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Abstract

The integration of additive manufacturing, specifically Laser Powder Bed Fusion (LPBF)
with Aluminium alloys, represents promising opportunities for industries such as automotive
and aerospace, where components with complex designs and optimal strength-to-weight ratios
are crucial. However, the industrial reliability of LPBF technology is limited by the complex

and not fully understood process-structure-property relationship in the scope of fabrication.

This thesis experimentally explores and demonstrates the interconnected nature of this
relationship, exploring the potential for creating numerical models to tailor microstructures in
post-process treatment using simple thermal sensors. The irregular response of the LPBF-
manufactured component to the thermal load suggests the ongoing microstructural
transformation within the specimen induced by the elevated temperature, which, in further
context, demonstrates an alteration of the mechanical properties.

Moreover, the thesis meticulously studied the effects of the position of the specimens on
the building platform when manufacturing more specimens simultaneously on the geometrical
dimensions and tolerances of the manufactured cubes. The findings have great industrial
significance, especially for the demanding fields requiring high accuracy of the manufactured

components.

Additionally, this work addresses the persistent issue of defects in LPBF-manufactured
Aluminium Alloy. A Finite Element Method (FEM) numerical model was proposed, predicting
lack-of-fusion defects in AISi10Mg components ats mesoscale, which was validated through
experiments. Optimal LPBF processing conditions for near fully dense components were

identified and will serve as a foundation for further modelling of post-processing treatments.

The extensive literature review revealed a lack of standardized guidelines for post-process
treatment of LPBF-manufactured AISilO0Mg components. Due to the absence of heat
treatments specifically tailored for LPBF-manufactured AISilOMg, the industrial practice
usually applies heat treatments standardized for cast Aluminium alloys, which are, due to the
significant microstructural differences between as-built and as-cast AISi10OMg, no longer
effective. As an innovation, this thesis introduces a novel thermo-mechanical post-process
treatment. The here-presented pinless Friction Stir Spot Processing (FSSP) aims to provide
microstructural homogenization, porosity reduction, and material softening. The identified

optimal processing window yielded low distortions and a significantly higher effective depth
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compared to traditional methods like shot peening, while maintaining distortion levels

comparable to those originating from the manufacturing process.

To support the study of that complex thermomechanical process, a new numerical model
simulating material flow during treatment was proposed. The numerical model, utilizing a
Coupled Eulerian-Lagrangian approach, offers an accurate prediction of phenomena such as
flash formation and void suppression. The successful validation of the proposed model
suggests that the proposed numerical model can be considered an effective tool in the
optimization of the FSSP processing of LPBF-manufactured components. The numerical
model works well in synergy with the numerical model simulating the LPBF process that was
also introduced in this thesis.

The experimental results of the FSSP post-processing method showed that localized
microstructural transformation within the TMAZ resulted in mechanical properties that diverge
significantly from those of the as-built material. This phenomenon of localized anisotropy,
which can manifest differential mechanical behaviour, could be particularly advantageous in
numerous industrial applications, such as automotive, aerospace, and healthcare. Inthe context
of different materials, the effect of this post-process treatment might be advantageous for the

production of medical implants, where it could effectively reduce the risk of stress shielding
by creating areas with brittle and ductile mechanical properties.

The synergistic integration of LPBF, renowned for its exceptional design flexibility, with
the capability of FSSP to tailor mechanical properties in a localized manner, presents a

transformative potential in the post processing of LPBF aluminium alloys.

Moreover, the efficacy of the presented post-process treatment, its relative simplicity, long tool

life and the low environmental impact of the treatment hold the potential to determine the FSSP
as the ideal type of post-processing for LPBF-manufactured AlSil0Mg alloy.
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1. Introduction to LPBF and its post-processing

In the last decade, additive manufacturing (AM) has emerged as a transformative
technology capable of converting intricate design concepts into fully functional parts. This
revolutionary method, encompassing a range of techniques like vat polymerisation, material
extrusion, material jetting, sheet lamination, powder bed fusion, direct energy deposition, and
binder jetting, has had a profound impact across diverse industries, including medicine,
automotive, aerospace, and engineering [1, 2, 3, 4, 5].

AM offers a myriad of advantages, including material savings, enhanced parts reliability,
superior precision, reduced tool costs, and unparalleled design freedom. At its core, AM
operates on a common paradigm characterized by its layer-wise and cyclic nature [1, 5]. The
manufacturing process involves a finite number of cycles, each comprising layer deposition
followed by cooling and consolidation. Although various AM technologies differ in applicable

materials, energy sources, and specific process-related nuances, they share this fundamental
layer-wise and cyclic approach [2, 3, 4].

AM has evolved significantly from its initial focus on polymeric materials. Extensive
research in this field has expanded the scope of applicable materials, now encompassing
metals, ceramics, organic materials, pastes, and even cells [1, 2]. The growing environmental
concerns and the demand for eco-friendly transportation solutions have intensified research
effortsin the production of lightweight components for automotive and aerospace industries.
Itis generally acknowledged that a 10% reduction in the weight of vehicles results in an almost
6% of reduction in fuel consumption. Such fuel savings represent a huge advantage towards
diminishing the carbon footprint. This emphasis towards lightweight structures and fully
functional parts has led to remarkable advancements in additive manufacturing technologies,

particularly in metal processing [5, 6, 7].

The methods of additive manufacturing, inherently capable of processing metallic
materials, can now be categorized based on the form of material supply. Presently, these
methods include powder-bed systems, powder-fed systems, and wire-fed systems. It is
important to note that metal AM technologies can be classified using various criteria, such as

the energy source employed [8, 9]. Notably, components produced using different metal AM
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methods, but the same materials might exhibit variations in geometric precision,

microstructure, and mechanical properties [10, 11].

Among the metal AM technologies, metal powder bed fusion-based processes (M-PBF)
stand out, offering superior precision albeit with reduced productivity compared to other metal
AM processes. M-PBF processes, further classified into laser powder bed fusion (LPBF) and
electron beam melting (EBM), employ laser heat and electron beams, respectively, to
selectively melt the deposited metal powderbed [12, 13]. Despite its lower productivity, LPBF
has gained significant traction duetoits remarkable manufacturing precision, higher efficiency,
and cost-effectiveness [10, 14, 15].

In summary, additive manufacturing has evolved beyond its initial constraints, now
incorporating a wide array of materials and advanced processing methods. The emphasis on
environmentally friendly practices and the demand for lightweight components have driven

significant progress in metal AM technologies, making LPBF a particularly promising and
cost-effective choice for precision manufacturing [6, 7, 10, 13, 14].

1.1. LPBF of metals

The recent advancements in laser technologies, marked by the development of more
economical, compact, and versatile laser devices, coupled with their successful integration
from research laboratories into industrial applications, represent a pivotal precursor to the
growing popularity of Laser Powder Bed Fusion (LPBF) technology [15, 16].

LPBF, a cutting-edge manufacturing technique, operates through a cyclic process involving
the deposition of thin layers of powder, selective melting in predefined coordinates, rapid
cooling and consolidation of the melts, followed by the deposition of new powder layers, as
illustrated in Figure 1 [17, 18]. The entire manufacturing process is seamlessly orchestrated by
computer support, wherein the Computer-Aided Design (CAD) model undergoes segmentation
into individual layers. Subsequently, each layer's transverse section, in conjunction with pre-
programmed build parameters like hatch spacing and scanning strategy, serves as the
foundation for generating the G-code that dictates the trajectory of the scanning head [15, 16,
17].
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Figure 1 Schematic representation of LPBF manufacturing process

The metal Laser Powder Bed Fusion (LPBF) technique can be characterized as a
multifaceted and highly dynamic process. The ultimate characteristics and microstructure of
the produced components are shaped by various parameters of the manufacturing process, as
it is represented in Table 1. The intricate nature inherent in this manufacturing process

underscores its highly complex character, which, as of yet, remains partially unveiled in terms
of the interrelationship between process, structure, and property [19, 20].

Table 1 Parameters influencing the final outcomes of LPBF manufacturing process

Process parameters

Position related Powder related Laser related Scan related Ambiance related
e  Position e Layer e  Spotsize e Scanning e  Platform preheating
on the thickness diameter speed
building
plate
e  Orientatio e  Particles’ e Laser e Hatch e  Powder feeder
n during size and power spacing preheating
the build shape
distribution
e  Chemical e Pulse e Scan e  Type of inert gas
composition characteri pattern
stics

e  Powder bed
density
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The utilization of thin powder layers, typically around 30 microns in thickness, in
conjunction with the relatively minuscule diameter of the laser beam, approximately of 100
microns, invariably yields heightened precision and considerable design flexibility in the
production of components. The LPBF technique's unique capacity to craft intricate designs
within a single process step, devoid of material waste, stands in stark contrast to conventional
manufacturing methods that often necessitate a sequence of processes, leading to the excessive
consumption of materials and energy. This distinction positions LPBF as a more
environmentally sustainable manufacturing solution, fostering a greener and resource-efficient
approach [20, 21, 22].

Furthermore, the potential for recycling the unmelted residual powder in LPBF enhances
material efficiency. The paradigm shift from a multi-step manufacturing process for market-

ready components to a singular production step within LPBF harbours the prospect of
significantly reducing the design-to-manufacture timeline [22, 23].

Itis imperative to underscore that the distinctive dynamics inherent in the LPBF process,
characterized by elevated temperatures, the cyclic re-melting and re-heating of consolidated
layers, and rapid heating rates, exert a profound influence on the microstructure and mechanical
properties of the manufactured parts. Consequently, these properties may exhibit substantial

deviations from those achieved through conventional manufacturing techniques, even when
utilizing the same materials [15, 16, 18. 19].

While the metallic LPBF technology has achieved substantial commercialization, its
current applicability is confined to a limited array of materials. Notably, titanium, nickel
superalloys, refractory alloys, and tool and high-speed steels are among the extensively
investigated and processed material grades within the scope of this manufacturing technology
[24, 25].

In contemporary industrial settings, LPBF technology finds diverse applications, notably
in the production of biomedical implants featuring customized geometries and specialized
automotive and aerospace components characterized by reduced weight. The weight reduction
of bespoke components can be realized through a variety of approaches, including optimized

material selection—where aluminium alloys emerge as the lightweight yet high-strength
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solution—topology optimization, and the integration of lattice structures, either individually or
in combination. The persistent demand from industries for components that are simultaneously
lightweight and high-strength serves as a driving force for the extensive global research in the
LPBF manufacturing of aluminium alloys [26, 27, 28].

1.2. The specifics of LPBF manufacturing with Aluminium
alloys

Several distinguishing characteristics of aluminium and its alloys render them
advantageous for various industrial applications. These include a low density of 2700 kg/m3,
high strength, commendable corrosion resistance, excellent weldability, and sufficient
hardenability. While pure aluminium exhibits relatively low strength, the incorporation of
various alloying elements is a common practice. Notably, silicon (Si), magnesium (Mg), and
copper (Cu) serve to enhance strength, iron (Fe) and cobalt (Co) improve machinability, and
nickel (Ni) enhances aluminium's performance under thermal loads [29, 30, 31].

Current research in LPBF processing of aluminium predominantly focuses on traditional
aluminium alloys rather than exploring novel materials. The inherent properties of aluminium
alloys, such as high thermal conductivity, high reflectivity, poor powder flowability, and low
laser absorptivity, present challenges in LPBF processing. The combination of high thermal
conductivity and reflectivity makes most aluminium alloys challenging to process due to the

necessity of employing high laser powers to prevent incomplete melting and undesirable lack-
of-fusions [32, 33].

Despite the need for high laser powers, the exceptional thermal conductivity of aluminium
rapidly dissipates the energy from the laser beam. This phenomenon significantly contributes
to the already rapid heating rates during the manufacturing process. The resulting
extraordinarily high thermal gradients may lead to increased thermal stresses, further
exacerbating the risk of solidification cracking. Notably, the high laser reflectivity of
aluminium is commonly attributed to the abundance of free electrons [34, 35, 36].

Compounding these challenges is the poor flowability of aluminium powders, which
hinders the proper deposition of successive layers and contributes to defectsin consolidated
parts. Boththe low flowability of aluminium powdersand the low viscosity of aluminium melts

pose serious concerns during manufacturing, creating an environment conducive to porosity
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formation. Addressing these intricacies in the LPBF processing of aluminium alloys is crucial

for advancing the efficiency and quality of additive manufacturing in the realm of aluminium
applications [32,33, 34, 35, 36].

Furthermore, the increased susceptibility of aluminium to oxidation significantly
contributes to the formation of porosity. This issue can be mitigated to some extent through
meticulous control of the processing environment within the build chamber and the application
of inert gases. Thus, in order to avert the occurrence of defects in aluminium components
produced by LPBF, thoughtful consideration should be given to either incorporating alloying
elements or optimizing the process parameters [37].

For a comprehensive understanding of cast aluminium alloys, as endorsed by the
Aluminium Association, their key characteristics are depicted in Figure 2.

low strength, good ductility,
pure m——p 1xX.X | NON-HT high corrosion resistance

J
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Figure 2 Cast aluminium alloys

Ingeneral, castalloys, particularly AlSi10Mgand AlSi12, are notable for their high fraction
of Al-Si eutectic, contributing to favourable castability and minimal shrinkage. These attributes
make them suitable materials for LPBF processing. As previously discussed, the incorporation
of Si enhances the mechanical properties of pure aluminium and improves melt fluidity.
Similarly, the presence of Mg, as observed in the AISi10Mg alloy, stands out as the most

effective strengthening element. Mg promotes the formation of Mg2Si precipitates and exhibits
high solubility [38, 39].
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It is noteworthy that the compatibility between aluminium and Si/Mg as alloying elements
is facilitated by their similar atomic structures, given their adjacency in the periodic table.
However, their distinct differences arise from disparate crystal structures; aluminium adopts

an FCC type, Si possesses a cubic crystal structure, and Mg exhibits a hexagonal structure [40,
41].

