single step of solution treatment at 520°C up to 24 hours,
followed by water quenching. The results of the initial study are presented in Figure 5.3, which
highlights the evolution of hardness and the segregations typical of the as-fabricated material
during the solution treatment at varying time intervals.

The initial microstructure was characterised by fine equiaxed grains, typical of the material,
with a significant presence of TiB>, exhibiting agglomerations referred to as clusters, along with

grain boundaries enriched in Cu [5, 25]. The dissolution of these Cu-rich phases during the
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solution step was essential to ensure the precipitation of a substantial amount of strengthening

phases during the following artificial ageing step.
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Figure 5.3. Evolution during the solution treatment at several dwell times of additively manufactured
A205 in terms of a) Micro-hardness, b) phase peak reduction and c) intermetallic phases.

The results obtained for the solution step highlighted an evolution in hardness during the early
dwell times of treatment, with a plateau reached after 4 hours of solution treatment at 520°C.
Therefore, the first 3 hours of solution HT were analysed greater in detail to identify the best
candidate and assess the influence of solution treatment on the microstructure of the A205 Al
alloy. In particular, the analysis of intermetallic particles, shown in Figure 5.3, was conducted
via SEM and XRD. A quantitative analysis was carried out using the image processing software
ImagelJ to calculate the area fraction of Cu-rich phases and segregations present in both as-
fabricated and solution treated conditions. The volume fraction calculated in the as-fabricated
was around 0.215, while for the solution dwell times of 1, 2, and 3 hours, the percentage was
approximately 0.056, 0.046, and 0.032, respectively. The SEM image analysis indicated a
significant decrease in cu-rich 3-Al>Cu phases after 3 hours of solution HT at 520°C. The XRD

analysis confirmed the results obtained via SEM image analysis. The intensity peak of the 9
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phases was analysed in detail in order to qualitatively evaluate the dwell time with the least
amount of segregations [16]. In particular, the intensity peak was found to reduce along with
the increase of dwell time and, with the lowest peak observed after 3 hours of solution treatment,
confirming the almost complete dissolution of Cu-rich phases, which were predominantly
concentrated around the grain boundaries, into the Al matrix. Furthermore, the shift of the peak
position was associated with a change in lattice parameters.

The three solution treatments were then followed by the artificial ageing step at 170°C for up
to 24 hours to investigate the effect of different solution dwell times on the precipitation process
of the strengthening phases. New as-fabricated samples, coming from the same batch of the
previously analysed specimens, were treated using the three different solution dwell times (1,
2, and 3 hours), quenched in water, and immediately subjected to the artificial ageing step to
avoid any delay that could lead to the initiation of natural ageing of the A205 Al alloy at room
temperature. After the artificial ageing step, the average hardness was analysed, and the results

are shown in Figure 5.4.
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Figure 5.4. Micro-hardness evolution of the solution treated A205 subjected to the artificial ageing step
for several dwell times.
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The results highlighted a similar trend in the development of micro-hardness across all three
tested conditions. In particular, the hardness increased with an increase in dwell time, reaching
its peak-ageing time during the artificial ageing step after 6 hours of treatment. All three
conditions exhibited the same dwell peak time for the artificial ageing step, with differences
only in the micro-hardness values. The highest hardness value was recorded for the samples
previously treated with a solution step of 3 hours, followed by an artificial ageing step of 6
hours, achieving an average micro-hardness of 152 HVo.1. Consequently, the novel Rapid HT
was selected for further comparison with the Standard T7 HT and the Commercial HT. The
details of each HT tested in the study are summarised in Table 5.2.

Table 5.2. Details of the steps of each of the three tested post-thermal treatments.

Heat Treatment

Standard T7 HT

Commercial HT

Water Quenching

Water Quenching

Rapid HT
Step [20] [21]
515°C for 2h 505°C for 2h
then then 520°C for 3h
Solution 530°C for 20h 530°C for 4h

Water Quenching

Artificial ageing

190°C for 5h

Natural Cooling

190°C for 6h

Natural Cooling

170°C for 6h

Natural cooling

The novel Rapid HT process was characterised by a reduction in total processing time of

approximately 67% and 25% compared to the Standard T7 and HT Commercial HT,

respectively.
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5.3.2 Microstructural Evolution

The samples were successfully treated using the three different HTs and an initial comparison
was carried out via SEM imaging and micro-hardness analysis. Figure 5.5 shows the different
microstructures of the as-fabricated and heat treated samples. The quantity of segregation and
TiB: clusters, indicated by the yellow arrows in Figure 5.5a, was the least in the new Rapid HT.
The Commercial HT was also characterised by a small number of clusters and segregations,
while the sample treated using the Standard T7 HT displayed a considerable number of clusters
and segregations, with overgrowned phases.
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Figure 5.5. Initial analysis and comparison between the three tested HTs conditions. a )SSEM images of
microstructure with yellow lines indicating the presence of segregation and TiB; clusters for all the
tested conditions; b) micro-hardness comparison; and c¢) normalised relative density analysis compared
to the as-fabricated condition.

The analysis of porosity following the HTs, depicted in Figure 5.5¢, highlighted another issue
related to the AM of metal alloys. Using the density (A%) of the as-fabricated material as a
baseline, the density analysis of the heat treated materials showed a consistent decrease in
average value. The lower density value was correlated with the formation of Thermally-Induced
Porosity (TIP), caused by the expansion of the shield gas trapped in the pores created during

the L-PBF manufacturing process [26]. TIP can be detrimental to the material, as a lower

168



density indicates a high number of pores that can act as nucleation sites during mechanical
performance [27]. In particular, the results indicated a significant presence of TIP after the
Standard T7 HT, while the density values for the Rapid HT and Commercial HT were lower
but closer to the as-fabricated density. A possible cause of the large number of TIP may be
associated with the recycled powder used in the study, which could have introduced moisture
and facilitated the formation of oxides, increasing the generation of micro-pores and
metallurgical defects into the as-fabricated condition, ultimately leading to the formation of TIP
after the HTs [28].

Finally, a comparison in terms of micro-hardness was conducted between the different HTSs.
Figure 5.5b highlighted the increase in the strength of the heat treated materials compared to
the as-fabricated condition. The novel Rapid HT exhibited the highest micro-hardness value,
reaching an average of 150 HVo.1, while the Standard T7 HT and the Commercial HT were
characterised by hardness values of 142 HVo.1 and 137 HVo.1, respectively. Hardness can be
related to mechanical properties, particularly strength. Therefore, the differences in micro-
hardness among the three tested conditions were analysed in greater detail using EBSD and
TEM to better understand the evolution of the microstructure and strengthening phases during
the tested HTSs, correlating these results to the mechanical performance of the three HTs.

The EBSD analysis was performed to analyse the average grain size, which influences the
mechanical properties of the material. The average initial grain size of the as-fabricated A205
was approximately 1.4 um.

The microstructures of the three tested HTs, characterised by random texture, and equiaxed

grains, are shown in Figure 5.6. The grain size analysis indicated a significant grain growth
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phenomenon for the Standard T7 HT, which predominantly occurred during the solution step.

Standard T7 HT Commercial HT Rapid HT

'y &

[001] [101]

Figure 5.6. EBSD micrographs showing the grain structure and grain size of the three tested HT
conditions, Standard T7 HT, Commercial HT, and Rapid HT.

The extended duration at high temperatures resulted in an increase in grain size, reaching an
average of 3.2 um. On the contrary, the average sizes for the other HTs remained closer to the
value of the as-fabricated condition, with values of 2.4 um for the Commercial HT, and 2.3 um
for the Rapid HT. The presence of TiB2 within the matrix contributed to a pinning effect on the
grain boundaries, thereby mitigating the grain growth phenomenon.

Finally, the strengthening phases following the three HTs were analysed using images acquired
through TEM. By providing high-resolution imaging at the atomic scale, TEM allowed for a
detailed examination of the strengthening precipitates, which are crucial for the alloy's
mechanical properties. Additionally, due to the size of these phases, the resolution of the SEM
was insufficient to identify and study the evolution of the strengthening phases or to facilitate
a comparison among the three tested HTs.

The TEM-EDX map, presented in Figure 5.7, highlighted the presence of needle-shaped
strengthening precipitates that are rich in Cu, with some instances showing enrichment in silver

(Ag) and magnesium (Mg). Based on existing literature, these precipitates were most likely
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identified as Q and 9'-Al>Cu, which are recognised as the most stable precipitates in Al-Cu
alloy [16]. Additionally, the presence of precipitates enriched with Mg is consistent with the
formation of S'-Al,CuMg [29, 30]. Collectively, these phases play a critical role in determining

the mechanical performance of the material [31].

Figure 5.7. High-resolution HAADF-STEM micrograph of the new Rapid HT and EDX mapping
showing the common elements related to the strengthening phases and TiB2 particles.

The Al>Cu phases hold the same chemical composition as the eutectic & forming during the L-
PBF process and are typically generated from a supersaturated solid solution. The Q phase
exhibits a high degree of coherency with the Al matrix, leading to the formation of plate-like
precipitates aligned along the {111} plane. In contrast, the 9' and S' phases are semi-coherent
with the Al matrix, consisting of thin plate-like structures aligned on the {100} plane and on
the {210} plane of the matrix, respectively [31].

A comparison of the strengthening phases across the three tested HTs was carried out
employing High-Angle Annular Dark-Field (HAADF) imaging. In particular, Figure 5.8 shows
high-resolution images of a grain boundary triple point, along with high-magnification images

that highlight the needle-shaped precipitates formed after each HT.
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Figure 5.8a displays the presence and distribution of coarse & phases and micro-TiB: particles
across the three HT conditions. In particular, while a few segregations are visible at the grain
boundaries are visible for all three HTs, the distribution and volume fraction of the coarse

precipitates vary significantly among the conditions.

Standard T7 HT Commercial HT Rapid HT

Figure 5.8. HAADF TEM-imaging of the three tested conditions, for a) a grain boundary triple point
and b) precipitates phases and TiB; particles.

In the Standard T7 HT, TiB: particles are prominently observed along the grain boundaries,
with large, coarse $-Al.Cu precipitates dispersed throughout the matrix. The high presence of
these coarse precipitates suggested incomplete dissolution of the § during the long solution
step, followed by over-ageing during the artificial ageing step. Such growth of the precipitates
could potentially diminish their strengthening effectiveness due to reduced particle density.
Similarly, the Commercial HT also exhibited coarse Al.Cu precipitates and TiB: particles.

However, the distribution of these precipitates was found to be more refined, with fewer large,
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coarse 9-Al.Cu compared to the Standard T7 HT, suggesting more controlled conditions in the
HT steps. In contrast, the newly developed Rapid HT was characterised by a smaller presence
of coarse $-Al.Cu, while still retaining TiB: particles along grain boundaries. The result
highlighted a more effective tailoring of the HT steps, which minimised precipitate coarsening
and achieved higher distributions of finer strengthening precipitates within the matrix.

The results were further sustained by the high-magnification analysis, which allowed a detailed
evaluation of the evolution of strengthening phases across the three HTs. A quantitative
comparison in terms of size and volume fraction of the Q- Al.Cu and 3'-Al>Cu precipitates is
summarised in Table 5.3.

Table 5.3. Quantitative analysis and comparison of the density and size of the strengthening precipitates
formed after the three tested HTSs.

Precipitate Volume Precipitate Size
Heat Treatment Fraction Length [nm] Width [nm]
Condition Standard Standard Standard
Average Average Average
deviation deviation deviation
Standard T7 HT 0.018 0.003 68.8 1.9 2.7 0.02
Commercial HT 0.021 0.003 48.8 1.8 1.8 0.05
Rapid HT 0.028 0.002 45.6 0.8 1.8 0.01

The Standard T7 HT showed lower volume fractions of precipitate formation, indicating
significant coarsening of the precipitates. The Commercial HT analysis highlighted a more
uniform distribution of finer precipitates throughout the matrix. Finally, the novel post-thermal
treatment strategy, Rapid HT, appeared to promote a greater volume fraction of finely dispersed

precipitates, effectively preventing excessive coarsening.
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5.3.3 Mechanical Performance

A comprehensive analysis of the mechanical properties of the A205 alloy was performed. The
study aimed to compare the three tested HTs and understand the influence of post-thermal
treatments on mechanical performance.