Both AISil0Mg and AISil2 alloys are characterized by average tensile strength and
relatively low ductility. The LPBF manufacturing process, leading to a fine-grained and highly
heterogeneous microstructure, can manipulate the overall properties of the manufactured
components. These alloys find extensive use across diverse industrial sectors, underscoring
their popularity and widespread application [37, 38, 39].

The characteristics of Aluminium powder particles, including size and shape, as the
feedstock in the LPBF process, significantly influence process dynamics, resolution, and the
overall properties of the manufactured parts [35, 36].

Despite the aforementioned advantages of LPBF processing with Aluminium alloys,
particularly its capacity for intricate designs and the potential to revolutionize component
manufacturing, its suitability and feasibility from a business perspective remain ambiguous. A
comprehensive evaluation of product complexity, desired customization levels, and production
volume is imperative. Notably, the current high cost of LPBF technology, coupled with its
relatively low productivity and high energy demands, may disqualify it from consideration for
manufacturing aluminium alloy components that could otherwise be conventionally produced
[40, 41, 42].

1.2.1. Aluminium powders for LPBF manufacturing process

In accordance with the inherent characteristics of the LPBF manufacturing process, the
foundational state of the Aluminium alloy utilized for constructing the specimens is in the form
of powder. Predominantly, commercially available Aluminium powders specifically tailored
for the LPBF process exhibit a particle size ranging from 25 to 70 um [43, 44].

As of the present date, the vast majority of Aluminium powdersis synthesized through the
gas atomization process. This method entails the initial melting of Aluminium alloys, followed
by subjecting the molten material to high-velocity gas jets. Subsequently, the molten material

undergoes fragmentation into numerous droplets, which solidify during their trajectory. It is
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pertinent to highlight that the gas atomization process yields metallic particles characterized
by adiverse array of shapes and sizes. Consequently, these solidified particles undergo sieving
or air classification based on their size range, tailored for diverse applications, including the

specific size range conducive to LPBF processing [45, 46].

Given the nature of the gas atomization process, it follows that Aluminium powders for
LPBF processing lack uniformity, comprising particles of varying sizes and shapes within the
predetermined size range. Importantly, the morphology and particle size distribution of these
powders hold considerable significance in the LPBF process, exerting a notable influence on
the flowability and packing density of the deposited powder layers. Through empirical
investigation, it has been established that spherical particles, in contrast to irregularly shaped

counterparts, exhibit superior flowability and higher packing density. This, in turn, results in
diminished porosity and fewer defects in the manufactured components [47].

Numerous researchers [48, 49] have investigated the prospect of augmenting the
manufacturing resolution of LPBF by reducing the thickness of powder layers. Given that the
diameter of the laser beam, a pivotal factor influencing resolution in fabricated components, is
constrained within a high range that cannot be readily manipulated, the reduction of layer
thickness emerges as a potential avenue for enhancing manufacturing resolution. This
reduction, achievable through the utilization of finer powders, holds promise for addressing
resolution challenges in LPBF [50].

Additionally, employing powders with smaller particle diameters not only facilitates lower
layer thickness but also improves consolidation kinetics and augments the specific surface area

relative to the volume of deposited layers. This, in turn, enhances laser absorptivity, further
contributing to improved manufacturing resolution [48, 50].

Conversely, the utilization of finer aluminium powders in the LPBF process introduces
concerns related to the heightened risk of inflammation and oxidation. It is imperative to
underscore that the reduction in the diameter of powder particles significantly diminishes the
minimum ignition energy required. Noteworthy is the fact that aluminium powders are

classified in the Special Health Hazard Substance List, underscoring the necessity for cautious
handling and manipulation [51].
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In summary, while the reduction of powder layer thickness and the use of finer powders
present potential avenues for elevating LPBF manufacturing resolution, the associated risks,
particularly with finer aluminium powders, necessitate careful consideration and adherence to
safety protocols [43, 47, 50].

1.2.2. Powder recycling

In the realm of scientific inquiry, a considerable portion of research attention is presently
directed towards evaluating the impact of incorporating recycled powders on the quality of
engineered components. It is noteworthy that a minor fraction of the deposited powder layers
undergoes the process of melting and fusion, while the majority remains essentially intact. The
reuse of the unfused powder emerges as a pivotal factor significantly enhancing the material
efficiency of the LPBF manufacturing process [52, 53].

Conversely, the characteristics of the virgin powder may undergo substantial
transformations during the manufacturing process. Multiple investigations [54, 55, 56] have
validated the occurrence of progressed porosity, diminished mechanical performance, and an
increased presence of defectsin specimens produced from recycled powder, in contrast to those
manufactured from virgin powder of the same material. This phenomenon can be attributed to
the augmented dimensions of recycled powder particles, marked by the presence of numerous
satellites originating from the splatters of molten metal, and an elevated oxygen content in
recycled powders. Notably, literature [57] commonly reports nearly double the oxygen content
in AISi10Mg recycled powders, primarily ascribed to oxide formation. This poses a significant

concern in the LPBF manufacturing process, as the oxides tend to envelop the liquid melt pools,
thereby diminishing the wetting behaviour of adjacent unmelted powder particles [58].

The implications of these dynamics at the liquid-gas-solid interface frequently manifest in
the formation of porosity. Consequently, the altered properties and heightened risk of defect

development must be meticulously considered when employing recycled AlSi10Mg powder in
the LPBF process for component manufacturing [52, 56, 58].

1.3. Physical phenomena and defect formation in LPBF
manufacturing with Aluminium alloys

In the course of LPBF manufacturing, the material typically undergoes an intricate phase

transformation, transitioning from a powdered form as its initial state, to a liquid state when
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the powder is melted, further progressing to a gaseous state as the material evaporates.
Ultimately, the material returns to a solid state upon cooling of the molten substance. The
intricate interplay of kinetics and thermodynamics mechanisms during the LPBF process is
accompanied by highly complex physical phenomena that manifest across diverse spatial and
temporal scales. The rapid dynamics of LPBF contribute to the formation of various defects on
all state interfaces [59, 60].

1.3.1. Powder bed and laser interactions

In the realm of LPBF, a pivotal occurrence is the intricate interplay between the laser and
powder bed. The interaction initiates with the laser beam's absorption, a process significantly
shaped by multiple reflections off the spherical-like surfaces of the powder particles and pores.

As the laser beam converges, it permeates and scatters to a greater depth within the deposited
layer [61, 62].

Upon irradiation of the powder bed, the incident photons' energy undergoes a
transformation into thermal energy. Subsequently, this thermal load is applied to the powder
bed within the track and is then dissipated across neighbouring powder particles. The intricate

dynamics of heat transfer within the powder bed encompass radiation, convection, and heat
conduction processes [61, 62, 63].

In the LPBF processing of metals, continuous fiber lasers are commonly employed. The
prevalent wavelength for laser processing of metals is typically set at 1.1 um, with the power
density distribution of the laser beam adhering to a Gaussian-like pattern. Beyond the inherent
powder characteristics influencing overall absorption and local energy distribution at the
powder-laser boundary—such as surface roughness, presence of metal oxides, and
temperature—the laser setup, incorporating parameters like laser power and wavelength,
significantly shapes the interaction between the deposited powder bed and the laser beam

(Figure 3). Additionally, the angle of incidence emerges as a noteworthy parameter influencing
the dynamics of the laser-powder interactions [64, 65].
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Figure 3 Laser-powder bed interaction

1.3.2. Liquid phase physical interactions

Upon exposure to the laser beam, the powder particles undergo a transformative process
wherein the incident photons' energy is converted into thermal energy. This results in the rapid
elevation of the powder particles' temperature, surpassing the melting point of the deposited

metal. Subsequently, the irradiated powder particles undergo a phase transition, initially
manifesting as liquid droplets that coalesce to form molten pools [66].

The intricate nature of the melt pools is dictated by elevated thermal gradients induced by
the application of high laser power, coupled with the brisk dynamics arising from the utilization
of high scanning speeds. Within the melt pools, various physical phenomena come into play,
including gravity, surface tension, capillary forces, and buoyancy (Figure 4). The dynamics of
the melt pools, inclusive of their geometry, kinetics, and thermodynamics, are orchestrated by
both primary and secondary forces [67]. Primary forces involve the wetting behaviour of the
powder particles, surface tension, and capillary forces, while secondary forces encompass

gravity forces and surface tension. The interplay of these primary and secondary forces
significantly influences the stability and geometry of the resulting melt tracks [68, 69].

Heat transfer within the melt pool is predominantly governed by Marangoni convection, a
phenomenon driven by the formation of particle-accumulated structures and temperature-
dependent surface tension. Broadly, Marangoni convection facilitates the transfer of molten

metal with higher temperatures from the central region of the laser spot towards the peripheries
[70].
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Figure 4 Melt pool dynamics

1.3.3. Metal evaporation and liquid-gaseous interface

Depending on the applied laser power and the ultimate temperature reached by the metal,
the manufacturing process may give rise to varying degrees of metal evaporation. This
phenomenon, with its potential for moderate to substantial metal loss, significantly impacts the

stability of the LPBF process, emerging as a critical consideration in quality control [71].

Metal vaporization is intricately linked to the occurrence of several undesirable effects,
including keyhole porosity, the balling effect, spattering, and powder denudation. Keyhole
porosity arises from the recoil pressure exerted on the molten metal, leading to the formation
of a cavity. Conversely, the release of vapor from the melt pool results in the loss of elements
through burning and the potential alteration of chemical composition in comparison to the
original powder composition. The subsequent solidification of metal vapours on scanning

equipment poses a substantial risk to theerrorless functioning of the manufacturing system [71,

72, 73]

Metal vapours exert a profound influence on the dynamics of shielding gas and the melt
pool. Anomalies in the flow of molten metal manifest as numerous half-cylindrical or spherical
micro melt tracks, characterized by insufficient contact with the substrate or previously
deposited layers. This occurrence often arises when the liquid phase fails to adequately wet

unmelted powder particles at the liquid-solid boundary or along grain boundaries, typically due
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to the presence of impurities. Termed the balling effect, thisphenomenon is primarily attributed
to the Plateau—Rayleigh capillary instability of the melt pool [74, 75].

In contrast, larger melt pools exhibit increased viscosity, enhancing the flowability of
molten metal and mitigating the risk of the balling effect. However, enhanced viscosity may
introduce a different set of defects. The highly flowable molten metal, propelled by increased
recoil pressure, facilitates the ejection of droplets of aluminium melts to higher regions. These
ejected droplets undergo cooling, typically experiencing in-flight oxidation, before descending
and adhering to solidifying melt tracks, thereby contributing to the formation of defects in the
final product (Figure 5) [76, 77].

scanning direction

spatters
balling effect P

o =

pores melt pool

Figure 5 Defect formation in melt pools

In a similar vein, the evaporation of powder from the central regions of the melt pool is
posited as the primary factor contributing to the denudation of powder in the proximity of the
melt pool tracks. This phenomenon can be explained by the Bernoulli principle, wherein the
augmentation of fluid flow velocity concurrently leads to a reduction in the pressure or
potential energy of the fluid in motion. The substantial evaporation of metal and the resulting
decrease in pressure within the vapor jet give rise to a formidable gas flow, sufficiently potent
to strip away powder particles (Figure 6). The denudation of powder induced by flow-driven

mechanisms notably impacts the dimensions of the melt pool [78, 79, 80].

Conversely, the interaction with the liquid and capillary forces during direct contact
possesses the capability to integrate a limited number of adjacent powder particles into the melt
pool. However, in comparison to the powder denudation driven by fluid flow, this mechanism

exerts only a marginal influence on the ultimate characteristics of the resulting melt pool [78].
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Figure 6 Powder denudation mechanism

It is crucial to recognize that the gas flow plays a dual role in the LPBF process. Not only
does it facilitate the incorporation of denuded particles into the melt pool, but it also contributes
to their vertical ejection, counter to the scanning direction. The ejected powder particles may
either be redistributed back into the powder bed or adhere to the surface of semi-solid melt
pools. This attachment of ejected powder particles to the solidifying melt track results in
increased surface roughness—a characteristic frequently observed in LPBF-manufactured

specimens. This phenomenon is intricately linked to the spatter formation described earlier [78,
81].

While the mechanisms governing powder denudation in LPBF manufacturing have
garnered limited attention from the research community, recent studies indicate that careful
control of the ambient gas pressure within the building chamber can manipulate powder
denudation. Experimental findings underscore that lower pressure conditions yield sharper and
more well-defined denudation zones. The significance of curbing excessive powderdenudation
lies in its dual impact: ensuring a more uniform powder distribution in subsequent layers and
mitigating the risk of void linear structures in consolidated specimens featuring highly
denudated zones. These insights highlight the importance of precise gas pressure regulation as
a key parameter in optimizing the LPBF process for enhanced material quality and structural
integrity [82, 83].
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1.3.4. Solidification mechanisms

Notably, the phase transformation from liquid to solid critically determines the
metallurgical microstructure of the final manufactured component. This solidification process
is intricately regulated by cooling rates and spatial temperature gradients. The resultant grain
morphology and texture are notably influenced by the solidification front, with distinct
mechanisms at play during the LPBF manufacturing process [84, 85, 86].

Within this process, primary solidification unfolds in the fusion zone—directly impacted
by the laser beam—where rapid cooling rates induce non-equilibrium conditions and
undercooling at the solid-liquid interface. Simultaneously, secondary solidification occurs in
heat-affected zones, defined by previously deposited layers, or in regions beyond the laser

beam's influence [84, 86].

The solidification dynamics within the fused zone are characterized by swift cooling,
leading to non-equilibrium conditions, and undercooling at the solid-liquid interface. Presently,
it is widely acknowledged that the directional solidification microstructure in metals depends
on the temperature gradient at the solid/liquid interface and the growth rate at the solidification
front. The ratio of these parameters defines grain morphology, while their product governs
grain size [87].

Within the solidification process, equiaxed a-Al grains nucleate in the constitutionally
undercooled liquid near the liquid-solid boundary in the melt pool. Intriguingly, segregation
occurs at the solidification front, resulting in initially formed solids having lower Si content
than the remaining liquid alloy. As crystallization outpaces Si diffusion in the solid, the
unsolidified alloy becomes enriched with Si. The region near melt pool boundaries termed the
coarse zone, exhibits a coarser microstructure, primarily comprising primary o-Al grains with
an equiaxed configuration. Consequently, the microstructure at melt pool boundaries is notably
coarser than that within the melt pools [88, 89].

The solidification process initiates at the peripheries of the melt pools and progressively
advances towards their centres. Within the melt pools, the microstructure is distinguished by
the presence of the primary Aluminium phase and a nano-sized AIl-Si network. The
Aluminium, forming cellular-dendrites, intertwines with a fibrous Si network, exhibiting

growth towards the central region of the laser tracks. Under specific conditions, grain growth
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parallel to the thermal gradient may lead to the retention of interdendritic liquid at the
interfaces. This, combined with the relatively high shrinkage of Aluminium, contributes to the
formation of cracks [90, 91, 92].

Importantly, as one moves from the boundaries to the centres of the melt tracks, the
microstructure undergoes a gradual refinement, constituting what is commonly referred to as
the "fine zone." The observed variation in grain size is attributed to the non-constant
solidification cooling rate, primarily dictated by the solidification velocity. Previous
investigations have established that the solidification velocity during the LPBF process of
Aluminum alloys is chiefly influenced by the morphology of the solid/liquid interface,
resulting in a predominantly cellular structure constrained by the motion of the laser beam. In

general, the solidification velocity is contingent on position, with higher velocities nearer to
the top of the melt pool [93, 94, 95].

The ultrafine microstructure, induced by rapid cooling rates, imparts superior mechanical
properties to LPBF-manufactured AISilOMg samples compared to their conventionally

manufactured counterparts. The scheme of microstructure evolution within the melt pools is
depicted in Figure 7 [96].

melt pool cross-section melt pool longitudinal section
scanning direction
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melt pool boundary melt pool boundary

Figure 7 Microstructure evolution in LPBF process

In contrast to the rapid heating and cooling rates experienced within fusion zones, the
material in heat-affected zonesundergoes repeated heating and cooling cycles characterized by
prolonged durations and considerably lower cooling rates. The maximal temperature within
heat-affected zones decreases incrementally with each heating cycle and seldom surpasses the

melting temperature. Consequently, the material within these zones predominantly undergoes
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solid phase transformations. These unique conditions contribute to the partial disruption of the

fibrous Si network, while the sluggish cooling rates foster grain coarsening [86, 92].

On a global spatial scale, the combination of high cooling rates and distinct thermal
gradients within the cooling structure significantly induces the formation of residual stresses.
In the context of LPBF manufacturing, the initiation of residual stresses occurs at the micro
level for each deposited layer, culminating in the development of final macroscopic residual
stresses. It is imperative to note that residual stresses are undesirable, as they compromise the
mechanical properties of manufactured components, exacerbate distortions, and serve as
precursors to the emergence of various defects, including cracks and delaminations [97, 98,
99].

Within the built direction, the typical residual stress distribution manifests as tensile
stresses in the lower sections of the manufactured specimens, succeeded by compressive
stresses in the middle regions and additional tensile stresses in the upper regions. These
variations can be attributed to the robust bonding of the lower layers to the building platform

and the exposure of the material to additional heating cycles, effectively serving as an in-situ
thermal treatment [100].

1.4. Process-structure-property relationship regarding LPBF
manufacturing of Aluminium alloys

Due to the intricacies inherent in the LPBF manufacturing process, predicting the overall
properties of aluminium components produced through this method proves to be a relatively
challenging. The complexity arises from the multitude of processing parameters at play, each
exerting influence on the unique manufacturing conditions characteristic of LPBF. These
processing parameters act as crucial boundary conditions, delineating the framework within
which a myriad of physical phenomena unfold during the manufacturing process. Illustrated in
the Figure 8 is a schematic representation of the intricate interplay between process parameters,
resulting material structure, and the conclusive properties—a complex threshold that defines
the LPBF framework [101, 102].
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Figure 8 Scheme of process-structure-property interrelationship in LPBF

The structural characteristics of manufactured components are intricately tied to the
specific manufacturing conditions imposed upon them. For instance, inadequate energy input
from the laser beam can lead to incomplete melting and a lack of fusion in the material.
Simultaneously, the energy input of the laser beam plays a pivotal role in shaping the thermal
history of fused components. This, in turn, sets the stage for unique solidification conditions,
yielding a microstructure characterized by heterogeneity, ultrafine features, and often,
metastability [103].

Numerous analytical equations have been proposed to delineate the correlation between
grain size and various mechanical properties in metals produced through manufacturing
processes. Despite these efforts, comprehending the entirety of the process-structure-property
relationship in LPBF remains a formidable challenge. The LPBF process is inherently complex,
involving a myriad of physical phenomena and influential factors. Given this complexity, a
substantial portion of the threshold connecting process parameters, material structure, and
resulting properties remains inadequately understood [104].

In the realm of LPBF, despite extensive research endeavours, achieving a high level of

controllability and reliability in the process remains unachieved. This inherent challenge stands
as a significant impediment to the widespread industrial adoption of LPBF technology [105].
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1.4.1. Volumetric energy density as a control mechanism of LPBF
process

Volumetric energy density (VED) represents one of the most commonly used metrics to
control the LPBF manufacturing process (1).

_ P
VED == (1)

Where P denotesthe laser power (W), v stands for the scanning speed (mm/s), h is the hatch
spacing (mm) and t is the layer thickness (mm) [106, 107].

The provided formula reveals that various combinations of process parameters can yield
the same VED. Although hatch spacing and layer thickness are typically fixed, the laser power
and scanning speed exhibit an inverse proportionality that is widely employed to manipulate
the LPBF process [108].

It is widely recognized that maintaining a low VED can lead to insufficient melting,
resulting in larger and prolonged lack-of-fusion porosity. Conversely, an excessively high VED
induces excessive evaporation of the molten metal. Given the LPBF's rapid cooling rates,
molten metal swiftly solidifies, entrapping gas bubbles beneath the solidified material. This
dynamic process manifests as a spherical porosity type with smaller diameters in the

manufactured components' structure [108, 109].

It is crucial to note that the presented formula does not account for powder material
properties and laser beam diameter. The neglecting of these parameters is particularly
significant for Aluminium alloys, characterized by low laser absorptivity. In the case of
Aluminium powder beds irradiated by a laser beam, the material does not absorb the total
delivered effective energy. Consequently, higher VED values, especially achieved through
increased laser power, are commonly employed in LPBF processing of Aluminium alloys.

Therefore, the formula has been modified to incorporate the material aspects of powder in the
LPBF process (2) [108, 109, 110, 111].

__ B P
MVED " h(4a®) Vv 2

Where B stands for thermal diffusivity of the material, a is the laser absorptivity and @ is the

diameter of the laser beam. It should be however stated that even if formula (2) considers more
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aspects of the manufacturing process, there are still numerous parameters that are neglected,
such as scanning strategy, orientation of the manufacturing pieces and their position on the
building platform. Various researchers have determined that volumetric energy density, as a

thermodynamic quantity, does not possess the capability to sufficiently capture the physical
phenomena taking place during the process [110, 111].

1.4.2. Effect of processing parameters on the melt pool dimensions

It was previously determined that the melt pool dimensions represent a more efficient
feature in LPBF process control than VED or MVED since it considers more physical

phenomena, including Marangoni convection, balling effect, etc. The melt pool geometry
highly depends on the processing conditions and properties of the adopted materials (3).

L 2 aePv
(J) _321Tkﬁ(T—TO)(3)

Where % is the aspect ratio of the melt pool, e is the Euler’s number, T is the melting

temperature and T, is the temperature of the surrounding environment. Subsequently, the
aspect ratio of the melt pool expands with increasing power and velocity. It was discovered
that the melt pool clumps when its aspect ratio exceeds the critical value of the surface tension
[112, 113].

This finding implies the potential coherence of the melt pool, shedding light on critical
factors like the balling effect, pore formation, and delaminations. Consequently, identifiable
melt pool instabilities may manifest as defects, leading to diminished mechanical properties in
the fabricated components. Consequently, there exists a pressing need to scrutinize the
processing parameters that impact melt pool formation and discern their optimal processing
window. The careful management and forecasting of melt pool characteristics emerge as
pivotal aspects in enhancing the reliability of the Laser Powder Bed Fusion (LPBF)
manufacturing method [112, 113, 114, 115].

1.4.3. Tailoring of the microstructure in LPBF manufactured
Aluminium parts

In accordance with the findings outlined in section 1.3.4, the microstructure of the

fabricated components is intricately governed by both the temperature gradient and the growth
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rate. The interplay between these two key parameters and their consequential impact on the

microstructure is visually represented in Figure 9[84, 87, 88].
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Figure 9 Interplay between G and R parameters and their impact on microstructure evolution

The interaction between the material and the laser beam, coupled with subsequent
directional heat transfer, gives rise to thermal gradients within the heated structures. While it
is widely acknowledged that high laser power primarily dictatesthe magnitude of these thermal
gradients, the corresponding cooling and solidification rates are predominantly influenced by
high scanning speeds. Nonetheless, current literature indicates that the thermal gradients in the
LPBF process are intricately shaped by a multitude of parameters and processing conditions
inherent to part manufacturing. These include laser characteristics, the temperature and
material attributes of the building platform, and the positioning of the component in relation to
the inlet or outlet of the inert gas, among other factors [116, 117].

Crucially, the spatial arrangement and configuration of components on the building
platform wield a substantial impact on thermal gradients, particularly in scenarios involving
the concurrent fabrication of multiple specimens. The accumulation of heat by neighbouring

specimens can lead to pronounced thermal effects. Recognizing these nuances is essential for
optimizing the LPBF process and ensuring consistent part quality [118].

Furthermore, it is widely established that the microstructural characteristics of specimens

exert a profound influence on the mechanical properties of the manufactured parts. Materials
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exhibiting a fine-grained microstructure generally manifest superior mechanical properties
compared to their coarse-grained counterparts. This phenomenon is commonly attributed tothe
higher density of grain boundaries in fine-grained structures, which impedes crack propagation.
Consequently, a finer microstructure is associated with enhanced structural integrity and
improved mechanical performance in the final product [119, 120].

Several authors have introduced an intriguing approach to tailor microstructures by
inducing precipitates. Notably, the presence of these precipitates significantly influences the
mechanical properties of theas-built components. Achieving the desired volume of precipitates
can be realized through the application of powders with optimized chemical compositions or
by employing optimized laser processing parameters. In the case of AISil0Mg alloys processed
by LPBF, it is observed that the average concentration of Si in the a-Al phase surpasses the
equilibrium state, attributed to the rapid cooling rates inherent in LPBF. The manipulation of
laser processing parameters, therefore, becomes a pivotal factor influencing variations in
cooling rates, subsequently impacting the volume, size, and chemical nature of the precipitates
[121, 122].

Several researchers have introduced the unique capability of components with process-
induced lack-of-fusion defects to function as designed lattices. This becomes especially
compelling in scenarios where the manufacturing system's defined resolution poses challenges
in creating small dimensions of lattices. A consensus among various researchers suggests that

these process-induced defects could potentially serve as desired features, provided their
position, size, volume, and range can be thoroughly controlled [123, 124].

The collective findings of numerous research teams underscore the importance of
developing theoretical frameworks that presents the interrelations between process and

condition parameters and the resulting microstructure. This development represents a crucial
stride toward achieving precise control over microstructural features [117, 118, 120, 124].

1.4.4. Influence of the process parameters on the residual stresses and
distortions in LPBF manufactured Aluminium parts

High residual stresses are frequently observed in Aluminium parts manufactured through
LPBF. Due to their pronounced spatial variability, conventional analytical equations

universally establishing the relationship between processing parameters and resultant residual



Alexandra Morvayova Investigation and modelling of post-processing 23
of AlSi10Mg manufactured by LPBF

stresses lack applicability. This spatial variability also complicates the experimental
assessment and subsequent evaluation of results. Consequently, researchers and industrial
practitioners oftenresort to indirect determination of residual stresses through correlations with

distortions, as distortions are predominantly attributed to residual stresses [97, 99, 125].

In both research and industrial applications, the significance of residual stresses is
underscored by their impact on distortions. Controlling distortion is recognized as a crucial
parameter in LPBF manufacturing, particularly as excessive distortion can render the

manufactured specimens unsuitable for applications demanding high dimensional accuracy
[98, 99].

Despite the multiparametric and intricate nature of residual stress formation, several studies
have explored the interrelationships between imposed processing parameters and the resultant
values of residual stresses. Notably, it has been observed that residual stresses exhibit
simultaneous increases with escalating laser power and scanning speed. This phenomenon is
generally linked to the heightened thermal gradients induced by high laser power and the rapid
cooling rates associated with elevated scanning speeds [125].

Conversely, certain studies propose that excessive scanning speed may result in increased
porosity within the fused specimen, potentially leading to the relaxation of formed residual
stresses. While the literature extensively reports on the impact of laser power and scanning
speed, the effects of layer thickness and scanning strategy on residual stresses have received
comparatively less attention. Further exploration of these aspects is warranted to
comprehensively understand and optimize the LPBF process for enhanced control over residual

stresses and distortion in manufactured components [126, 127, 128, 129].

It has been however investigated that higher layer thickness partially works as an insulating
medium, resulting in decreased heat transfer velocity to the bottom of the deposited layer,

which is then demonstrated as the area with low residual stresses [130].

The current literature reports contradictory effects of the hatch spacing on the residual
stresses in fused specimens. While some authors report that low hatch spacing increases the
residual stresses in manufactured components due to increased thermal gradients, different

studies have shown that lower hatch spacing increases the dimensions of heat affected zones,
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where material reheating takes place. Such reheating has effects similar to in-situ heat

treatment, with residual stress reduction as the main outcome [131, 132, 133, 134].

Various researchers have determined the scanning strategy as an important parameter in
residual stress control. Itwas reported that areas with highest residual stresses are located along
the scanning direction. In order to limit the accumulation of the residual stresses in
manufactured parts, leading to excessive distortions, the alteration of the scanning direction
between the successive layers is commonly applied [126, 129, 132, 133].