Tensile test analysis was performed and Figure 5.9 shows the results obtained. A comparison
of these conditions revealed significant differences in ultimate tensile strength (UTS), yield

strength (Y'S), and elongation (EL).
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Figure 5.9. Tensile properties of A205 alloy in as-fabricated condition and following the three tested
HTs. (a) Stress-strain curves for the horizontal (H) build orientation, comparing as-fabricated, standard
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T7 HT, Commercial HT, and Rapid HT; (b) Comparison of the ultimate tensile strength (UTS), yield
strength (YS), and elongation (EL) for both Vertical (V) and Horizontal (H) conditions.

The as-fabricated condition exhibited relatively lower YS and UTS values, for both vertical (V)
and horizontal (H) conditions, while showing good elongation and, therefore, ductility. The
tensile curve, represented in Figure 5.9a, was characterised by the typical stress-strain profile
of additively manufactured A205 alloy, as also demonstrated in the literature [16, 25, 32]. In
particular, the tensile behaviour showed inhomogeneous deformation between the initial elastic
region and the final homogeneous flow region, while producing a series of serrations after the
elastic response, reflecting heterogeneous deformation within the material. The sudden jump
observed in the stress-strain curve of the as-fabricated sample at approximately 2.5 %
elongation is attributed to a slippage of the extensometer during the tensile test.

All three tested HTs, on the other hand, exhibited a more typical tensile profile, with similar
behaviour in both vertical and horizontal conditions, confirming the isotropic behaviour of the
material after L-PBF and the subsequent HTs. The Commercial HT and the Rapid HT showed
similar behaviour, with a substantial increase in YS and UTS which indicated enhanced strength
following the HTs. In particular, the newly developed Rapid HT achieved the highest YS and
UTS in the horizontal orientation, with values of 413 MPa and 465 MPa, respectively. The
novel HT also showed an improvement in elongation when compared to the Standard T7 HT,
suggesting a better balance between strength and ductility. The issues with the elongation were
correlated with the significant presence of TIP, which occurred during the high temperatures of
solution steps. Additionally, the recycled powder could have increased the likelihood of micro-
pores formation, not identified during the analysis of the as-fabricated condition, which
increased the number of TIP during the solution steps [28]. The results emphasised a decrease

in TIP for the Rapid HT, leading to an increase in EL values compared to the other HTs. To
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better understand the behaviour of the different HTs and to analyse the influence of the TIP on
the strength of the material, a fractography analysis was carried out.

The fractography analysis presented in Figure 5.10 offered valuable insights into the fracture
behaviour of the A205 alloy following tensile testing. In the as-fabricated condition, the
analysis of the fracture surface indicated ductile fracture mechanisms, primarily driven by

microvoid coalescence (MVC).

As-Fabricated Standard T7 HT

Commercial HT Rapid HT

Figure 5.10. Fractography analysis of A205 alloy after tensile testing in the as-fabricated condition and
following Standard T7 HT, Commercial HT, and Rapid HT.

The micrographs also revealed the presence of pores, particularly in regions where the fracture
propagated, suggesting a lack of consolidation during fabrication. After the Standard T7 HT,
the fracture surface displayed a more refined texture, with an increased presence of voids and
larger dimples, indicating a reduction in ductility compared to the as-fabricated condition. A
similar trend was also found for the Commercial HT, which exhibited further refinement of the
dimple size, and a decrease in the number of voids. Finally, the novel Rapid HT showed the
most compact and uniform fracture surface, characterised by fine dimples and fewer large
voids, suggestive of a high-energy fracture mechanism. The reduction in void size and more

uniform fracture pattern suggested that the Rapid HT strategy optimised the alloy's
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microstructure, leading to the highest tensile strength observed in the tensile tests, while still
maintaining a reasonable level of ductility.

The fatigue performance at room temperature was also analysed, and the results are presented
in Figure 5.11a. A relatively high load was applied to the tested conditions to reduce the total

test duration. A fractography analysis was also performed and the results are represented in

Figure 5.11b.
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Figure 5.11. Fatigue test results and fractography analysis of A205 alloy in as-fabricated condition and
after different HTs. (a) Cycles to failure comparison for vertical and horizontal build orientations in the
as-fabricated condition, Standard T7 HT, Commercial HT, and Rapid HT; (b) Fractography analysis of
fatigue fracture surfaces highlights key regions of nucleation, steady crack propagation, and fast fracture
region.
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The results of the fatigue tests highlighted a good performance of the as-fabricated condition,
with a high number of cycles to failure observed for both vertical and horizontal build
directions. This behaviour can be attributed to several characteristics of the material following
the L-PBF process. In particular, the as-fabricated condition exhibited smaller pore sizes
compared to the heat-treated conditions. Additionally, the high ductility observed in the tensile
tests contributed to the enhanced overall fatigue performance. For all the heat treated
conditions, the horizontal direction showed an improvement in fatigue behaviour, which was
associated with the orientation of the load relative to the direction of the pores. Specifically, in
the horizontal direction, the load was applied perpendicularly to the orientation of the pores,
which helped improve fatigue life. The Standard T7 HT exhibited the fewest number of cycles
to failure, likely due to microstructural changes observed after the HT. The overgrowned 9"
precipitates, the large number and size of TIP, and the relatively brittle behaviour contributed
to early crack initiation and propagation. The lower fatigue performance was confirmed by the
fractography analysis, which revealed a large fast fracture area with multiple nucleation sites,
indicating premature crack initiation and limited fatigue life. The Commercial HT resulted in a
slightly higher fatigue life compared to the Standard T7 HT, although exhibiting a similar
fracture morphology, with several distinct nucleation sites and a small crack propagation region,
leading to a prominent fast fracture area. In contrast, the novel Rapid HT demonstrated the most
significant improvement in fatigue life for both vertical and horizontal orientations. Compared
to the Standard T7 HT and Commercial HT, the Rapid HT showed an increase in fatigue life of
approximately 189% and 125%, respectively. The fractography analysis revealed a more stable
crack propagation region with fewer nucleation sites, which were initiated at surface pores.
These defects likely originated from the contour process parameters, reducing the overall

fatigue life [33]. Nevertheless, the results suggested a more controlled and delayed crack
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propagation process, in line with the significantly improved fatigue life observed for the Rapid
HT compared to the other HTs. The reduction in TIP defects, along with the formation of fine
precipitates during the Rapid HT allowed the alloy to acquire a better balance between strength
and ductility, thereby enhancing the fatigue performance of the alloy.

Finally, creep tests were also conducted, focusing only on horizontal specimens in order to
minimise the influence of pores and metallurgical defects that persisted after the HTs. This
approach was used to isolate the effect of the precipitates formed during each of the three HTSs.
As described before, an accelerated test was performed under a high load of 200 MPa at 180°C

to reduce the testing time. A comparison of the creep test results is shown in Figure 5.12.

—Standard T7 HT Commercial HT —Rapid HT —AISi10Mg [34]

Time [h]

Figure 5.12. Accelerated Creep test results at 200 MPa and 180°C for AISil0Mg in as-fabricated
condition [34], and A205 alloy after three different HTs, Standard T7 HT, Commercial HT, and Rapid
HT.

The results of the creep test for the A205 following the three HTs highlighted distinct
behaviours. All three conditions exhibited a similar trend in the primary creep phase, followed
by a short tertiary creep phase that led to rapid failure. The majority of creep life occurred

during the secondary steady creep phase. The Commercial HT showed the poorest creep
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performance, with failure occurring after around 14 hours, and it was characterised by a higher
creep rate compared to the other HTs. The lower creep resistance of the Commercial HT was
likely due to its smaller grain size, which negatively affected its ability to resist creep
deformation [35]. The Standard T7 HT demonstrated an improvement in creep life, lasting
about 18 hours, with a slower creep rate compared to the Commercial HT. This behaviour was
attributed to the larger grain size resulting from grain coarsening during the heat treatment,
which improved the material’s resistance during the steady-state creep phase [14]. The Rapid
HT was characterised by a similar creep rate to the Standard T7 HT, with a longer secondary
creep phase, even with a small grain size similar to the Commercial HT. Among the three HTSs,
the novel Rapid HT exhibited the best creep performance, with a total creep life approaching
25 hours, showing an increase in creep life of approximately 33% and 80% compared to the
Standard T7 HT and Commercial HT, respectively. The result represented a notable
achievement when compared to the limited studies available on A205 alloy [13, 14], as well as
to other materials like AISi1l0Mg, which is widely used in L-PBF [34]. The evaluation of the
creep curve for AISil0Mg in as-fabricated condition, shown in Figure 5.12, highlighted the
improvement in creep behaviour of the A205 alloy after heat treatment. The as-fabricated
AlSi10Mg is typically characterised by columnar grains, with an average dendritic size five
times larger than the A205 alloy [36]. Dendritic grains generally provide better creep
performance compared to equiaxed grains due to the higher grain boundary area [37, 38]. While
AIlSi10Mg benefits from its silicon-rich microstructure and fine cellular structure, the A205
alloy, especially with optimised heat treatment, offers enhanced high-temperature stability
through precipitation strengthening. Compared to AISi10Mg, the A205 alloy exhibited higher
overall creep strain; however, the Rapid HT variant of A205 demonstrated significantly

improved creep resistance and prolonged lifetime under sustained loading. The superior
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performance of the A205 alloy heat treated with the Rapid HT demonstrated the success of this
newly developed post-thermal treatment in enhancing the alloy’s resistance to high-temperature
creep deformation while maintaining a fine equiaxed grain structure, essential for optimising
mechanical properties at room temperature. The improved creep performance of the Rapid HT
was attributed to the uniform distribution, small size, and high homogeneous volume fractions
of precipitates formed during the artificial ageing step. These finely dispersed precipitates
inhibited grain boundary sliding, slowed down creep propagation, and enhanced the overall
creep resistance of the alloy [39], even though the grain size remained relatively small, similar

to that of the Commercial HT.

5.3.4 Strengthening mechanism

The comprehensive study of the mechanical properties of the additively manufactured A205
alloy highlighted the significant influence of HTs. The microstructural evolution following each
HT affected the tensile, fatigue and creep performance of the alloy, revealing notable variations
in both the ductility and strength of the material. These differences in mechanical performance
were closely correlated with the presence of segregations and the formation and growth of the
precipitate phases, Q-Al:Cu and 9'-Al.Cu. Furthermore, changes in solid solution and grain size
after each of the HT, along with the pre-existing TiB: particles, further contributed to the overall
strengthening of the material. In particular, the yield strength of the alloy, manufactured in the
vertical orientation, was estimated through the cumulative effect of individual strengthening
mechanisms associated with the A205 alloy in as-fabricated conditions and after different HTs.
This approach was supported by the studies conducted by Jiang et al. [40] and Barode et al.
[19]. The proposed equation is presented below.

Oys = 0g t+ Orip, + Oqs9, + Ogp + Oss + Oco—cluster (1)
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where g, was the lattice friction of pure Al, or;5, Was the strengthening contribution from the
TiB. particles, o,/9, Was the contribution from the plate-like Q-AlLCu and $'-AlCu

precipitates, o;z was the grain boundary strengthening, oss was the solid solution
strengthening, and ., _custer Was the contribution from the presence of disordered clusters in
the matrix related to the presence of Mg and Ag.

The lattice friction in pure Al g, was considered as 20 MPa for all the conditions [40], while
the other strengthening contributions were calculated using the proposed equations.

The contribution of the TiB> ceramic particles present in the matrix to the overall strengthening
of the A205 alloy in the different conditions was estimated through the sum of multiple
mechanisms. This cumulative effect was expressed mathematically, as shown in Eq. 2. The

volume fraction (Vp), the average particle diameter (d,), and the inter-particle distance (1)

were calculated from the SEM images of the as-fabricated material and considered unchanged
even after the HTs. The values of (Vp), (d,), and (1) were 1.74%, 0.53 um, and 3.49 pm,
respectively.