Depending on the geometry of the building parts, the island scanning strategy is usually
recommended for the residual stress reduction. The lower length of the scan vectors, typical

for the island scanning strategy reduces the thermal gradients between the neighbouring melt
tracks and therefore reduces the residual stress cumulation [97, 99, 124, 130].

Despite the observed interrelations between the processing parameters and the residual
stresses, the control of the residual stress cumulation, and consecutive distortion formation in
LPBF-manufactured AlISi10Mg components still remains a challenge. Several parameters and
aspects of the LPBF manufacturing process influencing the formation of residual stresses is
not well investigated and reported. Better understanding of these mechanisms would lead to
increased reliability of this manufacturing method, opening up new opportunities for industrial
employments, including critical applications such as aerospace and medicine [97, 99, 126,
129].

Ideally, a thorough knowledge of process-structure-property threshold would enable the

tailoring of the microstructure and consecutive properties of the LPBF manufactured
components from Aluminium alloys.

1.5. Post-process treatment of LPBF manufactured
Aluminium alloys

Despite the well-documented research attemptsto improve the quality, and at the same time
to minimize the defects in LPBF manufactured components from the Aluminium alloys,
various undesired features, such as high surface roughness, porosity, excessive residual
stresses, etc., can be commonly observed. With the objective to increase the quality of the
manufactured parts, or to enhance their mechanical properties, various methods of post-process
treatment are applied [135, 136].
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1.5.1. Surface treatment

While there have been numerous attempts to increase the surface quality of the AlSi10Mg
components manufactured by LPBF by optimizing the process parameters, the surface quality

and integrity must be more often improved by various types of post-process treatment [137].

The methods of post-process treatment, commonly applied to LPBF-manufactured
AlSi10Mg components to increase the surface quality include laser, mechanical, and chemical
surface post-treatments, such as laser polishing, grinding, blasting and shot peening. Grinding
and mechanical polishing are considered the most efficient methods of improving the quality

and integrity of the surface characteristics in specimens manufactured by LPBF [137, 138].

It has been reported that the application of laser-based surface treatment methods (laser
polishing, laser shock peening) results not only in a substantial decrease of the porosity but
might also decrease the porosity in sub-surface areas. Interestingly, the laser re-melting (a
method consisting of the repeated scanning of every solidified layer without previous powder
deposition) has exhibited the ability to decrease the surface roughness by 50%, and in the same
time decrease the porosity by 40%, when compared to the specimen built with same process
parameters without laser re-melting. It should be however noted that the laser re-melting
negatively affects the mechanical properties of the built parts as it substantially decreases the
strength of the treated components [139, 140].

In contrast, the sandblasting and vibratory finishing reportedly increased the fatigue
strength of the LPBF-manufactured AISil0Mg components, compared to the as-built state. It
was determined that sandblasting is less productive in increasing fatigue strength, on the other

hand, its ability to decrease the surface roughness is much more efficient, compared to
vibratory finishing [141, 142].

Similarly, the effects of chemical post-process surface treatment consist of both decreasing
the surface roughness and increasing the fatigue strength. Both effects are however much less

prominent, compared to the mechanical methods of surface treatment [143].

1.5.2. Shot peening

Shot peening can be considered one of the most common and simple cold working

techniques and its effect on the Aluminium alloys manufactured by LPBF technique has been
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well documented. Although the shot peening is not thoroughly efficient in decreasing the
surface roughness of the manufactured pieces, the effects of this post-process treatment also
consist of enhancing the compressive residual stresses and thus decreasing the tensile stresses,

reducing the porosity, and increasing the high cycle fatigue behaviour of aluminium component
manufactured by LPBF [144, 145, 146].

During shot peening, the highly accelerated beads, directed towards the treated surfaces
cause plastic deformation localized on and under the surface of the treated components (Figure
10). The strain hardening phenomena leads to enhancement of the residual compressive
stresses and high dislocations density in these regions. It has been reported that application of
shot peening has the potential to improve the fatigue and tensile strength and enhance the

hardness of the treated surfaces. While the effects of shot peening are considerably positive,
the effective depth is rather small [144, 146].
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Figure 10 Schematic representation of the effects of shot peening

1.5.3. Hot isostatic pressing

The post-process treatment, commonly applied to LPBF manufactured components to
decrease the process-induced porosity, with a considerably larger effective depth, compared to
shot peening, is hot isostatic pressing (HIP). The working mechanism of this post-process
treatment method applies heating of the specimen to a high temperature (depending on the
material characteristics) and subjecting the specimen to a high pressure, usually just under the
yield point. Both processes, heating and pressing, are applied simultaneously in an inert
atmosphere [147, 148, 149, 150].

The effects of this treatment consist of the dissolving of the entrapped gas to the solidified
metal and subsequent collapse of the pores. The plastic deformationsinside treated components
are densified and the microstructure gets homogenized. The pores are generally considered a

crack nucleation site; therefore, the idea of HIP-induced pore closure is to increase the fatigue
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strength of treated components. Noteworthy, the HIP treatment does not significantly transform

the geometrical dimension and tolerances of the LPBF manufactured specimens [147, 150].

In the realm of Aluminium alloys, the HIP treatment is commonly administered at a
temperature of 500 °C and a pressure of 100 MPa. Research has indicated that temperatures
below 300 °C are insufficient for achieving optimal pore elimination. Despite evident pore
closure, the strength of components subjected to HIP treatment has been observed to be subpar
compared to their as-built counterparts. This discrepancy has been attributed to the
globularization and coarsening of the microstructure in treated specimens, coupled with the
failure of the previously present Si network within the eutectic of the as-built specimens [151,
152].

Noteworthy is the recurrent observation of pore re-opening in AISilOMg specimens
following HIP treatment. The substantial fraction of re-opened porosity is attributed to the
inadequate diffusion of entrapped gas from within the pores. Despite a reduction in pore
diameter due to increased temperature and pressure, the remaining gas within the pores
expands, potentially reinstating the pore diameter [148, 152].

It is crucial to highlight the contradictory effects of HIP on LPBF-manufactured
aluminium, as reported in the literature. While some studies confirm improvements in fatigue
strength, others describe a significant increase in ductility alongside an excessive decrease in

strength, contrary to the anticipated enhancement in fatigue life [149, 150].

The notable reduction in strength observed in HIP-treated specimens stands out as a key

disadvantage of this post-processing method. Existing literature suggests that this strength
diminution can be partially mitigated through additional cycles of heat treatment [149, 150].

Exploring various combinations of HIP and subsequent heat treatments on the porosity and
mechanical properties of AlSi1l0Mg components fabricated by LPBF has been a subject of
investigation. However, discrepancies in published results regarding the effectiveness of such
post-processing treatments persist. While certain studies propose that thermal treatment applied
to HIP-treated specimens leads to significant pore re-opening and an increase in mechanical
strength comparable to as-built specimens, others present more favourable outcomes. It is
imperative to acknowledge the need for more extensive research in this domain to arrive at
conclusive findings [153, 154, 155].
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1.5.4. Thermal treatment

Heat treatments, in general, serve as efficient methods for modifying the mechanical
properties of treated specimens to meet specific functions and applications. The alteration of
mechanical properties primarily relies on inducing microstructural modifications [156, 157,
158, 159].

In the context of conventionally manufactured aluminium alloys, particularly AISil0Mg, a
set of guidelines has been established for heat treatment. The recommended methods for this
alloy include the T6 treatment. The T6 method, serving as the primary thermal treatment for

AlSil0Mg alloy, involves solution heat treatment followed by immediate water quenching,
succeeded by a direct ageing cycle [160].

Itis crucial to acknowledge that the T6 heat treatment is intricately designed to transform
the microstructure and mechanical properties of conventionally manufactured aluminium
alloys. However, the unique characteristics of aluminium alloys produced via LPBF method
may introduce variations in the effectiveness of the T6 treatment. The significantly finer
microstructure observed in LPBF-manufactured aluminium alloys can lead to reactions distinct
from those commonly observed in conventionally manufactured aluminium parts when
subjected to thermal treatments [156, 158].

It is worth noting that the thermal response of LPBF-manufactured aluminium components
is not extensively studied under thermal loads. Consequently, understanding the behaviour of

these components during thermal treatments, or generally under the thermal load remains an
area requiring further investigation [155].

Current literature reports significant grain coarsening in LPBF-manufactured AlSi10Mg
components imposed to T6 treatment. It is noteworthy that the metastable cellular
microstructure in AlSil0Mg components manufactured by LPBF leads to phase transformation
by decomposition after the material is subjected to heat treatment. Numerous authors have also

reported the growth and concluding decrease of the number of Si precipitates within Ostwald’s

ripening phenomenon [161, 162, 163].

Notably, Ostwald’s ripening phenomenon can be characterized by the dissolving of the

small-sized Si particles, that subsequently deposit on the larger particles, which adversely lead
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to coarsening of the Si precipitates. This process is led by the inclination of the particles to

reach a more thermodynamically stable statesince the surface-to-area ratio is minimised [163].

In a similar vein, the annealing process induces notable changes in the material's
microstructure. Specifically, the finely delineated low-angle grain boundary sub-structures are
eliminated through annihilation. This transformative effect can be ascribed to the recuperation
of dislocation arrays inherent in the material's as-built state. The originally intricate network of
Si surrounding the a-Al cells undergoes decomposition, forming Si spheroids. This results in a

composite-like microstructure characterized by an Al matrix reinforced with Si particles [164,
165].

These microstructural modifications are further evidenced by pronounced material
softening, heightened ductility, and diminished strength. Notably, the T6 treatment imparts
alterations to the mechanical properties, particularly a decrease in strength, which may prove

detrimental in diverse industrial applications, particularly those necessitating load-bearing
capabilities [164, 165].

Conversely, the T5 heat treatment has been reported to enhance the mechanical strength of
components manufactured through LPBF. However, contingent upon the applied temperature

and treatment duration, the effects of T5 may include a substantial reduction in ductility [166].

Noteworthy, the AISil0Mg specimens manufactured by LPBF are still commonly
subjected to traditional methods of heat treatment, neglecting their microstructural and
mechanical characteristics, possibly leading to lower efficiency of the heat treatment, or its

overall detrimental effects. This practice can be explained by the current lack of knowledge
regarding the heat treatment of LPBF-manufactured components [157, 158, 161].

Despite the extensive research on this topic, it is necessary to further study the possibilities
to optimise the heat treatment directly for AISil0Mg alloys, considering the microstructural
characteristics in both prior and post treatment states. The optimization of heat treatment
parameters is crucial for achieving the desired mechanical properties of AlSi10Mg alloys, and

it is an active area of research in the field of additive manufacturing and materials science [154,
163, 164, 165].
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Further research might lead to a better understanding of the post-process treatment of
AISi10Mg components manufactured by LPBF. Ideally, optimized parameters of conventional
treatment processes, or development of the new post-process treatments, directly tailored to
LPBF manufactured components might lead to further improvement of their quality and
increased area of application of this manufacturing method [157, 158, 159].

1.5.5. Thermo-mechanical treatment

Friction stir processing represents the most recent metalworking technique that might be
successfully applied to LPBF-manufactured AlSilOMg components with the objective of
homogenizing their microstructure, suppressing the porosity, and providing localized specific
property enhancement. This metal working technique utilizes the same process principles as
friction stir welding, where the fusion of two components is secured by flow of heated and
softened material supported by the contact with rapidly rotating tool [160, 161, 162].

The friction stir processing (FSP), however, instead of joining the specimens, locally
modifies the microstructure of monolithic specimens induced by plastic material flow. During
the FSP treatment, the processed material is heated to the temperature of around 80% of the
melting point, plastically deformed and driven to flow by the contact friction between the non-
consumable tool and base material. An example of the processing setup is demonstrated in
Figure 11. The common effects of FSP treatment, when applied to LPBF-manufactured
specimens, include grain refinement and microstructure homogenisation, porosity suppression,
ductility improvement, fatigue life enhancement, and local modification of residual stresses
[160, 162].

plunge force
rotational speed o=
rotating tool
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Figure 11 Processing set-up of FSP treatment
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Several research groups have confirmed the homogenizing and densifying effects of FSSP
on specimens manufactured using MLPBF. Scherillo et al. [163] described the breakage in
layer-wise morphology and homogenization of both micro- and macrostructures in friction stir-
welded AISi10Mg plates fabricated by SLM. Huang et al. [164] confirmed the transformation
of the microstructure in Ti6Al4V specimens processed by the tool with rotational speeds over
400 rpm. The initial porosity of processed specimens was significantly suppressed, and the
ductility was greatly improved. Maamoun et al. [165] compared the ability of hot isostatic
pressing (HIP) and FSSP to densify the structure of AlSilOMg, finding that the densification
of the microstructure of specimens processed with FSP was significantly more efficient. Lv et
al. [166] described the transformation of residual stresses in selectively laser melted specimens
after FSSP treatment. The FSP caused an increase in residual stresses with a typical M-shaped
distribution. Perard et al. [167] applied FSP to martensitic steel specimens with copper cold
spray coating, and FSP demonstrated the ability to densify the microstructure and homogenize

the coating layer.

On the other hand, the final effects of the FSP treatment, together with the effective depth
of processing, vastly depend on the applied process parameters (plunge depth, processing
speed, rotating speed, plunge force) and working set-up (presence and geometry of pin, the
standard-, or spot processing set-up, refill-type of processing, etc.). While current literature
already includes few sources directly describing the effects of FSP treatment in specimens
manufactured by LPBF technique from AISi10Mg alloy [168, 169, 170], this area still requires
further investigation.