OriB, = 0B + Oorowan t OModulus-TiB, T OcTE (2)
where o5 was the load-bearing strengthening, estimating the load transferred from the matrix

to the TiB: particles distributed in the matrix, and expressed in Eq. 3.

1 3
ULB=VPEUm ®)

with g, representing the yield strength of the matrix, and considered as 289 MPa [19, 40].
The contribution due to the Orowan strengthening o,owan Was calculated as in Eq. 4.

_013Gnb. dy (4)
Oorowan = T n%

where Gm was the shear modulus of the Al matrix, and b was the burger vector, considered as

26.9 GPa, and 0.286nm, respectively.

182



The increment correlated to the elastic mismatch between the TiB2 particles and the matrix,

OMoaulus—TiB, Was estimated using the Eq. 5.

6V, (5)

OModulus—TiB, — \/Eathmb bd &y
p

where a,,; was representing the dislocation strengthening coefficient, estimated as 0.5 [19],

and ¢, the yield strain of the as-fabricated condition.
Finally, the last contribution to the or;5, Was represented by the strengthening due to the

Coefficient of thermal expansion (CTE) mismatching between the TiB2 particles and the

matriX, ocrg. Of the equations constituting the o7, , this last increment value was different for

each of the different conditions. The equation representative of the o,z Was reported in Eq. 6.

12475 A7 Ve (6)
ocre = BereGmb m

where SBqrg Was a geometrical constant equal to 1.25, and.rgd was the difference in CTE of
the Al matrix and TiB: particles, equal to 16.8x10° K. A, was instead calculated taking into
consideration the difference between the room temperature and the temperature representative
of each condition. In particular, the temperature correlated to the as-fabricated condition was
considered as the melting temperature of the alloy, equal to 655°C, while for the HT the max
temperature of the solution step was used. By quantifying the individual contributions from
those mechanisms, Eq. 2 helped to explain the enhanced mechanical properties of the alloy,
particularly the yield strength, in relation to the TiB: particles distributed throughout the matrix.
The strengthening contribution from the precipitates was considered specifically for the heat-
treated conditions, as the precipitates are formed during the heat treatment process. It was
assumed that the observed precipitates were either Q-Al:Cu or $'-Al:Cu. The increment in

strength resulting from the presence of these precipitates was calculated using Eq. 7 [19, 41].
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On/9r = =
/ t2 r

where the Taylor factor for polycrystalline materials (M) was equal to 3.06, the line tension of
the dislocations in the matrix (I') was approximated to 1.1x10® MPa-m?, and yi was interfacial
energy, equal to 0.14 J/m? [19, 31]. The precipitate dimensions were presented in terms of
volume fraction (fy), average thickness (t:), and average diameter (dt), calculated as in Table
5.3.

The contribution in strengthening correlated to the grain size was calculated using the Hall-
Petch effect [19, 42], and it is reported in Eqg. 8.

ogp = kd'/? 8

where k was the Hall-Petch coefficient, characterised by a range of values depending on the

microstructure, and considered as in the study of Barode et al. [19] as 0.17 MPay/m and 0.14

MPa~/m for the as-fabricated and the heat treated conditions, respectively. The average grain
size (d) instead was considered using the data from the EBSD map anlysis.
The solid solution strengthening contribution og¢ was related to Cu and Mg contribution and

calculated using Eq. 9.

Oss = Z k; C;ls,i ©)

i=element

with n equal to a constant value of 1, and ki the contribution of each element, and in particular
kcu equal to 13.8 MPA/wt% and kmg equal to 18.6 MPA/wt% [19, 40, 43]. The concentrations
of Cu and Mg in the as-fabricated condition were considered as in the work of Barode et al.
[19], as 1.58 wt% and 0.16 wt%, respectively. Regarding the HTs conditions, only for the

Standard T7 HT was considered. The concentration of Mg after the HT was considered

184



negligible, while for the Cu a concentration of 3.3 wt% was estimated according to the study of
Gazivov et al. [31].
Finally the strengthening due to the presence of clusters o.,_cjuster» Mainly Ag and Mg, in the
matrix, was calculated based on 2 contributions depending on the modulus mismatching and
the coherent strengthening, and it is reported in Eq 10.

Oco—cluster = OModulus—cluster T Ocs—cluster (10)
with

3Bmc_

3/2,3/2 ;121 (T) 2 (11)
OModulus—cluster = 1.4 AG " f / b(g)

1
(2n)~1/?

where a,,. and S,,. were obtained from the work of Starink et al. [44] and the constant values
were 0.096 and 0.76, respectively. The difference between the shear modulus of the clusters
and the Al matrix 4, was considered as 2.6 GPa [19, 40]. The volume fraction (f) and the
average radius (r) of the Ag and Mg cluster were considered as in the work of Barode et al. [19]
equal to 0.0034 and 1.8 nm for the as-fabricated condition, and 0.0071 and 1.8 nm for the
Standard T7 HT, respectively, based on studies on similar alloys [19, 45-47]. The second

contribution was calculated as follows:

rf 1/2 (12)
O.SGmb>

Oestuster = Mte (Gmee) 2
where o was a constant associated with the FCC metals as Al alloy with a value of 2.6 [19, 48],
and &c was the strain associated with the clusters present in the matrix and approximated to 1%
[19, 40].
For more details about the strengthening mechanism equations used in this study please refer
to the work of Jiang et al. [40] and Barode et al. [19].

The results of the strengthening mechanism model for the A205 alloy, both in as-fabricated and

heat treated conditions, provided valuable insights into the various factors contributing to the
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yield strength. These findings are summarised in Table 5.4, which schematises the different
contributions to the yield strength observed in each condition. The results highlighted the
complex interplay of microstructural features, including the presence of segregations,
precipitate formation, and the influence of TiB: particles, all of which significantly affected the
mechanical performance of the alloy. In the as-fabricated condition, the contribution of the
precipitates was neglected, as they were not detected during the analysis. For the heat treated
conditions, it was initially hypothesised that the contributions from the solid solution and
clusters were absent due to the dissolution of segregations during the Solution step of the HTSs,
followed by the precipitation of Q and 9'.

Table 5.4. Results of the several strengthening mechanism contributions for the tested conditions, as-
fabricated, Standard T7 HT, Commercial Ht, and Rapid HT and comparison with experimental YS of
vertical tensile samples.

Standard T7
Contributions | As-fabricated Commercial HT Rapid HT
HT
oy 20 20 20 20
oriB, 60.81 56.95 56.95 56.68
00/ 0 125.32 216.08 233.1
OB 143.67 78.27 90.37 92.32
s 24.78 4554 0 0
O co—cluster 44.05 66.12 0 0
Oys 293.3 392.2 383.4 402.1
Y Sexperimental 3009+124 4058 £17.1 392.9 +10.7 413.7 £10.6

A missing contribution was discovered for the Standard T7 HT, and, therefore, the calculations

for the potential contributions of these two factors were performed. The results of these
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calculations indicated the presence of a solid solution of Cu in the Al matrix following the
Standard T7 HT. This phenomenon was likely correlated to the extended dwell time of the
Solution step along with the over-ageing step, typically associated with the Standard T7 HT.
These conditions resulted in the excessive overgrowing and partial dissolution of strengthening
precipitates. Therefore, residual Cu was retained in a solid solution state, with some of the Cu-
rich phases dissolved back into the Al matrix [31]. Furthermore, the contribution from clusters
of Ag and Mg indicated the possible existence of segregations that remained in the matrix after

the standard T7 HT.
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Figure 5.13. Comparison of the Yield strength calculated using the strengthening mechanism
contributions model and the experimental value, for each of the tested conditions, as-fabricated,
Standard T7 HT, Commercial HT, and Rapid HT.

A visual analysis of the quantitative study of the strengthening contributions to the total yield
strength of the alloy is presented in Figure 5.13. The estimated yield strength (ovs) was
characterised by the same trend as the experimentally determined vyield strength (YS),
demonstrating an average error lower than 5%. In the as-fabricated condition, the grain

boundaries were found to play a significant role due to their ability to delay dislocation motion,
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particularly in microstructures characterised by fine grains, such as the A205 alloy processed
by L-PBF. In contrast, the Standard T7 HT exhibited a balanced contribution of all the
strengthening factors, revealing issues associated with standard HTs of additively manufactured
A205 alloy, which showed segregations and a high amount of Cu in solid solution state through
the Al matrix, along with a substantial increase of the grain size. Finally, for both the
Commercial HT and Rapid HT, the results highlighted as prominent strengthening factors the
contributions from the Q and §' precipitates and the grain boundary. In particular, a significant
contribution from cq/e' Was observed for the Rapid HT, highlighting the effectiveness of the
optimised tailored HT in the formation of high volume fraction of very fine strengthening

precipitates in the A205 Al alloy.

5.4 Conclusions

The development of a novel customised post-thermal treatment for the Al alloy A205 produced
by L-PBF was successfully completed. A comparison between standard HTs and the newly
developed Rapid HT was performed, in terms of microstructural evolution and mechanical
performance. In particular, the influence of the solution and artificial ageing steps of three
different HTs, Standard T7 HT, Commercial HT, and novel Rapid HT, on the precipitate
formation and microstructural characteristics were evaluated through various analyses. The

main results of the study can be summarised as follows:

e A novel Rapid HT was successfully developed for the L-PBF A205 alloy. The HT was
designed taking into consideration the DSC of the material, aiming to generate a high
volume fraction of fine precipitates while maintaining a fine grain structure, thereby
increasing the overall mechanical performance of the alloy at both room temperature

and high temperature. The optimal Rapid HT conditions were found to involve a single
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solution step of 520°C for 3 hours, followed by water quenching and an artificial ageing
step of 170°C for 6 hours.

Comparative analysis of the microstructural evolution across the three tested HTSs
revealed differences in grain size and precipitate distribution and formation. In
particular, the EBSD results highlighted that the Standard T7 HT induced
overcoarsening, while the Commercial HT and Rapid HT were characterised by
relatively fine grains structure. Furthermore, TEM analysis showed a clear difference in
the generation of Q and §'. The Standard T7 HT did not induce homogeneous phase
distribution, showing a high number of overgrown precipitates and segregations, which
were detrimental to the mechanical properties of the A205 alloy. In contrast, the
Commercial HT was characterised by a more homogeneous distribution of ¢
precipitates with a relatively fine size. On the other hand, the newly developed Rapid
HT promoted the formation of finer precipitates, increasing both the distribution and
volume fraction of these precipitates. The differences in grain size, phase distribution,
and size were directly correlated with the observed variations in the mechanical
performances of the three tested HTs.

The comparison of the tensile strength of the HTs highlighted that the formation of TIP
during the solution step of the three HTs resulted in a decrease in the elongation of the
material. Nevertheless, the newly developed Rapid HT achieved high strength, with a
YS and UTS of 413 Mpa and 465 MPa, respectively, while maintaining relatively good
levels of elongation compared to the other HTs, similar to the Commercial HT. The
Standard T7 HT resulted in brittle behaviour.

Fatigue tests at a fixed load of 180 MPa were carried out at room temperature to

understand the effect of the three HTs on the fatigue life of the A205 produced by L-
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PBF. The results highlighted an increase in the number of cycles to failure for the novel
Rapid HT compared to the as-fabricated condition, showing a higher fatigue life of
around 189% and 125% compared to the Standard T7 HT and Commercial HT,
respectively. The presence of localised porosity near the surface region of the specimen
induced a crack initiation. However, the high density of fine precipitates in the matrix,
combined with the fine grain size, resulted in slow and homogeneous steady
propagation, allowing an increase in the fatigue performance of the alloy. On the other
hand, the presence of TIP was detrimental for Standard T7 HT, while the Commercial
HT achieved moderate performance.

The creep test analysis at a temperature of 180° and a load of 200 MPa performed to
compare the influence of the three HTs demonstrated that the newly developed Rapid
HT exhibited the highest resistance to creep, attributed to the high density of fine
precipitates that acted as pins and slowed down dislocation motion, while still
maintaining a fine grain size. In particular, the creep life of the Rapid HT exceeded 24
hours, with an increase in creep performance of around 33% and 80% compared to the
Standard T7 HT and Commercial HT, respectively. The Commercial HT was
characterised by the least creep resistance, with poor performances correlated to the fine
grain size combined with a lower volume fraction of precipitates. The Standard T7 HT
exhibited moderate creep performance due to its higher grain size.

Finally, the strengthening mechanisms correlating the microstructure and the yield
strength of the material were quantitatively analysed for all the tested conditions. In
particular, the as-fabricated condition was characterised by the lowest YS, primarily
relying on the contribution of solid solution and grain boundary strengthening. The

Standard T7 HT enhanced the YS promoting the formation of Q and 9', although the



contributions of solid solution and clusters highlighted the presence of segregations, and
Cu in solid solution state in the Al matrix, highlighting a reduced formation of
strengthening precipitates. The Commercial HT showed a higher contribution from
precipitate strengthening compared to the grain boundary. Finally, the newly developed
Rapid HT achieved the highest YS, driven by the significant increase in precipitate

formation alongside grain boundary strengthening.

The results of the study indicated that the microstructure of the A205 alloy can be significantly
tailored through post-thermal treatment strategies. A novel Rapid HT characterised by a single
solution step was proposed, offering a combination of strength and ductility, leading to optimal
overall performance, especially when compared to the as-fabricated and standard post-thermal
treatments. Furthermore, the reduction in total processing time of approximately 67% compared
to the Standard T7 HT, and 25% compared to the Commercial HT, may result in lower resource

consumption, leading to cost reductions and improved environmental sustainability.
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Abstract

In recent years, additive manufacturing of Aluminium alloys has achieved remarkable
developments, allowing for the replacement of casted components in industrial fields such as
aerospace and automotive. However, the main issue affecting these alloys during operation at
high temperatures and in critical environments is poor corrosion and wear resistance. The
present work aims to produce a coated layer using an innovative surface treatment, Plasma
Electrolytic Oxidation (PEO), on two high-strength Al alloys, AlSi10Mg and A205, processed
by Laser-Powder Bed Fusion (L-PBF), in order to increase the corrosion and wear performance
of the material. For each material, PEO coating was produced on two different surface
conditions (as-fabricated and polished) and characterised in terms of morphology and
composition through scanning electron microscopy (SEM) and digital microscope analysis. A
PEO coating thickness of over 40 um was achieved for both alloys, while the porosity was
found around 13% and 3% for AISi10Mg and A205, respectively. Additionally, nano-hardness
analyses were carried out to understand the differences compared to the virgin material,
highlighting an increase in hardness of the PEO coating at least 10 greater than the substrate for
both materials. Finally, friction and corrosion tests were performed. The results in terms of wear
rate and corrosion rate were compared with those obtained on uncoated manufactured samples.
In particular, an increase in the wear and corrosion performance of 26.4% and 37.5%,
respectively for the AISi10Mg, and 88.4% and 53.1% for the A205, were evaluated. It was
demonstrated that the presence of the oxidised layer improved the mechanical properties of the
surface and, accordingly, the general performance of the material. Furthermore, performing a
surface polishing treatment before PEO treatment helped to further increase the tribological and

corrosion properties.
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6.1 Introduction

Additive Manufacturing (AM) is considered one of the most promising technologies capable of
manufacturing complex and customised parts, eliminating or reducing the limitations of
conventional processing methods. In addition, parts are fabricated with layer technology that
allows a decrease in design-to-manufacture time [1, 2]. Consequently, over the past decades,
the technology has evolved, with the introduction of processes such as Laser-Powder Bed
Fusion (L-PBF). This is a technique where powder is spread layer by layer onto a build plate,
and an energy source, a laser beam, melts the powder in a protective atmosphere at specified
locations to create the desired geometry [3, 4].

Aluminium (Al) alloys are used in a wide range of applications due to their strength-to-weight
ratio. Therefore, AM of Al alloys has become of great interest in aerospace and automotive
industries where lightness and reliability are essential prerogatives [5]. In particular, Al-Si
alloys constitute nearly 80% of the Al casting alloys. Among them, AISi1l0Mg is the most
frequently investigated Al alloy [6]. AISilOMg is an age-hardening alloy with excellent
properties in terms of hardness and strength, ideal for applications in which good thermal
properties and low weight are required. Its application in AM is well-known due to the rapid
increase in research on all aspects generated by AM processes and the differences with the
casted counterpart [7, 8]. The main advantage of additive manufacturing of AISi1l0Mg is the
high cooling rate during the process, which allows to obtain a refined grain structure and the
precipitation of intermetallic phases, enhancing the mechanical properties compared with the
casted material [9, 10].

The other frontrunner in the AM development for high-strength applications is the Al-Cu based
alloy A205. A205 is a metal matrix composite (MMC) alloy based on the Al-Cu system with

the introduction of Titanium (Ti) and Boron (B) that allows the in-situ formation of Titanium
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diboride TiB>, acting as a solidification pin and grain refinement to eliminate the cracking issue
of AI-Cu alloys and increasing the mechanical performance of the alloy. Furthermore, the
addition of TiB> allows the formation of equiaxed grains after the L-PBF process, not
achievable in the AlSi10Mg [11, 12]. The presence of TiB together with the other intermetallic
phases in this alloy makes the high-strength A205 alloy a promising candidate for aerospace
and automotive structural and high-temperature applications up to 200°C. However, a major
issue for the Al alloys is represented by wear and corrosion properties. Due to the intrinsic
conditions of the process, the parts produced through AM possess several features in terms of
both surface roughness and microstructure, that greatly influence the wear and corrosion
properties of the components during the operation, especially in an adverse environment.
Besides, the typical defects related to the AM technology (i.e. porosity, microcracks,
anisotropy) could cause issues with the material's performance against wear and corrosion [13].
Consequently, in recent years the attention of many researchers has focused on surface
treatment techniques aimed at improving the corrosive and wear properties of these alloys.
Currently, the main common techniques include the use of coatings or anodising process to give
the surface superior protective properties. Among these, the most promising and eco-friendly
is Plasma Electrolytic Oxidation (PEO), also called micro-arc oxidation (MAO).

Considered an advanced anodising technique, PEO gives a solid oxide layer on the surface
which guarantees more stable and long-term properties, in terms of mechanical properties,
wear, and corrosion resistance [14]. The PEO process involves introducing the component to
be treated in a non-toxic alkaline solution free of heavy metals. Then, once the electrodes have
been introduced, and connected to an electrical source, which may be AC or DC depending on
the type of process desired, the oxide film is generated by the presence of strong electrical

discharges localised on the surface. The growth of this oxide film is granted under the high
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local temperature involved in the process, which enables the generation of oxides of the
substrate elements [15, 16]. Additionally, for difficult materials, where the use of an aqueous
solution could lead to the formation of undesirable compounds in the coating, the process can
be carried out in molten salt, to reduce the issues of the produced coating and the need for
cooling and decomposition of the electrolytes [17]. Due to the sustainability and intrinsic
simplicity of the process, many studies have been conducted to understand the basic principles
of treatment, and still, other works have focused on the optimisation of process parameters.
Tavares et al. [18] investigated the influence of different process parameters on the
microstructure and wear properties, evaluating different duty cycles and treatment times. The
results obtained highlighted a direct correlation between time exposure and the typical volcano
shape of the surface. In addition, the duty cycle affects the thickness of the PEO layer. Pillai et
al. [19] investigated two different kinds of PEO treatment on the AA6061 alloy and found that
in every case the PEO layer achieves greater hardness than the substrate, improving the
corrosion resistance of the materials. Furthermore, surface preparation to modify the initial
surface condition of the substrate can significantly influence the final properties of the PEO
coatings [20, 21].

On the other hand, the impact of surface preparation and PEO treatment on Al alloy fabricated
via L-PBF is not yet fully understood, despite these materials are nowadays applied in several
manufacturing sectors. Some studies have been found to focus on the study of the effects of the
PEO treatment on AlSi materials additively manufactured. Rogov et al. [22] applied AC PEO
treatment to an additively manufactured and cast AlSi alloy. The results demonstrated that for
both configurations, subjected to the same PEO coating process, despite the difference in the
initial microstructure, no divergences were found. Therefore, the approach used with the PEO

of casted Al alloys is also valid for the alloys processed through Additive Manufacturing. In
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addition, Pezzato et al. [23] found in their work on additively manufactured AISi10Mg treated
with PEO, that after the PEO coating, the specimens showed higher corrosion resistance than
the untreated counterparts. Moreover, the authors emphasised the possibility of successfully
coating on components characterised by different microstructures and porosities, not possible
with traditional techniques such as anodising. On the other hand, despite the growing interest
in the characterisation of A205 for several applications, there is still a lack of academic research
regarding the impact of PEO on this material. A limited number of studies [24, 25] were found
on the use of PEO process for Al-Cu alloys, focusing mostly on the coating growth mechanism
and surface characterisation. Instead, several studies were reported on the high-strength 7075
Al alloy [26-29], similar in mechanical properties to the A205. In particular, Abdel-Gawad et
al. [26] compared the oxidised film properties and corrosion behaviour of different Al alloys
used in military applications, among which the Al7075 and the Al2024, another Al-Cu alloy,
belonging to the same family as A205. The authors reported a reduced oxidised layer thickness
for the Al2024, due to the high Cu content that decreases the current efficiency. However, the
Cu content increased the hardness of the PEO layer and the wear performance.

Despite the advantages of using PEO treatments in combination with surface preparation of L-
PBF AISi10Mg and A205 alloys, the literature contains limited studies on such investigations.
Thus, this study will focus on the evaluation of several factors, including surface conditions and
different anodising conditions, to gain a comprehensive knowledge of the quality of PEO
coating and the tribological and corrosion performance of the PEO-coated AISi10Mg and A205

alloys fabricated via L-PBF.
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6.2 Materials and Methods

6.2.1 Material and PEO characterisation

AlSi10Mg and A205 Al alloy powders, obtained by argon atomisation with an average particle
size of 40um, were employed to manufacture the samples used in the study. Specifically, the
chemical composition of the two powders used in the study is reported in Table 6.1.

Table 6.1. Chemical composition for both materials used in the study, AISi10Mg and A205.

Chemical Composition [w%]

Name Al Si Mg Cu Fe Ti B Ag Ni
AlSil0Mg | Bal. 11 045 | <0.1 - - - - <0.05
A205 Bal. 0.1 024 | 449 | 0.04 24 091 | 071 -

The fabricated bulk specimens were rectangular, measuring 25 x 25 x 5 mm in size. An initial
L-PBF parametric study was carried out for each material to achieve the lowest porosity and
highest property in terms of surface roughness and hardness obtainable through this AM
technology. Additionally, Plasma Electrolytic Oxidisation (PEO) treatment was performed by
CAMBRIDGE NANOLITIC LIMITED, specialising in coating technologies. The material was
treated in two different surface configurations: as-built and polished. For the polished
configuration, the surface of the sample was initially subjected to grinding and polishing
processes, drastically reducing the roughness downstream of the additive process. Both
materials were PEO coated using 3 different alkaline solutions containing different
concentrations of phosphate and silicate. Specifically, we refer to (i) Lean (L) electrolyte, an
alkaline solution including < 1g/l of phosphate and <0.5 g/l of silicate; (ii) Medium (M)
electrolyte, an alkaline solution including <1 g/l of phosphate and <1.5 g/l of silicate; and (iii)

Rich (R) electrolyte, an alkaline solution including <2.5 g/l of phosphate and <5 g/l of silicate.
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The 3 different alkaline solutions worked for the A205 material, while only one, the R
electrolyte, was able to process the PEO coating for the AlISi10Mg due to the alloy composition,
rich in Si, which integration in the oxide layer led to excessive electrical losses during the
coating process and complex formation of the oxidation layer. Regarding the electrical modes
used for the PEO process, all coatings were performed in a soft sparking mode using sequences
of bipolar pulses with voltages up to 650 V. Considering the as-built counterparts, the analyses
were carried out on a total of 12 different configurations of Al alloys analysed in this study, as
reported in Table 6.2.