Considering the working mechanism of this processing technology, in which a rapidly
rotating tool is pressed against the surface of the specimen, it is not surprising that this thermo-
mechanical treatment might result in defects distortions of different ranges and types (Figure
12). Several parameters, including plunge force, pin usage, pin geometry, etc., influence the
range and type of distortions in processed specimens. Numerous researchers suggested that

increasing the plunge depth and using a pin can negatively impact the geometric accuracy and
surface integrity of the processed specimen [161, 165].
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Figure 12 Defect and deformations in FSP-treated specimen

Notably, the distortions of processed components arising from material flux in FSP
treatment may pose a challenge in applications that require precise dimensional accuracy.
Therefore, it is imperative to conduct meticulous research uncovering the material flow during
FSP treatment in specimens manufactured via LPBF. Striking a balance between an appropriate
effective depth and acceptable deformation is essential for evaluating the effectiveness of the
FSP treatment. Understanding the material flow and resulting deformations induced by FSSP
processing with different parameters represents a key precursor to further industrialisation of
the FSSP treatment as an efficient post-processing technology for LPBF manufactured
components. In contrast, the current lack of research regarding this topic might be considered
an obstacle to the widespread application of FSP treatment to LPBF-manufactured
components. [162, 164, 169].

Since the LPBF-manufactured components often require good geometrical accuracy, the
FSP process optimization, including testing of novel processing set-up, should be considered.
More research attention should be given in finding a balance between the effective depth of

processing and induced deformation.

1.6. Numerical modelling and Finite Element Analysis (FEA)
of LPBF manufacturing with Aluminium alloys

Numerical modelling represents an important tool in enhancing the reliability of the LPBF
manufacturing process. Predicting the outcomes of manufacturing considering various process
parameters, aspects of the environment inside the building chamber, etc. holds the potential to
minimize the defects and residual stresses, increase the precision and minimize the risk of

failure of the building component. The numerical modelling might thus represent a significant
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economical and environmental benefit, as it prevents the potential material and energy waste
[167, 168, 169, 170].

In the realm of LPBF, a multitude of intricate and dynamic physical phenomena unfold,
underscoring the inherent complexity of the process. Given the constraints imposed by the
computational capabilities of common computers, the imperative arises to consciously
integrate simplifications into numerical models. Consequently, these models are tailored to
different scales—micro, meso, and macro—reflecting the need to strike a balance between

computational efficiency and accuracy [168, 169].

It is essential to emphasize that the level of detail incorporated into these numerical models
is intrinsically tied to the computational cost. Consequently, the precision of a model
corresponds directly to its computational demands. As a pragmatic consequence, the most
refined numerical models find application in the analysis of short, single-track manufacturing
scenarios, where intricacies are portrayed with careful attention. Conversely, macroscale
models, characterized by a higher degree of abstraction, are adept at simulating the
manufacturing of full-sized components. This tiered approach ensures that computational
resources are allocated optimally, matching the intricacy of the model to the specific

requirements of the manufacturing scenario at hand [167, 169, 170].

1.6.1. Microscopic approach

The microscopic modelling approach employed for simulating the LPBF manufacturing
process achieves an unparalleled level of detail among all computational methodologies.
Notably, numerical models operating at the microscopic scale exhibit the utmost complexity,

resulting in the highest computational cost when compared to models at other scales [171, 172].

The microscopic models frequently deal with materials on the particle level. Although there
is ongoing research regarding the simulations of powder particle distribution within the powder
bed, this topic still remains quite a challenge. It should be highlighted that accurate particle
distribution is an important precursor for the high accuracy of the simulated porosity, powder
denudation processes, melt pool dynamics, etc. In order to reach satisfactory results, the

raindrop method, or the recoater simulations are commonly applied [171, 172, 173].

Within the raindrop method, falling powder particles aim to reach a local minimum in

potential energy. When coming into contact with another particles, the falling particles start to
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rotate as necessary while ultimately, they are either settling in place at the local minimum or
falling until reaching the global minimum. In contrast, the recoater simulations are mainly
based on Discrete Element Methods (DEM). The DEM considers the motion of the individual

particles and their effectson one another, including e.g., the VVan der Waals forces, gravity, and
friction between them [174, 175].

Moreover, microscale models detailly describe the interaction of the powder bed with the
laser beam. The laser beams, considered primary heat sources, are described by various

techniques, although the Goldak expression is one of the most commonly used ones [171, 172,
173, 176].

The Goldak heat source considers the energy distribution as ellipsoid, including the heat
flux in front part (gf) and rear part (qr), as it is depicted in Figure 11. The total energy
distribution is thus the sum of the heat fluxes in the front and rear parts (4, 5, 6) [176].

Qx,y,2) = q;(x,y,2) + q,(x,,2) (4)
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Where f; and f, represent the power fraction of front and rear part, respectively. Notably,
the sum of both is equal to 2. The x, and x, are the front and rear ellipsoid semi-axe,

respectively, while b and d stand for width and depth of the heat source [176].
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Heat Flux \

Figure 13 Goldak heat source

As the response to the laser irradiation, the microscale numerical models describe the phase
change of the material, as well as natural and forced heat conduction and heat irradiation.
Notably, the emissivity of a powder bed surface can be only assumed by considering the
packing density of the powder bed, and the emissivity of the material in its solid phase. On the
other hand, the heat loss due to ablation is mainly determined in respect to the mass of the
ablated material [177, 178].

The phase change interface is governed by the latent heat, expressing the enthalpy and
specific heat capacity of the material in solid state, solid-liquid hybrid state and liquid state,
where the liquid state usually also recognize between melts and vapours. Consequently, the
evolution of the melts-vapours interface is mainly defined using evaporation rate. Incontinuum
heat flux coupled models, the mushy zone is mainly considered a homogeneous porous
medium, while the liquid phase is considered a Newtonian fluid with incompressible flow [179,
180].

Depending on the complexity of each numerical model, the fluid flow is portrayed to be
subjected to several forces, such as buoyancy, the Darcy’s term or the surface forces. Majority
of microscale numerical models describe the buoyancy forces by the Boussinesq
approximation and Darcy term by the Kozeny equation. Finally, the large fraction of the
microscale numerical models portray the surface forces as the sum of the surface tension term,

capillary forces and Marangoni effect, and recoil pressure terms [181, 182].
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The stress field calculation is usually coupled with the heat conduction model and is it

based on the thermoplastic theory, including yield criterion, flow criterion and hardening
criterion [171, 173, 174].

The microscale numerical models are governed by mass, momentum, and energy
conservation equations [173, 174, 175, 176, 177, 178].

The special feature of the microscale models is represented by the prediction of the
microstructure. While it is well known that the microstructure is mainly influenced by the
thermal gradient and solidification rate, there are currently 3 distinctive numerical methods
commonly applied in microscale models to simulate the microstructural evolution:

deterministic method, randomness method and direct simulation method [183, 184, 185, 186,
187].

The deterministic method applies supercooling, solute supersaturation and thermophysical
properties of materials as the main parameters determining the microstructural evolution. This
numerical method also divides the solid and liquid phases according to the temperature field
distribution, mainly applying molecular dynamics (MD). In contrast, the randomness method
adoptsthe principles of the probability theory, and nucleation and crystal growth are considered
random events. The randomness method usually applies the Monte Carlo (MC) or cellular
automata (CA) methodology. Furthermore, the direct method simulates the heat transfer, mass
transfer and phase transition through unified mathematical and physical equations and solves
the solid-liquid interface in the process of numerical calculation. The commonly used direct
simulation methodsinclude level set method (LS) and phase field method (PF) [183, 184, 187].

Notably, the current state of computational technology poses a significant size restriction
to numerical simulations using a microscopic approach. Therefore, it is still difficult to
determine e.g., porosity in larger scales. The level of adversity of computation is further
increased by statistical variation and missing of sufficient material datain the literature. The

accurate prediction of surface roughness, mechanical and physical properties, fatigue life, melt-
pool dynamics, and porosity remain a distant goal [171, 172, 173].

1.6.2. Mesoscopic approach

The mesoscopic approach in LPBF simulations typically treats the powder bed as a

continuous porous medium, disregarding the individual characteristics of powder particles.
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Consequently, numerical models at the mesoscale often neglect the powder denudation
dynamics, theinfluence of powdergranulometry distribution, and interactions between powder
particles and the laser beam. Although mesoscopic simulations primarily focus on the

formation and dynamics of melt pools, they employ simplifications that neglect certain
physical phenomena [188, 189].

Similar to the microscopic approach, the interaction between the laser and the powder bed
in mesoscopic simulations is described using transient heat transfer. The heat source is
commonly modelled with Gaussian or Goldak-like distributions. In contrast, mesoscale
approaches tend to overlook heat loss due to material ablation. While phase change is typically
modelled similarly to the microscopic approach, some authors either entirely neglect or highly
simplify the dynamics of the gas phase. Consequently, a significant proportion of mesoscopic
models fails to accurately portray recoil pressure and buoyancy forces within melt pools [188,
189, 190].

Despite sharing fundamental features with microscopic models, mesoscopic approaches
involve simplifications or the neglect of specific physical effects. The computational advantage
of mesoscale simulations, characterized by considerably lower costs compared to microscopic

approaches, enables the simulation of larger, multi-track, and multilayer components [188, 189,
190].

In mesoscopic numerical models, the deposition of new layers is often described using
either the death-and-birth or inactive method. In the death-and-birth method, non-deposited
layers are present throughout the simulation but are "killed" by assigning material properties
that do not influence the computation. Upon material deposition, these layers are activated,
"born" with real material properties. In contrast, the inactive method includes only deposited

elements in the model, with non-deposited elements added incrementally during the layer
deposition process [191, 192].

The characteristic feature of mesoscale numerical models in LPBF manufacturing is the
pursuit of equilibrium between a high level of detail and a desirable computational cost.
Despite the considerable research and numerous mesoscale models, there remains a need for
novel numerical models that provide fast and reliable predictions of defect formation and

distortion distribution in LPBF-manufactured components, especially those with larger
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dimensions. Ongoing efforts should focus on addressing this gap in order to advance the
accuracy and efficiency of LPBF simulations [188, 189, 190].

1.6.3. Macroscopic approach

The macroscale approach is a widely employed method for simulating the LPBF
manufacturing process, particularly in predicting distortions and residual stresses across full-
sized components. In these simulations, the complexity of physical phenomena within the
manufacturing process is significantly reduced, yet the models consistently demonstrate rapid
and reliable predictive performance [193, 194, 195, 196].

Depending on the size of the component under simulation, individual layers are typically
grouped into higher meta-layers, comprising generally 3 to 10 single layers, which are
deposited simultaneously. Similarly, the heating of these deposited layers is infrequently
represented through interaction with a Gaussian or Goldak heat source. More commonly, the
meta-layers are concurrently heated by applying heat flux based on energy equilibrium. Some
researchers opt to depict the laser-powder bed interaction by setting the initial temperature of
the heated meta-layer equal to the peak temperature during manufacturing, followed by

allowing the meta-layer to cool through radiation and heat conduction [194, 195].

The derived thermal history is subsequently utilized to ascertain thermal strains and
stresses. The prevalent method for stress and strain prediction in additively manufactured
components within macroscale numerical models is the inherent strain method. This approach
considers residual strains in the material as the source for the formation of residual stresses, in
accordance with Hooke’s law. It is noteworthy that in a significant fraction of finite element

models, residual strains are represented by plastic strains [197, 198].

Macroscopic numerical models often incorporate coupling between thermal and
mechanical solvers, with thermal expansion serving as the coupling feature between these
computational domains. Such coupled thermomechanical models on the macroscale
consistently offer swift and dependable predictions of residual stresses and distortions in
LPBF-manufactured components without necessitating calibration. Alternatively, exclusively
mechanical models grounded in the inherent strain method are available, albeit requiring prior

experimental calibration. This calibration typically involves the experimental manufacturing
of three or more callipers, followed by measuring distortions at predetermined points [199].
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Despite the aforementioned advantages and capabilities of numerical models employing
the macroscale approach, certain limitations have been identified. Notably, macroscale models
are incapable of providing information regarding microstructure, surface characteristics, melt

pools, or evaporation dynamics in LPBF-manufactured components [200].

1.6.4. Numerical modelling of post-process treatment of Aluminium
components manufactured by LPBF

In the realm of post-processing treatments for Aluminium specimens produced by LPBF,
it is notable that while a variety of treatments are commonly employed, only a small fraction
of research has been dedicated to the development of numerical models investigating the
specific impacts of these treatments on material characteristics. The small number of available
numerical models may be linked to the recognized knowledge gap pertaining to post-
processing treatments, as described in section 1.5. [201, 202, 203].

Despite the conspicuous lack of numerical models in this domain, a handful of researchers
have proffered diverse findings concerning numerical models for both thermal and mechanical
treatments. Warnken et al. assert that the modelling of heat treatment necessitates the
anticipation of the thermal history within the furnace. Given that a majority of furnaces operate
in a vacuum, the predominant mode of heat transfer from the heating elements to the treated
components is radiation. Particularly for highly reflective Aluminium and its alloys, the
reflective nature must be considered when modelling this radiation. A nuanced understanding
of the thermal history of treated components holds the potential to enhance the optimization of
power in heating elements for controlling thermal gradients or determining optimal part
positioning in the furnace to avert shading and cold spots. Utilizing the predicted thermal
history can further facilitate the computation of microstructure evolution and contribute to the

formulation of the most suitable thermal cycle [204].

Conversely, numerical modelling of mechanical treatments poses substantial challenges,
primarily attributable to the rapid dynamics of the process and extensive plastic deformations
leading to mesh distortion and ensuing convergence issues. Consequently, various authors
advocate for the adoption of alternative computational methods to address these complexities
[204].
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Similarly, in the intricate problem thermos-mechanical processing of LPBF-manufactured
parts, several aspects with high computational demands have been identified. These include
the anisotropic microstructure and contact properties between the part and the processing tool,
among others. Additionally, the rapid and significant plastic deformation experienced by
processed components adversely affects the convergence behaviour and overall processability

of conventional Finite Element Method (FEM) numerical methodswith static mesh [205, 206].

Consequently, it is necessary to consider alternative numerical strategies incorporating

adaptive mesh to strike a balance between the precision and time effectiveness of numerical
simulations for friction stir spot processing [207, 208].