Table 6.2. Configurations analysed for L-PBF of AlSi10Mg.

Material Surface Condition | Coating Condition | PEO Alkaline Solution
AlSil0Mg As-fabricated Uncoated -

AlSi10Mg Polished Uncoated -

AlSil0Mg As-fabricated PEO Coating Rich (R)
AlSi10Mg Polished PEO Coating Rich (R)
A205 As-fabricated Uncoated -

A205 Polished Uncoated -

A205 As-fabricated PEO Coating Lean (L)
A205 Polished PEO Coating Lean (L)
A205 As-fabricated PEO Coating Medium (M)
A205 Polished PEO Coating Medium (M)
A205 As-fabricated PEO Coating Rich (R)
A205 Polished PEO Coating Rich (R)

Initially, the coating thickness was evaluated using a digital EIcometer 456, designed to provide
accurate coating thickness measurements as a non-destructive method. Subsequently, for each

condition, the cross-section and surface were manually cleaned using ethanol to avoid
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damaging the thin oxidised coating layer and evaluated with different methods. SEM analysis
was conducted using a Benchtop Hitachi TM3030 in order to determine the thickness of the
coating and its bonding with the substrate. The SEM images were then analysed using a java-
based image processing software (Imagel) to evaluate the porosity of each coating layer
produced. The surface roughness of each condition was measured using an optical profilometer
(Alicona InfiniteFocus G5) and then compared. Phase compositions of the PEO coating layer
and as-built conditions were evaluated through X-ray diffraction (XRD). The diffractometer
used was a Benchtop PROTO AXRD, equipped with a copper line-focus X-ray tube, and the
analysis was performed using a Bragg-Brentano (BB) geometry. The parameters used for the
analysis were: 20= 20° - 100°, step size= 0.05°, and dwell time= 1 s. All acquired data were
then post-processed with software for image processing and XRD curve analysis. Furthermore,
nano-hardness analysis was performed to assess the quality of the oxidised layer and its
difference with the substrate. In particular, nano-hardness measurements were necessary due to
the thin oxidised layer produced by PEO. The nano-hardness analysis was conducted using a
Micro Materials NanoTest system equipped with a Berkovich tip, applying a load of 10 mN
and a holding time of 5 seconds. A total amount of 20 points with a distance of 5 um were
measured for the best configuration of each PEO-coated material. The average value was then
determined by calculating the mean of the nano-hardness data points obtained at identical

positions along three lines.

6.2.2 Tribological and Corrosion Resistance evaluation

A wear test was performed on every sample condition previously analysed to assess the general
quality of the PEO coating and the differences with the as-built counterparts. The wear tests
were conducted according to the ASTM G133-22 standard [30], using a Phoenix Tribology

Tester. Specifically, the test was carried out using Al2O3 balls with a diameter of 10mm, a fixed
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load of 10N, a sliding velocity of 5mm/s, and 500 cycles, at room temperature. Using the
dedicated tribometer software supplied with the equipment, the coefficient of friction (CoF)
was evaluated. Moreover, SEM and Alicona optical profilometer analysis were used to acquire
images of the wear track to evaluate the general quality and assess the differences in terms of
wear mechanisms among the different samples. Furthermore, Alicona optical profilometer was
used to calculate the wear volume loss, and the wear rate of each condition tested. In particular,
the wear rate was evaluated according to the ASTM G133-12 standard [30] and it was
calculated in terms of wear volume loss per unit distance of sliding calculated as linear slide
distance times the duration of the test, as shown in Equation 6.1.

Ve A-L Equation 6.1
WR=—=——
d, N-L

where V¢ and ds are the wear volume loss and the unit distance of sliding, A is the average cross-
section area of the track, L is the length of the stroke, and N is the total number of cycles,
respectively.

Salt fog corrosion tests were conducted on the best configuration of each material, in both
surface configurations (as-fabricated and polished), to provide corrosion resistance information
regarding the PEO coating and the as-fabricated counterpart. The test determines the effects of
prolonged exposure to a salt atmosphere or salt fog experienced in normal operations on the
tested equipment. The test was carried out following the ASTM B117-19 standard [31]. In
particular, the exposing condition included a salt fog test duration of 96 hours in a salt
environment prepared by dissolving sodium chloride in water. Visual inspections were carried
out every 24 hours to evaluate the effect of the salt environment on the samples. The parameters

used for the salt fog test are summarised in Table 6.3.
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Table 6.3. Salt Fog Test Parameters details.

Parameter Value/Detail

Salt Solution Concentration 4.0 — 6.0 % by weight
Atomised Salt pH 6.5-7.2

Collection Rate of Atomised Salt 1.0 — 3.0 ml/hour
Chamber Temperature 33-37°C

The samples were cleaned using clean running water to remove salt deposits from the surface
and dried. The corrosion product was removed following the ASTM G1-03 standard [32] via
an ultrasonic bath using a solution of HNO3z in water (HNO3z concentration 70% by volume) at
90°C for 10 minutes, and the corrosion rate based on mass loss was calculated. In particular,
the average corrosion rate was obtained, according to the ASTM G1-03 standard [32], as shown
in Equation 6.2.

K-Ww Equation 6.2
A-t-p

CR =

where CR is the corrosion rate, K is a constant with a constant value depending on the unit in
which the corrosion rate is calculated, W is the mass loss, A the surface area, t is the time of the
corrosion test, and p the density of the material. Finally, the samples were characterised using

a digital microscope (Keyence VHX-7000 4K) to evaluate the extent of the damage caused by

the salt fog test.

6.3 Results and Discussions

6.3.1 Characterisation of the coating layer

Both surfaces and cross-sections of samples processed by PEO treatment were characterised to

estimate the success of the coating process and the influence of the initial surface condition.
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Figure 6.1 illustrates the SEM image of the typical coating layer surface. The surface analysis
shows a typical volcano structure with a high presence of craters. These craters were formed
during the coating process due to the formation of oxide inside the plasma which, condensing
as a liquid, collapses and tends to erupt on the surface before completely solidifying [33]. The
initial surface condition, and consequently the related roughness upstream of the surface
treatment process, influenced the volcanic structure of the pancake morphology. In particular,
the polished configurations have ensured a decrease in the size and number of craters. A smooth
surface, therefore, seems to act favourably on the PEO coating process as a decrease in the
number of craters leads to a decrease in surface defects [34]. Further evidence of the effect of
the initial conditions on the coating process is the measurement of the roughness carried out
through an Alicona optical profilometer. The comparison between the different configurations

(as-fabricated and polished) for both materials is shown in Figure 6.1.
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Figure 6.1. Characterisation of PEO coating layer. Representative morphology of the PEO coating
surface of (a) as-fabricated and (c) polished configuration of A205; roughness analysis for (b) A205 and
(d) AlISi10Mg alloys.
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Considering the roughness downstream of the L-PBF process as a reference value, it is evident
how the polishing surface treatment and the coating greatly influence the resulting final
condition. The PEO coating acted as a smoothing process for the as-built configuration, with a
considerable decrease in the final roughness downstream of the surface treatment. The
numerous explosions generated by the strong electrical discharges during the generation of the
plasma state acted as an erosion tool and consequently reduced the surface roughness value. As
for the conditions initially subjected to the polishing process, the condition downstream of the
PEO shows a roughness different from the reference value and even a different behaviour
compared to the as-built samples. The coating treatment for the polished condition of AlSi10Mg
causes an increase in surface roughness, however similar to the initial value, while for the A205
no considerable changes were found. A clear improvement in surface quality for both materials
can be associated with an initial polishing condition, with a value that falls below 1.5 um even
downstream of the coating process. Consequently, an efficient manufacturing strategy should
require surface treatments to be performed upstream of the PEO process.

X-ray diffraction analysis of the surface was performed to evaluate the phase composition of
the oxidised layers. As shown in Figure 6.2, downstream of the PEO treatment, different
aluminium oxides Al.Oz were formed for both materials AISilOMg and A205, which
guarantees high performance for the oxidised surface [35]. The results highlighted the success
of the surface treatment, as the ultimate goal was the generation of a thin layer of alumina which
significantly contributes to increasing the tribological properties of the materials’ surface. PEO
coatings consist mostly of a and y alumina [36, 37], which ensure the generation of a coating
characterised by high hardness. In particular, for A205 Al alloy, the different PEO solutions did

not affect the final composition of the oxidised layer; however, variations in the peaks of the
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different phases were observed. These variations affected the final properties of the coating and

were analysed via wear performance.
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Figure 6.2. X-ray diffraction analysis of all studied conditions for (a) A205 and (b) AlSi10Mg alloys.

The morphology of the coatings was also evaluated by analysing the cross-section and
comparing the results with the values provided by an Elcometer. The cross-section can provide

information on the nature of the layer and, above all, on the porosity.
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Figure 6.3. SEM images of the cross-section of PEO coatings of A205 and AlSi10Mg for As-Fabricated
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This is particularly important as it affects all the characteristics of the coated layer, from
hardness to permeability, which is crucial during operation in corrosive environments, as well
as thermal properties [38]. For both materials, the coatings were found to be well-formed and
adherent to the substrate, as shown in Figure 6.3. The results highlighted the feasibility of the
PEO process in generating a successful oxidised layer for the A205, despite the well-known
challenges in achieving a uniformly distributed coating layer due to the presence of TiB:
reinforcement within the Al matrix [39].

Figure 6.4 highlights the details of the coating layer of the different configurations of both
materials. In particular, considering the two different configurations analysed after PEO
treatment (CT and CTP), considerable variation in thickness was found, reaching for the best
configurations with a value of over 40um of thickness for both materials. The analysis
demonstrated that for both materials, the substrate initially subjected to polishing treatment did
not have a great effect on the layer thickness, however, it was characterised by a decrease in

micropores compared to the specimens PEO-coated in the as-fabricated surface condition.
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Figure 6.4. Analysis of the PEO coating layer. (a) analysis of the coating thickness, (b) EDX line for
A205, (c) analysis of the porosity of the coating, and (d) EDX line for AISi10Mg.

Furthermore, differences in the coating structure were assessed for the two alloys. In particular,
while for the A205 alloy mostly a dense layer was found, with a low value of porosity, less than
3%, the analysis carried out on the PEO-coated AlSi10Mg highlighted the formation of a porous
layer with values of around 13%. Comparing the PEO coating of AISi10Mg and A205, the
results highlighted a high presence of internal coating porosity for the AISi10Mg, while for the
A205, the different PEO solutions affected only the total thickness of the oxidised layer. The
presence of a porous region at the top surface of the oxidised layer and the substrate/coating
interface could facilitate the penetration of corrosive media and the failure of the coated layer
from the substrate [40]. For both materials, it was found that a decrease in the initial roughness
(polished samples) favoured the passage of electrolytes during the PEO process and led to a

slight increase in the growth of the oxidised layer.
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Figure 6.5. Nano-hardness and Young’s Modulus analysis of the PEO coating layer for (a) A205 and
(b) AISi10Mg alloys.

The morphology and composition of the PEO coating can have a considerable impact on the
characteristics of the oxidised layer. The mechanical properties were determined through the
use of nano-hardness analysis. In particular, the polished configurations for both materials were
chosen due to the higher overall quality shown by the metallographic analysis (Figure 6.4), and
for the A205 Al alloy, the best configuration characterised by the higher PEO layer thickness
(alkaline R) was selected. Figure 6.5 shows the average values of hardness and Young’s
Modulus estimated through the nanohardness load-displacement curve and calculated from the
substrate up to the surface of the coated layer for both materials. Young’s Modulus is related to
the stiffness of the material and gives us insights into the materials’ response to tensile and
compressive loading. Additionally, the evaluation of Young’s Modulus is important in coatings
to understand the levels of stresses induced by a certain substrate strain [41]. In particular, the
trend of Young’s Modulus followed the trend of hardness for both specimens, reaching values
of 258.8 GPa and 148.2 GPa for A205 and AISi10Mg, respectively. For both AISi10Mg and

A205, the average values of the hardness of the substrate are comparable with the values
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obtained from the L-PBF process [42, 43], while the difference with the oxidised layer, rich in
alumina, was evident. The hardness value increased approaching the substrate/coating interface,
further highlighting the good adhesion between the substrate and the oxidised layer.

As depicted in Figure 6.5b, for the AISi10Mg, despite the presence of porosity, the hardness in
the central area of the PEO coating presents a peak with a value 10 times greater than that of
the substrate. The A205 PEO coating layer resulted in higher hardness with an average value
of 17.9 GPa compared to the calculated value of 13.8 GPa of AlSi10Mg material, highlighting
the positive effect of the PEO process on this material. The results could be explained by the
lower presence of porosity and a better generation of PEO coating with the formation of small
micro-cracks, typical of the oxidised layer produced by the PEO process. Furthermore, for both
materials, different regions characterised by dissimilar hardness values were found. This result
demonstrates the composite nature of the coating, containing non-uniform distributions of y-
Al>03 and a-Al>Ogz, usually harder, reflecting the differences in hardness along the coating
thickness [44]. The higher presence of a-Al203 found during the XRD analysis (Figure 6.2)
increased the overall hardness of the A205 PEO-coated layer. The high hardness properties
were considered a sign of the improvement of the quality of the external surface of the two
materials tested, leading to the acquisition of superior surface properties, analysed by evaluating
the wear and corrosion behaviours of both materials. At the same time, the combination of y-
Al;03 and o-Al203 could trigger a combined effect of soft and hard phases to better
accommodate deformation without failure and therefore lead to an increase in the performance

of the PEO coating.

6.3.2 Tribology behaviour

The tribological properties were examined to understand the influence of PEO coating and

initial surface conditions in improving the surface properties of the material. Reciprocating
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sliding wear tests were performed on all the conditions analysed. Figure 6.6 shows a comparison
of the average coefficients of friction (CoF) and calculated wear rates for several material
configurations. In particular, the volume loss was used to evaluate the wear rate of the samples
after the tribological test. The wear loss was analysed using an Alicona optical profilometer.
The base materials showed different behaviours. The A205 alloy demonstrated a lower CoF
and wear rate compared to AISi10Mg. In particular, a decrease in wear rate of 43.2% and 88.4%
for the A205, and 36% and 26.4% for the AISi1l0Mg, as-fabricated and polished condition,
respectively was evaluated. The behaviour was associated with the different chemical
compositions of the two materials. The addition of Cu, together with the generation of TiB>
during the L-PBF process, led to an enhancement of the tribological performance of the
material. Despite this improvement, as highlighted in Figure 6.6a, the A205 alloy initially
exhibited a low CoF value but then rapidly increased without having a steady stage, most likely
caused by the detachment of the reinforcement element (TiB2) from the matrix [45]. The
average values of both the CoF and wear rate decrease after the PEO coating process compared
with the uncoated conditions.

The results highlighted that the PEO coating layer of the AISi1l0Mg was hard but at the same
time fragile and resulted in a higher CoF and wear rate compared to the A205 alloy. In
particular, for the latter, the PEO coating process using different solutions led to different
behaviours. The Alkaline R resulted in the best condition with the lowest CoF and wear rate,

with levels reaching 0.2 and 0.11, respectively.
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Figure 6.6. Wear test analysis. (a) coefficient of friction and (b) calculated wear rate for all conditions
analysed in the study.

The results concerning the tribological test with the best properties for both A205 and

AlSi10Mg alloys are shown in Figure 6.7.
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Figure 6.7. CoF of the best conditions for (a) A205 and (b) AISi10Mg alloys.

In particular, downstream of the PEO coating process, the CoF decreases for both materials,
even though lower values are reached for the A205 alloy. The presence of copper in the alloying
element increases the effect of the PEO layer, leading to a major enhancement of the tribological
properties of the material compared to the AlSil0Mg. The CoF trend of PEO R A205 at high
cycles highlighted still the presence of the coating layer, without reaching its breakdown
conditions.

The analysis of the wear tracks for the best conditions of PEO-coated A205 and AlSi10Mg, and

the comparison with the uncoated ones, are represented in Figure 6.8.
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Figure 6.8. SEM of the wear tracks for the best condition (coating using electrolyte R) of (a) A205 and
(b) AISi10Mg alloys.
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For both materials, the SEM micrographs of the uncoated as-fabricated condition showed a high
presence of debris around the wear track. These debris were formed due to the action of abrasive
and adhesive wear phenomena. The results highlighted a reduction in the abrasive wear
phenomenon after only the polishing process of the uncoated samples.

Regarding the PEO-coated configuration, the results indicated an improvement in the
tribological behaviour of the materials, with a total absence of debris and, in the case of the
polished configuration, a smooth track characterised by a low average value. The wear
phenomenon was more severe in the AISilOMg polished after the PEO process, due to the
higher friction forces following the higher CoF in combination with the observed porosity of
the coating layer. The PEO coating led to a reduction of the material transferred to the
boundaries of the wear tracks and a substantial decrease in the level of volume loss, gaining

high tribological properties after the PEO coating process.

6.3.3 Corrosion performance

The corrosion behaviour of both materials was assessed through a salt fog test. In particular, in
the best conditions, PEO-coated using the R alkaline solution, together with uncoated

specimens, were subjected to a corrosion test for a duration of 96 hours and then analysed.
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Figure 6.9 shows the macroscopic corrosion morphology of uncoated and PEO-coated samples

before and after the corrosion test for A205 and AlSi10Mg, respectively.
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Figure 6.9. Macroscopic corrosion morphology analysis before and after salt fog test for (a) A205 and
(b) AISi10Mg alloys.

For both materials, there is an evident presence of corrosion products. In particular, for the
A205, a larger fraction of corrosion product was observed. The increase in degradation of the
base material was visible, and the surface was mostly covered by corrosion products. The
distribution was fairly uniform for the A205 alloy, while non-uniform for the AISi10Mg alloy.
The macroscopic corrosion morphology and the corrosion rate were assessed after the chemical
removal of corrosion products from the samples. In particular, Figure 6.10 shows the corrosion

rate calculated according to the ASTM G1-03 standard [32].
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Figure 6.10. Corrosion rate analysis for uncoated and PEO coated A205 and AlSi10Mg subjected to salt
fog test for 96 h.

The uncoated as-fabricated condition showed a similar trend. In particular, the A205 corrosion
performance was slightly better than the AISilO0Mg. The A205 Al alloy should present
enhanced corrosion properties compared to other AM Al alloys, due to its isotropic
microstructure characterised by ultrafine grains and the presence of Ti and TiB: phases [46].
Regarding the PEO-coated conditions, the results highlighted a notable decrease in the
corrosion rate for both Al alloys, compared with their uncoated counterpart. The corrosion rate
for the PEO-coated samples was decreased by 75.4% and 53.1% for the A205, as-fabricated
and polished conditions, respectively, while the corrosion rate was decreased by 66.2% and
37.5% for the AISi10Mg, as-fabricated and polished condition, respectively. The PEO-coated
A205 showed better corrosion behaviour compared to the AISi10Mg, and a similar trend. In
particular, the trend is reversed if compared to the outcomes of the uncoated specimens, with
as-fabricated samples having a lower corrosion rate than the polished counterpart. The cause of

this phenomenon can be attributed to the initial surface roughness of the substrate prior to the
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PEO coating process. The high surface roughness appeared to enhance the formation of
phenomena during the PEO process that led to an increase in the bonding strength between
substrate and PEO coating, leading to better corrosion performance [47].

The analysis of types of corrosion that occurred during the salt fog test was assessed using
digital microscope analysis. Figure 6.11 represents the surface morphology of both A205 and

AlSi10Mg alloys, respectively.

(a) A205 . Surface Condition
As-fabricated Polished
el
3
m©
o
o
c C
o D
= 53
.g 2000 pm ? A= . 2000 pm
o
)
£
-
©
0
o

PEO Coating

2000 um 2000 pm

(b) Alsitomg Surface Condition

As-fabricated Polished

2000 um 200 00 um 2000 um 200 00 pm

Figure 6.11. Surface morphology of uncoated and PEO-coated material after the salt fog test of 96 h for
(a) A205 and (b) AlSi10Mg alloys.
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For both materials, the main corrosion mechanism appeared to be pitting, at different stages of
development. The corrosion of AISilOMg is highly related to the AM microstructure. In
particular, the microstructure is characterised by a Si network, and the initiation of the corrosion

is demonstrated to occur at the meltpool boundaries where there is a difference in potential
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between the Al and Si phases, while the Si network provides a localisation of the corrosion
attack [48]. This phenomenon was highlighted in the uncoated polished condition, where an
accelerated corrosion process was found, potentially caused by the residual stresses introduced
by the L-PBF. The A205 microstructure downstream the L-PBF process, characterised by fine
grains and rich in Cu precipitates on the grain boundaries, reduced the corrosion rate of AM
material thanks to the dissolution of Cu and Mg in the early stage of corrosion attack and the
number of cathodic sites on the surface that could lead to localised corrosion, resulting in a
slightly better corrosion performance compared to the AISi10Mg. Furthermore, the presence of
fine, well well-dispersed TiB> reinforcement particles acted as barriers against the propagation
of corrosion, increasing the corrosion performance of the alloy [48].

For both materials, the uncoated as-fabricated condition exhibited higher levels of corrosion
pitting compared to the polished configurations due to the higher surface area compared to the
uncoated polished conditions. Finally, the results highlighted the great improvement provided
by the PEO coating where only a few localised pitting corrosion zones. The analysis of the
round spots in the PEO-coated specimens suggested that the saline corrosive moisture
penetrated the porous outer of the coating and in some cases reached the substrate material,

where the inner coating layer presented either porosity or weak bonding with the substrate.

6.4 Conclusions

The oxidised layer was successfully achieved for the two additively manufactured high-strength
Al alloys, A205 and AISi10Mg. The PEO process was carried out with different solutions to
achieve remarkable PEO coating layer performance. Furthermore, the influence of the initial
surface conditions, as-fabricated and polished, on the PEO coating's overall quality was

assessed using different analyses. The main results of the study can be summarised as follows:
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The PEO coating was successfully applied to both materials A205 and AISi10Mg, as
highlighted by the XRD and SEM analyses. The initial surface condition, as-fabricated or
polished, did not affect the development of PEO coating but affected the morphology. In
particular, during the process, the generation of multiple phenomena such as thermal and
plasma reactions led to surface smoothing, with a decrease in the average surface roughness.
Both materials showed a similar trend in surface quality, with AM as-received values in the
average downstream of the manufacturing process and increased post-PEO surface
qualities.

A reasonable PEO coating layer thickness was identified for both materials for all the
different conditions analysed. In particular, the PEO process using the Rich (R) alkaline
highlighted high adhesion between the substrate and oxidised layer, with low crack
formations and high thickness (over 40 um). Differences between the two materials were
found during the analysis of the porosity of the produced PEO coating. In particular, a
porosity of around 13% was assessed for the AlSi10Mg while a porosity of less than 3%
was found for all the A205 configurations.

The mechanical properties in terms of nano-hardness were evaluated for both materials
using the best configuration, polished samples and alkaline R. The comparison between the
core material and the PEO oxidised layer showed a massive increase in hardness, reaching
values in accordance with the formation of Alumina highlighted by XRD. In particular, the
A205 presented a higher hardness peak compared to the AISi10Mg, thanks to the higher
presence of a-Al203. An hardness and Young’s Modulus of 17.9 GPa and 258.8 GPa and
13.8 GPa and 148.2 GPa were found for A205 and AISi10Mg alloys, respectively.