The Augmented Lagrangian method (ALM) has been widely employed to address the
minimization problem and effectively model the contact and friction between two distinct
bodies, namely the workpiece and the tool. By utilizing successive unconstrained
minimization, the authors addressed the constrained minimization problem, assigning physical
significance to the Lagrange multipliers as contact forces. This enabled the examination of
friction conditions while ensuring accurate solutions. Additionally, the introduction of a
penalty parameter, influencing the numerical conditioning directly, played a pivotal role in
enhancing convergence behaviour [209, 210].

To further enhance convergence behaviour, the implementation of adaptive mesh or
adaptive updates for penalty parameters might provide a significant advantage. Numerous
researchers have obtained satisfactory outcomes by utilizing ALM to compute friction between
elastic bodies or combinations of elastic and rigid bodies. However, when incorporating

elastoplastic materials, the convergence issues still persisted, demanding continual monitoring
[211, 212].

To enhance the accuracy, efficiency, and feasibility of numerical modelling in friction stir
welding/processing, an arbitrary Lagrangian-Eulerian numerical (ALE) method was
introduced. Guerdoux and Fourment (2005) utilized a splitting method within ALE, first
calculating material velocity and pressure fields, followed by mesh velocity, and solving the
advection terms. They investigated different methods of nodal variable transport in their study
[213, 214]. Schmidt and Hattel (2005) developed a numerical model using the ALE

formulation to establish the quasi-stationary thermomechanical state of the workpiece. They
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reported reduced computational costs and no convergence issues, but void formation within

the workpiece could not be simulated [215].

More recently, several authors employed the coupled Eulerian-Lagrangian (CEL)
numerical method to furtherreduce computational costs and addresssignificant mesh distortion
problems. The CEL method utilizes the Lagrange-plus-remap algorithm, which operates in two
steps. First, material deformation is captured through mesh distortion with Lagrangian
increment. Second, the mesh is restored by calculating material flow between nodes and
subsequent remapping. Numerous research groups have demonstrated good agreement
between experimental results and CEL-calculated results, including the ability to track burr

and void formation, as well as large and rapid deformations [216, 217, 218, 219].

Currently, the research community is engaged in an ongoing discussion regarding the
benefits and disadvantages of ALE and CEL numerical methods. While several distinctions in

the predictive capacities of both numerical approaches are recognized, it remains unclear which
method is more efficient [220].

The availability of fast and reliable numerical models of post-process treatment,
specifically tailored for Aluminium components manufactured by LPBF holds the potential to
improve the general knowledge of effects of post process treatment and co-create the process
window with optimal effects on desired characteristics of treated components. At the same

time, the numerical models might prevent the material- and energy waste that would be
otherwise created by application of unoptimized post-process treatment [201, 202, 203, 204].

1.7. Motivation

The current level of awareness and state-of-the-art of LPBF manufacturing with
Aluminium alloys described in the previous section of this dissertation suggest the existence
of the knowledge gap. We have identified several phenomena and aspects of LPBF
manufacturing with Aluminium alloys that are still not well discovered and described, such as
the distinctive process-structure-property threshold, the effect of processing parameters on the
distribution of residual stresses and distortions, and the behaviour of LPBF-manufactured
components under the thermal load.

Consistent with the latter parameter, we have identified the significant lack of awareness

of the research community regarding the thermal treatment, and post process treatment of
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Aluminium components manufactured by LPBF in general. To our knowledge, the HIP
represents the only treatment that is focused directly on additively manufactured components
and the current literature does not provide the unambiguous overview on its effectivity when
applied to Aluminium alloys manufactured by LPBF. Therefore, the development of the novel
techniques of post-process treatment, considering the distinctive characteristic of LPBF

specimens, and providing the sufficient effective depth might be considered highly beneficial.

Despite the existence of various numerical models, there is still a pressing need for fast and
reliable solutions, able to predict formation of residual stresses and distortions, defects, melt
pool dynamics. The numerical models simulating the post-process treatment of LPBF-
manufactured specimens represent a special category of numerical tools, that is not well

betoken in current literature.

The further research and rigorous studies regarding these topics hold the potential to
improve the reliability of the LPBF manufacturing method. Such knowledge enhancement
might have significant industrial consequences, leading to progressed applicability of LPBF,
and increased area of application.

1.8. Objectives and outline

The main objective of this dissertation is to enhance the level of knowledge regarding the
LPBF manufacturing process with the Aluminium alloys by addressing the points identified in
section 1.7. The objectives of the thesis correlate with its outline. Therefore, the dissertation is
sectioned as follows.

e Second chapter is focused on the characterisation of the AISilOMg specimens
manufactured by LPBF. This section contains the mechanical, optical, and thermal
characterisation of the AISil0Mg components using various methods, including
destructive, and non-destructive tensile testing, microhardness characterisation,
physical simulation of the behaviour of the sample under the thermal load. The porosity
of the specimen discovered by optical analysis will be further confirmed by the relative

density testing using Archimedes method.

e Third chapter is focused on the development of the mesoscale numerical model of

LPBF manufacturing process with AISil0Mg alloy, focused on the prediction of lack-
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of-fusion type of porosity. The numerical model was validated by the comparison of
simulated and experimental dimensions of melt pools in specimens manufactured with

9 different combinations of process parameters.

e Fourth chapteris oriented in experimental and numerical investigation of the effects of
the position of the AISi10OMg cubical specimens on the building platform on their

geometrical dimensions, tolerances, and surface characteristics.

e Fifth chapter introduces the novel post-process treatments for LPBF-manufactured
AISil0Mg alloy components, the pinless friction stir spot processing (P-FSSP). The
chapter studies the effects of the treatment on the level of porosity and microstructural
characteristics of the treated component. At the same time, the chapter determines the
effects of P-FSSP processing parameters on the deformation of the treated parts, flash
formation, and the effective depth of processing. The statistical methods are used to
determine the optimal processing window resulting in the sufficient effective depthand
minimal deformation of the processed parts. The experimental campaign was
reproduced in numerical simulations employing the commercial software Simufact

Forming using Arbitrary Lagrangian-Eulerian (ALE) numerical approach.

e Sixth chapter is focused on the development of the original numerical model of P-FSSP
treatment of AISilOMg specimens manufactured by LPBF. The designed numerical
model employs and discusses the coupled Euler-Lagrangian mathematical formulation
in prediction of material flow and defect formation/suppression in the treated specimen.
The developed numerical model was validated by the comparison of simulated results

with the experimental ones, introduced in the chapter 5.

e Seventh chapter provides the summary of the work done, draws the conclusions and

suggests the future works.
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2. Characterisation of the AlISi10Mg alloy manufactured
by LPBF

This chapter provides a comprehensive overview of the intricate characteristics and
behaviour exhibited by AISi10Mg alloy specimens produced through the Laser Powder Bed
Fusion process. While the LPBF technique has become a common method for processing the
AlSilOMg alloy, the literature lacks a thorough description of certain aspects and
characteristics associated with this alloy when subjected to LPBF. The AISi10Mg alloy,
recognized for its concurrent strength and lightweight properties, holds significant industrial
promise. Nonetheless, certain physical attributes of this alloy pose challenges in its LPBF
processing. This presents a potential obstacle to its widespread industrial application,
considering that LPBF markedly alleviates the geometric constraints inherent in conventional
manufacturing methods.

This chapter presents the initial findings derived from optical analysis, microhardness
testing, standard destructive and non-destructive analyses of tensile behaviour, examination of
relative density, and evaluation of specimen response to thermal loading. The ensuing analysis
highlights the distinctive features of the AlISi10Mg alloy processed by LPBF, with a focus on

its characteristic microstructure, identification of defects, mechanical properties, and the
intricate relationships between them.

2.1. Experimental procedures
2.1.1. Manufacturing of the specimen

Five cylindrical specimens made of AISil0Mg were manufactured utilizing an EOSINT
M270 production system, which features a fiber laser boasting a maximum power of 200 W

and a laser spot diameter of 90 um. Each specimen measured 120 mm in total length and 10
mm in diameter, as visually depicted in Figure 14.
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Figure 14 LPBF-manufactured AlSi10Mg specimen
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Throughout the construction phase, the building chamber was meticulously supplied with
a vacuum argon medium, effectively diminishing the oxygen content to below 0.1%.
Simultaneously, the building plate underwent pre-heating to a temperature of 200 °C, a
measure implemented to mitigate residual stresses. The determination of process parameters
was guided by the supplier's recommendations for the specific material in question, outlined in
Table 2.

Table 2 LPBF-process parameters

Laser power [W]  Scanning speed [mm/s] Layer thickness [um] Hatch distance [um]
Skin 120 900 30 0.1
Core 195 800 30 0.17
Contour 180 900 - -

Conclusively withthe applied manufacturing method, the AISi10Mg alloy, as the feedstock

material was preliminary in the powder state. The powder, supplied by EOS, had a size
distribution in a range from 25 to 70 um, and a chemical composition as depicted in Table 3.

Table 3 Chemical composition of AlSi10Mg powder

Element [%]
Al Si Fe Cu Mn Mg Ni Zn Pb Sn Ti

balanced 9-11 0.55 0.05 0.45 0.25-0.45 0.05 0.10 0.05 0.05 0.15

During the building process, the specimens were oriented lengthwise, and their distribution
on the building plate was as demonstrated in Figure 15.
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Figure 145 Distribution of the specimens on the building plate

2.1.2. Material testing
2.1.2.1. Characterisation of the relative density

Considering the porosity being the common defect inspecimens manufactured by the LPBF
method, the specimen in its as-built state underwent testing to determine its relative density.

The Archimedes method, as depicted in Figure 16, was employed for this purpose.
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Figure 16 Archimedes method

The testing consisted of two distinct phases. Initially, the weight of the specimen was
measured in an atmospheric setting, followed by a subsequent measurement in a submerged
state within a water medium. The relative density of the specimen (p,ecimer) Was calculated

asin (7).
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Mair

P . = Py
specimen fluid (Mgir _mfluid)

Where pg,,;4 is the density of applied water medium, m,;, is the weight of the analysed

air
specimen in air and the m,,;, is the weight of specimen in the fluid. Finally, the level of

porosity was calculated as in (8).

Porosity = 100 — (22ecimen. 100) [%] (8)

PaisitoMg
2122, Metallography
The microstructure of the manufactured sample was examined in transverse and cross sections
in as-deposited and etched conditions by means of optical microscopy. The sample underwent
conventional microscopic preparation with an etching solution of Keller’s reagent (1% HF+1,5%

HCI +2,5% HNO3 + 95% H20).

2.1.2.3.  Testing of the tensile properties

Initially, the tensile properties of the AISilOMg specimens were assessed non-
destructively, using the methods of the acoustic characterisation. Within the experimental
characterisation, contact tests in pulse-echo mode were conducted. Notably, it was not
necessary to exploit the property of acoustic refraction, as we used a transducer to generate

longitudinal waves and one for transverse waves. The experimental set-up was as depicted in
Figure 17.

pulserfreciever oscilloscope PC for data acquisition
ultrasonic
prDhE =g—— "
specimen
with defect

Figure 17 Ultrasonic contact pulse-echo set-up

During the experimental campaign, the time of flight (TOF) characterizing the time in
which the ultrasonic wave travels from a source (transducer) into the tested medium and back,

for both longitudinal and transverse waves was measured. Subsequently, considering the
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measured TOFs and known thickness of the sample, which represents the spatial path of the
wave in the material, the ultrasonic velocities of the longitudinal and transverse waves,
respectively, were obtained (9).

v =" (9)

TOF

where 2s represents the wave path (the double of the thickness of the material) and TOF is the
time of flight.

Finally, assuming the theoretical model of isotropic material, known the material’s density
and using the measured velocities, the Young’s modulus (E), the shear modulus (G), the bulk

modulus (B) and Poisson ratio (v) were calculated as follows (10, 11, 12, 13) [205, 206].

— p‘l]? (?’szl _2417%) (10)
v —v}
G = pv} (11)

B=pwi-ivd) (12)

Vty2
1—2(2)

V=" 2
2—Z(Z)

13)
where v, is the velocity of the longitudinal wave, v, is the velocity of the transversal wave and
p is the density of the tested material.

Notably, the tensile properties of the LPBF-manufactured AISilOMg specimens were
measured in 4 different points in 2 different directions, as it is depicted in Figure 18.

25 mm

Figure 18 Distribution of measuring points for ultrasonic testing
With the aim to mitigate the reflection of singular microscopic pores, suppress the amount
of the noise, and thus overall improve the readability of the ultrasonic signal, the pulse

frequency of contact transducers was chosen to be 2,5 MHz. The imposed value of pulse
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frequency was in agreement with the general guidelines for acoustic characterisation of the
LPBF-manufactured materials, where a lower frequency is advised.

Additionally, the tensile properties of the specimen in the axial direction were assessed by
conventional destructive tensile test following ASTM E8 standard, using INSTRON 5869

universal testing machine (Instron, USA), as it is demonstrated in Figure 19.

Figure 19 Tensile testing

2.1.2.4. Microhardness testing

In order to verify the anisotropic nature of the LPBF-manufactured AlSi10Mg specimens,
the microhardness test across the several regions of the perpendicular section of the specimens
were conducted. Microhardness tests were done with a load of 0.3kgF for a duration of 15
seconds.

2.1.2.4. Behaviour of the specimen under thermal load
The specific thermal response to the elevated temperature of AISilOMg specimens

manufactured by LPBF technique was examined in physical simulations. Three different types
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of thermal loads were applied using the Gleeble 3800 physical simulator, as outlined in Table
4. The thermal loads included a heating phase (from 20 °C to 500 °C), a holding phase
(maintaining a constant temperature of 500 °C), and a cooling phase (from 500 °C to 20 °C).
It is important to note that subsequent analysis revealed that the physical simulator was unable
to achieve the desired cooling rate, thus the thermal behaviour during the cooling phase could
not be evaluated. The physical simulation system employed two thermocouples: one for

heating the specimen using Joule heating principles, and another to measure the instantaneous
temperature of the specimen (Figure 20).

Table 4 Imposed thermal loads

Thermal load Heating rate [°C/s] Keeping phase time [s] Cooling phase [°C/s]

TH1 10 60 10
TH2 7.5 80 7.5
TH3 6 240 6

Alsitomg &

cylinder _
2 G

clamping l
system i

Figure 20 Working set-up of physical simulation

The measured (Tm) and imposed (Ti) temperatures were subsequently analysed, their
difference (Tairf) for each time step was calculated (14), and the Tairr over the imposed
temperature was plotted.

Tdiff =T, — T; (14)
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2.2. Results and discussions

2.2.1. Porosity, defects, and heterogeneous microstructure

Table 5 shows the measured weight of the specimen in both air and water medium assessed
within the Archimedes method, as well as the calculated density of the sample, and the density
of the AISi10Mg material, stated by the powder supplier. It is noteworthy that the level of
porosity was subsequently calculated to be 2.66%.

Table 5 Characteristics of the LPBF-manufactured AlSi10Mg specimens investigated by the Archimedes method

Mair [0] Miiuid [9] PAISILOMg [kg/m3] Pspecimen [kg/ma]

39.89 24.47 2670 2598

Moreover, optical analysis unequivocally confirms the presence of porosity, as depicted in
Figure 21. Notably, the AISilO0Mg samples produced through LPBF exhibit a distinct
prevalence of both lack-of-fusion defects and metallurgical porosity. The lack-of-fusion
defects manifest predominantly as elongated structures with an approximate cross-sectional
length of 140 um or as spherical formations with a larger diameter of approximately 26 um,
discernible in the transverse section of the specimen. Conversely, metallurgical porosity is
characterized by spherical formations with a diameter of approximately 8 um, evident in both
transversal and cross-sectional views of the specimen. This distinctive combination of lack-of-
fusion defectsand metallurgical porosity underscores a notable trait in the LPBF-manufactured
AISi10Mg samples.

cross-section transverse section

b

Lack-of-fusion defects

Figure 21 Porosity and lack-of-fusion defects observed on cross- and transverse section of the LPBF-manufactured AlSi10Mg
specimen

The prevailing literature indicates that the computed porosity levels primarily arise from
metallurgical pores, with the voids resulting from a lack of fusion predominantly filled by
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unfused powder, while metallurgical pores tend to remain empty. Consequently, the
applicability of the Archimedes method in ascertaining porosity levels in specimens produced
through LPBF is inherently constrained, as it notably underestimates the volume of lack-of-

fusions, as documented in references [32, 103, 108].

It is crucial to emphasize that although a discernible degree of porosity and lack-of-fusions
is commonly observed in LPBF-manufactured specimens, the potential effects on the
mechanical properties of the fabricated components should not be overlooked. A
comprehensive understanding of the existing porosity levels is imperative to ensure the
requisite structural integrity for the subsequent application of the manufactured components
[103, 109, 110].

Moreover, the optical microscopy analysis unequivocally substantiates the pronounced
heterogeneity inherent in the AISi10Mg components fabricated through LPBF technique, as
visually depicted in Figure 22. The transverse section of the specimen prominently exhibits
distinctive half-cylindrical structures, attributed to the solidified melt tracks. Despite the
discernible metallurgical cohesion observed among these melt tracks, a noteworthy presence
of microvoid structures is identified. This optical inspection additionally verifies the well-

documented phenomenon of epitaxial grain growth reported in the literature [37, 89, 95, 116,
117].

Similarly, the cross-sectional examination of the specimens reveals prolonged structures,
unequivocally linked to the solidified melt tracks. A nuanced classification of four distinct
regions, each characterized by disparate microstructures, emerges upon closer inspection of the
cross-section. These regions encompass areas featuring fine cellular structures, zones
exhibiting coarser cellular formations interspersed with slender dendritic boundaries, and heat-
affected zones encircling the melt pools. It is noteworthy that the grain size of the cellular
structures within the melt pools varies based on their proximity to the melt pool surface. The
influence of a heightened cooling rate on the microstructure elucidates the exceptionally fine

nature of the cellular-dendritic Al-Si eutectic structure.

Furthermore, the coarse dendritic microstructure observed at the boundaries of the melt
pools signifies overlapping regions where the material experienced double melting. In stark
contrast, the fine microstructure prevalent in the heat-affected zones is situated between the

coarse dendritic boundaries of the melt pools and the fine cellular structures from the preceding
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layers. This comprehensive examination provides valuable insights into the intricate

microstructural variations induced by the LPBF process, shedding light on the interplay of
cooling rates and solidification dynamics in the AlSi10Mg alloy.

Fine cellular structure

: »
Heat-affected area 10pm Columnar dendrite structure

Figure 22 Heterogeneous microstructure on cross- and transverse section of LPBF-manufactutred AlSi10Mg sample

Such heterogeneity as observed both on cross- and transverse section, consisting of both
different grain sizes in different regions, but also variable microstructural characteristics
across the examined samples suggests the anisotropic mechanical properties.

2.2.2. Mechanical properties and anisotropy

Table 6 lists the calculated velocities of transversal and longitudinal waves travelling

through the samples and back to the predetermined measuring points, as well as the calculated
mechanical moduli.

Table 6 Velocities of transversal and longitudinal waves tested in different measuring points

vifm/is]  wi[mis] E[MPa] G[MPa] B[MPa] v
P1 6120.99 3258.66 73843.09  28352.37 62232.45 0.30
P2 6373.31 324124 74364.37  28050.05 71052.88 0.33
P3 5383.28 3214.14 67469.18 27582.96 40598.53 0.22
P4  5418.33 323437 68331.52 27931.27 4114497 0.22
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Notably, it was observed that varying the position of transducers on the sample surface and
the testing direction, the velocity of the longitudinal waves varied significantly. The observed
variations in longitudinal wave velocity were pronounced, contrasting with the relatively stable

behavior of transverse waves, as illustrated in Figure 23.

Additionally, an examination of the ultrasonic wave signals revealed noteworthy changes

in the amplitude of longitudinal waves when altering the position of the ultrasonic transducer,
while such amplitude variations were notably less pronounced in transverse wave signals.

Itis supposed that the signal amplitude variations, and consequently also velocity variations
of longitudinal waves are attributed to the porosity and heterogeneity of the sample. This
phenomenon appears to be less prominent in transverse waves, suggesting a lower sensitivity
to detecting porosity in the specimens manufactured through LPBF technique. This distinction
in sensitivity can be attributed to the orthogonal nature of motion and propagation in transverse

waves, compared to the alignment of motion and propagation in longitudinal waves [207, 208].

Signal of longitudinal ultrasonic wave
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Figure 23 Signal of longitudinal and transversal ultrasonic wave travelling through the specimen

The confirmed relationship of the velocities of the longitudinal waves with the testing
direction, and consequently large differences in mechanical moduli calculated for both the
testing directions suggest that the mechanical properties of the specimens are significantly
anisotropic. It was found that the elastic modulus of the specimen tested in the direction

coincident with the building direction was lower than the elastic modulus tested in the direction
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perpendicular to the building direction. This phenomenon is commonly reported in the
literature [209, 210, 211].

The observed anisotropy in the material is linked to its heterogeneous microstructure. The
LPBF manufacturing process, known for inducing epitaxial grain growth, results in a
microstructure characterized by grains aligning nearly perpendicularly to the building
direction. This unique microstructural alignment significantly influences the mechanical
properties of the specimen, particularly enhancing the elastic modulus when tested in a

direction perpendicular to the building direction, as documented in reference [212].

Additionally, the elastic modulus of the LPBF-manufactured AlSi1l0Mg specimen tested in
the direction coincident with the building direction was compared to the experimental results
originating from the standard destructive tensile test. The stress-strain curve is shown in Figure
24.
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Figure 24 Stress-strain curve of LPBF-manufactured AlSi10Mg specimen

The specimen's ultimate tensile strength was determined to be 207.3 MPa, accompanied by
an elongation at break of 1.78%, and an elastic modulus of 67.3 GPa. Importantly, the elastic
modulus obtained through the standard tensile test exhibited commendable consistency with
values derived from non-destructive ultrasonic testing in the corresponding direction. This
convergence underscores the efficacy of ultrasonic non-destructive testing as a valuable tool
for discerning the anisotropic mechanical properties inherent in LPBF-manufactured

AISi10Mg specimens.
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Conversely, the ultrasonic evaluation of additively manufactured specimens continues to
pose challenges due to inherent issues such as resolution limitations, structural noise, and
microscopic flaws. The right selection of wave frequency emerges as a key point in achieving
both the requisite level of detail and optimal signal readability. This underscores the intricate
nature involved in navigating the complexities of ultrasonic assessment for additively
manufactured materials.

The anisotropic nature of the specimens was confirmed through microhardness
assessments. Noticeable variations in microhardness were observed between the layer core
(Figure 25a) and fusion line (Figure 25b). The reduction in microhardness is attributed to the
disruption of the fine intercellular network caused by the coarsening of silicon near the
boundaries of the melt pool [213, 214]. Additionally, diminished microhardness was identified
in overlapping areas exhibiting coarse cellular structures (Figure 25c). Despite the
acknowledged impact of defects and porosity on the mechanical properties of LPBF-
manufactured components, contemporary literature suggests that grain orientation plays a more
significant role in influencing microhardness than porosity does [215].
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Figure 25 Microhardness tetsting in a.) layer core, b.) fusion line, c.) overlap area



Alexandra Morvayova Investigation and modelling of post-processing 57
of AlSi10Mg manufactured by LPBF

2.2.3. Behaviour of the specimen under thermal load

The examination of the Tdiff signal, depicted against the applied temperature (refer to
Figure 26), has unveiled a series of anomalies. It is noteworthy that the incidence of these
irregularities in the signal exhibited a discernible correlation with the imposed heating rate.
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Figure 26 Tdiff signal, plotted over the imposed temperature of T1, T2, and T3 thermal load

The temperature of the specimen under the thermal load T1 mimicked the imposed
temperature most accurately, resulting in the least number of irregularities. The irregularities
between the temperature of the AISi10Mg cylinder and the imposed temperature of the T1 load
were located mainly until 120 °C, consisting of numerous very short peaks. Another

irregularity in theanalysed temperature was observed between 320°C and 400°C. The observed
peak has a positive direction and prolonged, short, and doltish shape.

Two main irregularities between the real temperature of the AISi10Mg cylinders and the
temperature imposed in the T2 thermal load were observed. The first positive peak was
identified between 210 °C and 280 °C, and the second positive peak was identified between
300 and 350 °C. Both peaks demonstrated similar shape characteristics, however, the first
identified peak was slightly higher and thicker. It should be noted that the temperature of the
cylinder between both identified peaks (280-300 °C) relatively closely followed the imposed
temperature and thus no significant irregularities in this temperature range were identified.

Similar irregularities were identified between the temperature of the AISi10Mg specimen

and the imposed temperature of thermal load T3. The first positive peak was identified in a
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slightly lower temperature then previously, starting at around 190 °C. It is noteworthy that,
unlike in the thermal load T2, the first and second peak are seemingly connected with a shallow
negative peak, occurring between 270 and 290 °C. The second positive peak was subsequently

identified between 290 and 340 °C. An additional negative peak was identified between 410
and 440 °C.

The initial peak, detected in cylinders subjected to T2 and T3 thermal loads, has been
ascribed to microstructural modifications induced by thermal loading, as detailed by Van
Cauwenbergh et al. [216]. These alterations are predominantly characterized by the
precipitation of silicon (Si) particles from the supersaturated aluminium (Al) cells. The
existence of such a microstructure in as-built specimens was corroborated in section 2.2.1. The
absence of the first peak during the analysis of the initial thermal load suggests that the applied
heating rate did not supply adequate activation energy for this transformation to fully manifest.

Similarly, the second peak, observed across all three thermal loads, is also associated with
temperature-induced microstructural changes. Within this temperature range, these changes

encompass both diffusional activity and the spheroidization of Si particles [87, 88].

The third peak, evident during the T3 thermal load, can be attributed to the coalescence of
primary Si particles. It is noteworthy that this microstructural transformation necessitates a
higher activation energy, and consequently, it manifests only at elevated temperatures with a
sufficiently low heating rate [88].

The precise positions and configurations of the identified peaks are contingent upon the
applied heating rate, which corresponds to the overall thermal energy imparted to the specimen
under the respective thermal load. Notably, thermal loads characterized by lower heating rates

furnish sufficient thermal energy to activate the microstructural change at an earlier stage,
consequently resulting in the occurrence of the peak at a marginally lower temperature [217].

Building upon the established structure—property correlations described in Section 2.2.2,
the alterations in microstructure and grain size induced by the thermal load inherently lead to
variations in the mechanical properties of the treated component. Consequently, a meticulously
optimized thermal load has the potential to induce desired modifications in both the

microstructure and mechanical properties of the examined specimen.
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Given the identified correlation between irregularities in the material's thermal response to
the imposed thermal load and the microstructural changes induced by said load, there arises an
opportunity to leverage physical simulations for measuring the thermal response. This, in turn,
may facilitate the development of digital twins applicable to tailoring the microstructure of the
LPBF-manufactured AISi10Mg. Through digital twinning, it becomes conceivable to establish
an optimal processing window for achieving the desired microstructural configuration through
thermal treatment. This innovative approach holds promise as a valuable tool for enhancing the
reliability of the LPBF manufacturing method. Nevertheless, it is imperative to acknowledge

that further investigations are warranted to comprehensively validate and refine these findings.
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3. Mesoscale numerical modelling of LPBF
manufacturing process with the AlSi10Mg alloy

In contemporary times, numerical modelling withstands a pivotal role in the
commercialization of additive manufacturing technologies. Its primary contributions include
enhancing reliability, minimizing material and financial wastage, and elevating the overall
product quality. Numerical modelling and simulation provide invaluable comprehension of the
synergistic impacts of strain, strain rate, and temperature—a critical aspect for discerning the
crashworthiness of additive manufacturing components. Despite the ongoing and intensive
research efforts in this domain, there is still a pressing need, particularly within the industrial

realm for the development of robust and potent numerical models.