The analysis of tribological performance showed a good increase of properties for the

AlSi10Mg, compared with the AM uncoated configuration. Regarding the A205, the results
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highlighted a considerable increase in the tribological performance, with a very low wear
rate of 0.11 mm3/m, for the polished configuration coated using the alkaline R. The initial
surface condition strongly affected the performance, leading to a decrease in both CoF and
wear rate. The results highlighted a decrease in wear rate of 43.2% and 88.4% for the A205,
while 36% and 26.4% for the AlSi10Mg, as-fabricated and polished condition, respectively.

e The PEO coating enhanced the corrosion performance of both materials. In particular, the
corrosion rate for the PEO coated samples was decreased by 75.4% and 53.1% for the A205,
while 66.2% and 37.5% for the AISil0Mg, as-fabricated and polished condition,
respectively. Based on the analysis, the primary mechanism at play appeared to be the
corrosion pitting mechanism for both uncoated and PEO coated Al alloys, with the uncoated
samples subjected also to corrosion due to residual stresses typical of AM.

e The study highlighted that an initial surface condition similar to the one achieved
downstream of the machining process (polished configuration) seems to increase the overall
quality of the oxidised layer of the PEO process.

e Finally, the rich presence of Cu alloying element in the A205 composition increased the
affinity with the PEO process, leading to a better PEO oxidised layer compared to the
AIlSi10Mg where the high percentage of Si undermined the electrical conductivity of the

material and therefore the PEO coating process.
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CHAPTER 7. Development of a novel ML Framework
based on reinforcement Learning for L-PBF of High-
Strength Al alloys
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Abstract

Machine learning (ML) has generated great interest in additive manufacturing (AM) thanks to
its ability to predict complex patterns and behaviours through data. Examples include design
optimisation, process control, and cost minimisation. In this paper, we develop a novel
framework based on reinforcement learning (RL) for porosity prediction in metal laser-powder
bed fusion (L-PBF). The novelty of this approach is twofold: it is the first approach that
integrates RL in L-PBF for porosity prediction where the state space consists of permutations
of three parameters (laser power, scan speed, and hatch spacing) for optimal parameter
combinations; furthermore, through an appropriately formulated reward function, we embed
physics-informed principles based on the Eagar-Tsai thermal model for training. The proposed
framework has been experimentally validated on L-PBF high-strength A205 Al alloy. The
experimental results demonstrated high fidelity with the predicted optimal parameters, despite

few outliers, demonstrating the potential of this approach.

7.1 Introduction

In recent years, metal additive manufacturing (AM) has received great attention for its
applications in several industrial sectors, including aerospace, biomedical and automotive [1].
Indeed, metal AM offers a range of benefits, from reducing the required material and
prototyping costs to producing parts with intricate geometries or custom-designed products [2].
However, a critical issue in the wider adoption of metal AM is repeatability, which is due to the
complex physics in the process, the different AM systems, and the choice of metal
powders/alloys.

In general, AM technologies are characterised by a wide range of process parameters that can

affect the quality of the manufactured components [3]. Traditionally, the process parameters
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are experimentally optimised, which is costly. Therefore, leveraging on approaches such as
machine learning (ML) and statistical methods is essential to reduce waste and resources [4].
Popular supervised learning methods, including linear regression and random forests [5, 6],
have achieved a level of success in several applications. In the literature, we find more studies
that use a range of methods to optimise the process parameters based on ML techniques [7-9].
A limitation associated with these methodologies is the reliance on large amounts of data for
training, imposing significant costs in terms of time and resources. On the other hand,
reinforcement learning (RL) is an ML paradigm where an agent learns through trial and error
by interacting with an environment. The environment maps rewards to state-action pairs [10],
and the agent learns by balancing short-term and long-term rewards. The strength of this
approach lies in its independence from preliminary datasets. Despite its benefits, a major issue
in RL is to define the problem in a precise manner such that the corresponding model is able to
capture the complexity of the task. To the best of our knowledge, only the work by
Dharmadhikari et al. [11] has attempted to leverage RL in AM. The authors propose an RL
algorithm that optimises two process parameters for a steady-state melt pool depth in a Laser-
Direct Energy Deposition system without depending on experimental data. Despite being the
first of its kind, this work presents RL as a viable alternative for the AM process parameter
optimisation problem.

Contribution. The contribution of this work are twofold. First, we develop a novel RL
framework for process parameter optimisation for porosity detection. In particular, we focus on
laser-powder bed fusion (L-PBF) as the AM technique. To address the control of process
parameters on the formation of metallurgical defects, our work provides a systematic approach
to determine the best parameter configuration in L-PBF. We consider relative density (RD) as

the chosen quality measure, using the following parameters: laser power P, scan speed v, and
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hatch spacing h. The relative density is the actual density of the part compared to the theoretical
density, representing how dense the part is. Porosity is a primary cause of reduction in relative
density and affects the mechanical properties and structural integrity of the part. Second, we
thoroughly validate our framework, which optimises the relative density of an Aluminium (Al)
alloy, the A205 alloy, known also as A20X™, by learning the optimal parameter configuration
in the RL model. The RL agent receives a reward from the environment, which is a physics-
informed analytical model that predicts the porosity for a given parameter configuration. This

approach is depicted in Figure 7.1.

Lenses

Recoater

m: policy
)

Powder

e a;: action

Powder
collection

Agent: L-PBF Process

Laser

Build Directicn

Environment: Analytical model

Figure 7.1. Agent-environment interaction of the traditional RL framework adapted for L-PBF
optimisation. The environment is a physics-informed analytical model based on the Eagar-Tsai thermal
model. The L-PBF process acts as the agent. Each state s; corresponds to a set of three values, one for
each parameter. Each action ai represents the change in the parameters from one state to another. Each
action is rewarded or penalised to a value that depends on the predicted relative density (RD). The policy
m retrieved is a path from states where the RD is lower to states where RD is higher.
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7.2 Methodology

The RL environment consists of two main parts. First, a porosity model is used to estimate if a
particular parameter configuration would yield defective or fully-dense parts. This porosity
prediction model then serves as a guide for rewarding the state/action configurations explored
by the agent. This allows the RL model to find the best set of parameters in the parameter space.
The porosity model used in the study was proposed by Liu et al. [12]. The authors investigated
the factors responsible for different types of porosity and introduced two dimensionless
variables that were used to define the boundaries that contain the optimal processing window.
In particular, the Eagar-Tsai thermal model was used to find the width of the melt pool at a
specific location:
T(x,y,2,0) —T, Equation 7.1

6 —1) —% (x—-v1)%2+y? z?

e 4a(6-1)+20? 4a(9—r)d1-

aP je
B npcyVana o 2a(6 —1) + 02

where (X, y, z) are the coordinates of the position in space exposed to a moving Gaussian heat
source, and 1 is the time integrated from 0 to 0. The remaining variables cp, p, o, a, o are the
specific heat, density, laser spot deviation, thermal diffusivity, and absorptivity, respectively

[11]. Based on the above equation, two dimensionless variables i1 and m2 can be calculated as

follows:
mdw Equation 7.2
Ty = ——
2hp
yd Equation 7.3
77:2 =
VU UO

where w, d, p, vy, vx, U are the melt pool width, melt pool depth, powder thickness, surface
tension, horizontal backflow velocity, and dynamic viscosity, respectively [12]. Equation 7.2

and Equation 7.3 are used to gauge the likelihood of occurrence of two types of porosity - lack
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of fusion pores (LoFs) and keyhole pores (KPs), respectively. The boundaries of both
dimensionless variables and the correlation with the type of porosity were then set according to
[12]. In particular, for values of r; greater than 4 LoFs were minimised; and for values below
2, the frequency and severity of LoFs increased. The minimisation of KPs occurs for values of
m less than 800; the presence of KPs increased with an increase in m2 values. The boundaries
of my and 2 were used in the RL framework to generate the reward function employed to find
the optimal parameter configurations.

The model used in the study was a tabular RL approach called Q-learning, where the agent is
rewarded for exploring the environment by taking different actions in a given state. This
approach is described by a Markov decision process (MDP) [13], which consists of a tuple [L,
A, P, R]. L denotes the state space containing all possible parameter configurations. In our study,
each state corresponds to a P-v-h value. A corresponds to the action set, consisting of all possible
actions that can be taken by the agent. These actions are a combination of increasing,
decreasing, or keeping each process parameter value constant. Keeping all three values constant
is not permitted as it would not guide the agent towards exploring new states, hence the size of
Ais 26. P(s'|s,a) is the probability of the agent moving from state s to state s' through action a
in a given timestep. R is the reward functions that maps rewards to state-action pairs. These
rewards are stored in the form of Q-values within a tabular dataset called Q-table, which is used
by the agent to determine the best policy, namely, choosing the best action in a given state. The
equation used to update the Q-value of a state-action pair at timestep t is:

Q™" (s, ar) « Q(sg, ar) Equation 7.4

+aq [Tt +Yq (mC?XQ(StH,a)) = Q(se, at)]
with ogq is the learning rate, rt is the reward obtained, yq is the discount factor, and maxa (St+1, a)

is the maximum Q-value associated with the new state. The equation balances the reward
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through a weighted sum of the old and future Q-values. A discount factor is also introduced to
determine the importance given to the maximum Q-value in the new state, expressed as a short-
term reward. In our framework, the agent explores the parameter space starting at an arbitrary
state, considering each possible action, and choosing a trade-off between exploring and
exploiting, i.e., between taking a random action and the best action. After taking an action, the
agent receives a reward from the analytical model (the environment) and moves to the next
state. After a fixed number of timesteps in the algorithm, the current episode terminates and a
new episode begins. Over the episodes, the agent progressively learns the optimal policy, which
corresponds to a trajectory in areas of the state-space that yield higher rewards, with the goal
of reaching the state that is associated with the lowest porosity as determined by the porosity
model.

The reward received by the agent for each action is based on a reward function
calculated as:

R(7y, 75, VED) Equation 7.5

_ 5 5
T 14 67108 T 1 + e—12m2-0.75

2 2
1 + ¢17-0.1VED —2- 1 + ¢5-0.1VED

where 7; and 77, are the values of «1 and 72 normalised in the range from 0 to 1, and VED is
the volumetric energy density [14]. The first two components of Equation 7.5 provide
information about the desirability of the z values. The last two components introduce a penalty
if the VED exceeds the desirable range. Using these reward values, the agent can iteratively
update the Q-table and explore the parameter space while learning the location of the optimal
parameters. Upon completion of the run, the output of the model would consist of the

parameters generating L-PBF parts with minimal defects.
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7.3 Results and Discussion

The material used in the study was a pre-alloyed A205 Al alloy powder with an average particle
size of 0.40 um. The properties of the metal powder, as reported in Table 7.1, were applied to
the physical model embedded into the RL framework [15-17]. The L-PBF system considered

in the study was a Concept Laser M2 Cusing equipped with a continuous infrared laser with a

maximum power of 400 W.

Table 7.1. A205 material properties.

Material property Value
Initial temperature (K) 292.15
Thermal Diffusivity (m?/s) 0.000046
Density (Kg/m?3) 2850
Specific Heat Capacity (J/Kg-K) 900
Laser Spot Deviation (m) 0.0000167
Thermal Conductivity (W/m-K) 234
Melting Temperature (K) 819.45
Boiling Temperature (K) 2786
Powder bed Thickness (m) 0.00003
Dynamic Viscosity (Pa/s) 0.001548
Surface Tension (N-m) 0.871
Latent heat of Fusion (J/Kg) 269000

A comprehensive assessment of the model was conducted evaluating the two constituent
components, the RL model and the porosity prediction model. In particular, for the RL model,

the hyperparameters, og, yq, and number of timesteps t, were tuned to optimise the model
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performance. We tuned the hyperparameters and the resulting values were oq= 0.2, yq = 0.5,
and t = 50.

The assessment of the convergence of the model was carried out across several numbers of
episodes. As illustrated in Figure 7.2, the trend of the average reward is proportional to the
number of episodes, wherein increments in the number of episodes are equivalent to the
increase in the average reward. The plot highlights the constant learning of the agent during the
exploration of the parameter space, and demonstrates a tendency to identify states characterised

by high rewards.
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Figure 7.2. Average reward per episode received by the agent (dark blue line) vs standard deviation
(light blue area). (For interpretation of the colors in the figure(s), the reader is referred to the web version
of this article).

The porosity prediction model was validated through experimental investigation. Cuboid

samples with a size of mm?® were fabricated using the L-PBF M2 Cusing system with a fixed
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layer thickness of 0.03 mm. The samples were then sectioned using an Electrical Discharge
Machining (EDM) and subjected to grinding and polishing. Finally, the RD was analysed using
a Scanning Electron Microscope (SEM) Hitachi 3030 and an image processing software,
ImageJ. The space explored by the agent consisted of a combination of the three process
parameters - laser power, scan speed, and hatch spacing. The details of the parameters are
described in Table 7.2.

Table 7.2. Parameter space.

Parameter Minimum Maximum Interval
Laser Power (W) 50 400 25
Speed (mm/s) 750 3000 150
Hatch Spacing (mm) | 0.0375 0.150 0.0075

A total of 12 different parameter combinations were experimentally tested. The sensitivity of
the physics-informed model was evaluated by comparing the ability to generate process
parameters associated with low and high RD. This ability was assessed by plotting the Q-value
associated with each state of the parameter space and depicted in Figure 7.3a. This figure can
be considered as a processing window for the L-PBF manufacturability of the tested A205 alloy.
Among the possible parameter combinations, we favored those with higher scan speeds as it
aligned with our aim of improving efficiency and would result in faster build rates. Figure 7.3b
shows the tested samples in the VED-RD plane.

As shown in Figure 7.3c, the micrographs associated with undesirable values of m; and > were
characterised by high porosity and, therefore, low RD. The process parameters in the ideal range
of mz and m, produced as-fabricated material with high levels of RD, higher than 99.5%. During

the experimental validation, a few outliers were present among the tested parameters.
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Figure 7.3. Results of the RL model applied to the optimisation of process parameters for the L-PBF
manufacturability of A205 Al alloy. (a) Q-value associated with each state of the parameter space, to be
considered as processing map, with four micrographs and their corresponding location on the map. (b)
A scatterplot of RD against VED, with points grouped according to RD, along with four corresponding
micrographs. (c) RD experimentally measured for some combinations of process parameters generated
by the RL model and sorted from low to high values of RD.
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Certain parameter combinations that were predicted to be in the region of low RD were
experimentally tested and found to be near fully-dense. Numerous factors can explain this,
including the position of the sample on the substrate or slightly inaccurate m: and m. ranges
used in the porosity model. There are also other phenomena occurring during an L-PBF process
which may explain these outliers, such as the Marangoni effect, where temperature gradients
cause uneven melting. Cooling rate also affects porosity — too fast would lead to cracks whereas
too slow may cause shrinkage porosity.

Furthermore, the high scan speed could lead to the triggering of numerous spatters, increasing
the chance of the generation of porosity [18]. In future work, we are planning to investigate

these aspects to make our approach more generalisable and robust.

7.4 Conclusion

To conclude, we have developed a novel RL framework to address the process parameter
optimisation of the L-PBF technique for porosity defects minimisation. Our aim is to maximise
the relative density by creating a process window for the manufacturability of the A205
Aluminium alloy, which would eliminate the need for an initial experimental investigation. In
particular, a modified Eagar-Tsai function embedded within a porosity prediction model has
been used to predict the occurrence of LoFs and KPs for several combinations of laser power,
scan speed and hatch spacing. The model has been validated using experimental data analysis.
The results highlight a conformity in the prediction of optimal process parameters, associated
with high RD. Although the presence of few outliers highlights some limitation of the RL, the
newly tested approach is able to narrow down the process parameter map of an alloy without
the need for large datasets, decreasing time and resource costs.

The limitations of the RL approach and therefore the error in the prediction of the optimal

process parameters could be addressed by better calibrating the range of the dimensionless
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variables and increasing the accuracy of the data related to the material properties of the powder
tested. The RL model itself can be improved using alternate functions such as proximal policy
optimisation [19], or the use of multi-agent reinforcement learning in complex dynamical
systems [20, 21] which would allow us to scale the complexity of the system under
consideration. Furthermore, different physics models can be investigated, and their results
compared with our approach. The study highlights our RL framework as a powerful tool for the
investigation of the process parameters of an L-PBF system and its potential for solving issues
related to AM and material development. Finally, we plan to investigate other properties of the

parts produced by using our framework, including residual stress.
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CHAPTER 8. Conclusions

This research thesis investigated the development of L-PBF process strategies for the
application of high-strength Al alloys in thermal management in the aerospace field. The key
aspects of the work integrated material science and AM technologies by integrating advanced
methodologies such as Machine Learning (ML). Unlike conventional manufacturing, L-PBF
enables the creation of complex geometries with optimised features through topological
optimisation, allowing the production of lighter, more efficient Heat Exchanger (HX)
components with tailored mechanical and corrosion properties. However, the L-PBF process of
high-strength Al alloys for HX production remains immature, with challenges such as reliable
parameter optimisation, control of surface quality, and material performance. Therefore,
research addressing challenges related to process optimisation, material properties, and
performance enhancement is necessary to gain insights into the advancement of L-PBF
technologies for aerospace applications. This chapter summarises the key findings of each study
and highlights their significance in the field.

Initially, the effectiveness of ML approaches, and in particular Neural Network (NN) models,
for the optimisation of L-PBF process parameters for high-strength Al alloys was demonstrated.
Two NN models were trained using experimental data to predict the relationships between
process parameters and material properties and accuracy. In particular, a reliable framework
was generated and was able to identify optimal conditions for defect-free components. The
second NN algorithm was generated together with Computer Vision techniques in order to gain
precise dimensional control on thin-waled features, demonstrating the potential to reduce the
dimensional and geometrical deviation, leading to enhanced manufacturing fidelity. The results
of the study showed an improvement in density, reaching values of 99.8% for features

characterised by different thicknesses. Furthermore, high dimensional accuracy with a
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deviation of less than 1%, and good surface quality were achieved. The findings highlight the
role of ML in enhancing the efficiency and quality of additively manufactured components and
the reduction of experimental data necessary to find the optimal process windows for L-PBF
technology.

Successively, the challenges in material properties were addressed in terms of mechanical,
tribological and corrosion performance. These properties are essential in aerospace applications
due to the extreme environments and the severe conditions the components operate. Therefore,
post-processing treatments are required to meet the requirements necessary for the application
of thermal management systems in the aerospace field.

The lack of thermal post-processing treatments for the high-strength A205 Al alloy was
addressed. In particular, a novel heat treatment (HT) was developed and validated,
demonstrating superior performance compared to standard and commercial HTs, and
highlighting the need for customised new HTs for high-strength Al alloys. The newly developed
optimised HT, named rapid HT, involved a single solution step at 530°C for 3 hours followed
by water quenching. The step of artificial ageing was performed at 170°C for 6 hours, followed
by natural cooling in air. The HT significantly improved the mechanical properties of the A205,
achieving a yield strength (YS) of 413 MPa and an ultimate tensile strength (UTS) of 465 MPa,
while maintaining good elongation and fatigue life. A comparison analysis with the other HTs
was carried out and the results revealed the propensity for the novel HT to promote the
formation of fine strengthening precipitates with a highly uniform distribution, and a fine
equiaxed grain structure, leading to higher fatigue performance and creep resistance. The novel
HT also demonstrated a 67% reduction in processing time compared to the standard HT,

highlighting its potential for cost and energy savings.
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A surface post-processing treatment was then studied to investigate topological surface
modification of the high-strength Al alloy surfaces manufactured via L-PBF for high
performance in extreme environments. In particular, Plasma Electrolytic Oxidation (PEO) was
successfully applied to the A205 and AISi10Mg alloys. Different surface conditions and
electrolyte solutions were evaluated and the results demonstrated that polished surfaces yielded
higher-quality coatings with reduced porosity and increased adhesion. The Rich alkaline
solution produced superior PEO layers, with a porosity of less than 3% for A205 and around
13% for AISi10Mg. The coatings were then characterised and the findings revealed significant
increases in hardness for both materials, achieving 17.9 GPa for A205 and 13.8 GPa for
AlSi10Mg. Wear and corrosion resistance were also enhanced, with corrosion rates reduced by
up to 75.4% for A205 and 66.2% for AISi10Mg in the as-fabricated and polished conditions
compared to the uncoated conditions.

Finally, the development of a novel advanced ML framework, Reinforcement Learning (RL)
was applied to the L-PBF process for process parameters optimisation to minimise porosity
defects and maximise relative density. Using a modified Eagar-Tsai thermal model integrated
into an RL-based approach, optimal process parameters were identified with minimal
experimental input, significantly reducing time and resource requirements. The results
demonstrated the effectiveness of RL in narrowing the process parameter window for the high-
strength A205 Al alloy while achieving high relative density. Although limitations such as
prediction accuracy and model generalisability were found, the study highlighted the potential
for scaling the RL framework using alternative methods, such as proximal policy optimisation
and multi-agent RL.

The research carried out has advanced the knowledge and understanding of AM technologies,

with a particular focus on L-PBF, for high-strength Al alloys. The findings have contributed to
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addressing the current challenges in AM, leading to insights for the development of optimised
manufacturing and post-processing strategies for demanding applications such as thermal

management systems in aerospace and automotive applications.

8.1 Future Work

Despite the findings achieved in this research and the advancement in understanding AM
processes, post-processing treatments and the role of ML in the optimisation process for high-
strength Al alloys, there are several more possibilities for future exploration that could build
upon the studies and results presented in this thesis.

The integration of ML in process optimisation, including NNs and RL, has shown promising
results in predicting and improving material properties and manufacturing efficiency.

Additional advancements could be pursued in the following areas:

e Expanding ML frameworks to include additional process parameters, such as layer
thickness and scan strategies, to capture more complex interactions. This would allow
for the optimisation of process parameters for higher production rates, making L-PBF
processes competitive with traditional manufacturing strategies.

¢ Incorporating multi-objective optimisation techniques and high-fidelity physics-based
modelling to find solutions for conflicting issues and improve efficiency. The use of
advanced ML algorithms incorporating models correlated to the multiple phenomena
happening simultaneously during the L-PBF process could increase the efficiency of
ML in finding the best optimisation for different requirements of different application
fields.

e Developing transfer learning methods to adapt trained ML models for new materials,

reducing the need for extensive re-training. The implementation of ML models using a
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wide database composed of several materials could lead to a better understanding of
relationships between materials, process parameters and manufacturing technology,
improving the chances for the development of tools for customised optimisation of

novel materials.

The research highlighted the importance of thermal and surface post-processing treatments to
improve and tailor the material characteristics and properties. Regarding the study on the

development of the novel HT, future work could include:

e Applying the novel HT to industrial A205 alloy, analysing the mechanical, thermal and
electrical properties. A study on the evolution of pores and defects after HT could lead
to more information useful for gaining insights on HT for additively manufactured
materials.

e Applying HIP HTs to reduce the porosity size and distribution, comparing the
mechanical performance with the HT developed in an air furnace. It would be beneficial
to understand the pros and cons of the newly developed HT applied using a HIP furnace.

e Exploring protocols for further optimisation and standardisation of novel HTs for
additively manufactured materials. Further studies on the application and influence of
customised HTs for materials manufactured via AM are necessary to re-evaluate the

standard thermal treatments currently in use.

Regarding the study on the influence of PEO as surface treatment for high-strength Al alloys

produced through L-PBF, future work could include:

e Investigating the effect of the PEO process on materials subjected to different HTSs.
High-strength Al alloys rarely are used in as-fabricated conditions, and therefore an

analysis of the effect of PEO coating and characterisation of oxidised layer in samples
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treated using currently available HTs is necessary to evaluate the capabilities of such
surface treatment process.

Investigating the performance of PEO-coated alloys under extreme conditions. Further
characterisations such as corrosion at high pressure and high temperature and
mechanical tests in a broad range of conditions can provide information regarding the
benefits of surface treatment application on high-strength Al alloys produced by AM
technologies in long-term applications.

Investigating the scalability of the PEO process in order to address industrial production
challenges. Studies on the effect of PEO in large complex components and
characterisation of limits of the technology in achieving uniform stable oxidised layer
in internal features are essential to explore the possibility of using the PEO process as

technology to improve performance in automotive and aerospace fields.
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