Furthermore, the development of sufficiently accurate and efficient numerical models in
the context of LPBF fabrication serves as a crucial prerequisite for enhancing the efficacy of
numerical modelling in the post-processing treatment of LPBF-manufactured components—a
topic of burgeoning significance in the industrial landscape. This chapter therefore aims to
introduce a novel numerical model designed to predict melt pool dynamics and lack-of-fusion

occurrences in AlISi1l0Mg specimens during LPBF manufacturing on the mesoscale.

The original numerical model encapsulates the phase transition from powder to liquid,
along with subsequent solidification, providing a comprehensive depiction of the intricate
dynamics within the mushy zones. It accounts for factors such as the interaction of the powder
bed with the Gaussian volumetric moving heat source, non-isothermal flow of melted metal,
thermal expansion, and the Marangoni effect. The validation of the original numerical model
is assessed through a comparative analysis of melt pool dimensions simulated under various
sets of process parameters with corresponding experimental results. These experiments were
conducted under the same process conditions, either within our experimental campaign or as
reported in the literature. The chapter underscores the significance of the proposed numerical

model in advancing the understanding and control of LPBF processes, contributing to the
broader discourse on additive manufacturing in industrial applications.

3.1. Experimental set-up
3.1.1. Manufacturing of the samples

The present investigation adhered to a full factorial design within the framework of the

chosen design of experiment (DOE). The implemented experimental plan meticulously
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examined the formation of melt pools and the potential occurrence of lack-of-fusion defects in
a set of 9 specimens. Each specimen was produced with a distinct combination of laser power
and scanning speed, recognized as pivotal process parameters in the Laser Powder Bed Fusion

(LPBF) manufacturing process. It is noteworthy that all other process parameters were held
constant across the manufacturing of all specimens, as detailed in Table 7.

Table 7 The values of the constant process parameters

Constant process parameters

Layer thickness [um] Hatch spacing [um] Laser beam diameter [um]

30 80 100

The implemented Design of Experiments (DOE) comprised two distinct factors, each
containing three different levels. It is important to note that this experimental configuration
yielded a total of nine experimental units, as detailed in Table 8. However, it is necessary to
highlight that, during the course of the experimental campaign, only four specimens were both
manufactured and tested. The experimental results for the remaining specimens were
extrapolated from the available literature. The specific combinations of processing parameters
employed in the manufacturing of specimens within our experimental campaign are
emphasized in bold in Table 8. Additionally, Table 8 provides a comprehensive listing of the

values of energy density (ED), calculated for each unique combination of processing
parameters, as delineated in Equation (15).

where P denotes the laser power, v is the scanning speed, h is the hatch spacing and d is the
layer thickness.

Table 8 LPBF process parameters designed according to the full factorial plan

Sample  Laser power [W]  Scanning speed [mm/s]  Energy density [J/mm®]

S1 100 400 104.17
S2 100 600 69.44
S3 100 1000 41.67
S4 200 400 208.33

S5 200 600 138.89
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S6 200 1000 83.33
S7 275 400 286.46
S8 275 600 190.97
S9 275 1000 114.58

During the conducted experimental campaign, four specimens of AISil0Mg alloy
measuring 0.5x1x0.21 mm were fabricated utilizing the EOSINTM270 manufacturing system,
a product of EOS (Germany). The supplied powder, whose chemical composition is detailed

in Table 3, was sourced from EOS. The fabrication process adhered to a zigzag scanning
strategy, as illustrated in Figure 27, for all specimens.

1mm

Scanning direction

Figure 27 Scanning direction and laser beam path applied to manufacture the specimens within the own experimental
campaign

3.1.2. Determination of the melt pool dimensions and presence of lack-
of-fusions

The melt pools were identified as the zones that underwent fusion and resolidification.
Their dimensions were determined by measuring the maximum length in the XY plane for

length and the highest z-dimension for depth. The same methodology was employed for the
determination of Length of Fusion (LOF) dimensions.

Measurements within our experimental campaign were conducted using optical
microscopy images and pixel counts. To facilitate these measurements, specimens were

carefully cut and subjected to etching using Keller’s reagent solution. The microstructure of

the specimens was examined in both transverse and cross-sectional views.



Alexandra Morvayova Investigation and modelling of post-processing 63
of AlSi10Mg manufactured by LPBF

The micrograph method, as outlined by Propoppatum et al. [218], was employed to
determine the mean LOF and melt pool dimensions, along with the final volume of LOFs. The
volume of LOFs was computed according to Eg. 16:

— ZVLOF defects 100 (16)

Viotal

Vlack—of —fusions [%]

3.2. Numerical model

A comprehensive coupled mechanical-thermo-fluid dynamical model was developed to
simulate the manufacturing process of nine specimens, each characterized by distinct process
parameters (refer to Table 8 for details). The numerical model intricately captured the
coexistence of various phenomena, encompassing the interaction between the powder and the

laser heat source, the dynamics of phase change interfaces, non-isothermal flow, thermal
expansion, and the influential Marangoni effect [219].

In the simulation, non-melted layers of AISilOMg alloy powder were represented as
homogeneous porous media, with a specified packing density of 0.7 [220]. The deposition of
new layers was delineated through the utilization of a birth-and-death technique, allowing for
a sufficiently accurate representation of the additive manufacturing process.

The powder material properties are shown in Figure 28.
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Figure 28 Material properties: Thermal conductivity [84] and heat capacity [96] (a); Density and vis-cosity [94] (b); Heat
transfer coefficient [91] and CTE [91] (c)

Complex nature of presented model was described by CFD model based on mass,
momentum, and energy conservation equations (17, 18, 19) [221].

V.o =0 17)
A —2VP+ uV*5+ § +F, (18)
oh - 1

Where v is the molten material velocity, P is the pressure, p is the density, p is viscosity, g is

gravity, Fp is the body force, h is enthalpy, t is time, k is thermal conductivity, T is temperature
and Q is the input energy from the heat source.

Heat source was defined as Gaussian heat source model (20, 21) [222]:

QG ) = fexp| - (“225)]| 0

| = 24P 1)

mh Tq
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Where Q is the heat source, | is the intensity, r describes the position and rqis the laser
beam radius. A denotes the absorptivity, P denotes the laser power, h is the height of the heat

source.

The phase change from solid to liquid state was stimulated through latent heat of fusion.
Enthalpy was defined as follows: (22) [223, 224]

h=[C,dT+1, (22)

where Cp is thermal capacity, Ir is latent heat of fusion.

Density, heat capacity and thermal conductivity in the mushy zone were calculated as
follows (23, 24, 25):

p = psbs +p,6; (23)

1 da,,
@=ﬂ@%@+%%@+géfgg

k = k.6, + k6, (25)

Where 6s and 60; are the phase fraction of solid and liquid phase and am is the mass fraction of
mushy state.

Further, the am is defined by the equation (26) [224]:

— 1p18—psbs (26)
m 2 ps6s+p16;

The body mass force was applied to dampen the velocity in the mushy zone. The Kozeny-

Carman equation was integrated [222].
Marangoni effect was depicted as the coupling feature of heat transfer and laminar flow.

The material was described as elasto-plastic, with the hardening function described by

Johnson-Cook model. The temperature-induced material softening was considered.

The thermal expansion was described as coupling feature of solid mechanics model

with the heat transfer.
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In the post-build state, the lack-of-fusions were identified as areas where the temperature
did not exceed the melting point. Consequently, the level of lack-of-fusion defects was
calculated (16). The melting pools were identified according to the heat distribution in

consolidated layers.

3.3. Validation of the simulated results and statistical analysis

The validation of our proposed numerical model underwent validation involving a
comparison between experimental and simulated results, accompanied by the subsequent
calculation of the relative error inherent in the simulated outcomes. Furthermore, the data was
subjected to the statistical analysis to determine the effects of energy density, laser power, and
scanning speed on the tested dimensions of the melt pools and lack-of-fusions. Employing
analysis of variance (ANOVA), statistical significance of these input parameters in relation to
the output parameters was determined. This investigative process was complemented by the
application of a full-factorial Design of Experiments (DOE), from which regression equations
were derived. The execution of these statistical analyses was conducted using the Minitab

software platform.

3.4. Results and discussion

3.4.1. Melt pool dimensions and lack-of-fusion volume

Table 9 shows the simulated and experimental values of mean melt pool lengths and LOFs
volumes. The simulated and experimental data were in good agreement and the proposed

numerical model can be therefore considered validated.

Table 9 Simulated and experimental values of melt pool length and LOFs volume

Melt pool length [um] Volume of lack-of-fusion defects [%]
Sample . . Relative error . . Relative error
Simulated Experimental Simulated Experimental

[%] [%]
S1 159 151 5.30 2.96 3.12 5.13
S2 136 128 [15] 6.25 3.18 3.68 [20] 8.15
S3 128 136 [16] 5.88 4,58 4.36 [20] 5.05
S4 254 278 [14] 8.63 1.54 1.47 [18] 476
S5 148 143 15] 3.50 2.14 1.98 [20] 8.08

S6 144 152 [16] 5.26 2.78 2.64 [17] 5.30
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S7 281 296 5.06 0.39 0.41 487
S8 234 246 [14] 488 071 0.67 [19] 5.97
S9 152 144 5.56 1.25 1.225 2.04

Figure 29 additionally demonstrates the comparison of simulated and experimental melt
pool lengths, depicted in their relationship with the energy density.

350
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Figure 29 Comparison of simulated and experimentally assessed values of mean melt pool lengths, depicted in their
relationship to the energy density

The statistical significance of the quasi-linear relationship between the energy density and
mean melt pool length was confirmed by ANOVA (R? of 91.29%, P-value of 0.00). Notably,
short melt pools were observed in those specimens manufactured with lower energy density
(S2, S3). When the energy density was over 200 J/mm?2, the melt pools were considerably

longer (Figure 30). Increase of melt pool length caused by increased energy density was
confirmed by literature [224,225,226].
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Figure 30 Simulated and experimental melt pools with high length in specimen S7, manufactured with high energy density

Moreover, ANOVA confirmed statistically significant effects of both laser power and
scanning speed (Table 10).
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Table 20 Results of ANOVA determining the significance of the effects of the laser power and scanning speed on the melt
pool length and the regression equation

R?[%)] P-value Regression equation
P \Y
Melt pool length  93.82 0.03 0.02 245+ 0.831 P - 0.468 v + 0.00073 P+ 0.000358 v* - 0.000960 P.v

Main effect plots (Figure 31) have revealed relatively linear relationship between laser
power and melt pool lengths, where the increase of laser power results in gradual increase of
the melt pool lengths. In contrast, indirect proportion between the scanning speed and melt
pool length has been identified, however the increase of the scanning speed causes the decrease
of the melt pool length just until the value of approximately 800 mm/s. Further increase of the

scanning speed to 1000 mm/s do not cause the significant change in melt pool length.

Laser power [W] Scanning speed [mm/s]
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Figure 31 Main effect plots of laser power and scanning speed on the mean melt pool length

Similarly, as in Figure 29, quasi-linear relationship between energy density and LOFs
volume was observed. Figure 32, further comparing the simulated and experimental LOFs
volumes, depicted in their relationship to the energy density, demonstrates the success of the

presented model as the simulated and experimental values were in good agreement.
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Figure 32 Comparison of simulated and experimentally assessed values of mean LOF volumes, depicted in their relationship
to the energy density

Notably, the indirect proportion between the energy density has been proven to be
statistically significant by ANOVA (R?of 75.68%, P-value of 0.002). The presented results are
suggesting that higher energy density resulted in lower volume of LOFs, and vice versa. Figure
33 demonstrates the comparison of simulated and experimentally assessed microstructure in
specimen S7 in transversal view. Even though the sampled specimen was manufactured with

high energy density, few lack-of-fusions were still observed in examined interlayers.

————

simulated experimental

Figure 33 Comparison of simulated and experimentally assessed microstructure in specimen S7

Similarly, as for the melt pool lengths, the ANOVA has determined that the effects of laser

power and scanning speed on the volume of LOFs is statistically significant. The results of
ANOVA, together with the regression equation, are listed in Table 11.

Table 11 Results of ANOVA determining the significance of the effects of the laser power and scanning speed on the LOF
volume and the regression equation

R?[%] P-value Regression equation
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P %

LOF volume 99.40 0.000 0.003 2.310-0.00192 P + 0.00301 v - 0.000023 P*- 0.000008 P.v

Main effect plots (Figure 34) have revealed linear-like relationships between both
examined input parameters (laser power and scanning speed) and LOF volumes. While the
indirect proportion between the laser power and mean LOF volumes was identified, the
relationship between scanning speed and LOF volume was characterized by the direct

proportion.
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Figure 34Main effect plots of laser power and scanning speed on the mean LOF volume
3.4.2. Lack-of-fusion dimensions

Moreover, the study examined the simulated lack-of-fusion dimensions, and how they are
affected by the energy density, laser power, and scanning speed. Figure 35 demonstrates the

relationship between mean lack-of-fusions length and depth with the energy density.
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Figure 35 Mean length and depth of lack-of-fusions vs. energy density

The indirect proportion and relatively linear relationship between the energy and mean
LOF depth was observed (R? of 90.34%, P-value of 0.018), while the curve describing the
effects of energy density on the mean LOF length was seemingly much less regular (R? of
68.32%, P-value of 0.06).

Moreover, both mean lack-of-fusion depth and length were majorly impacted by the laser
power, while the scanning speed impact was slightly less significant (depth) or statistically
unsignificant (length), as evidenced by ANOVA (Table 12).

Table 12 Results of ANOVA determining the significance of the effects of the laser power and scanning speed on the LOF
dimensions, and the extracted regression equations

R?[%] P-value Regression equation
P v
LOF depth 98.57 0.001 0.015 5.784-0.00294 P + 0.00301 v - 0.000057 P?+0.00031v?- 0.000003 P.v
LOF length 63.83 0.014 0.126 186.274 + 0.378 P - 0.217 v + 0.0041 P? + 0.000184 v2 - 0.00110 P.v

Described behaviour was caused by low laser absorption of the AlSi10Mg alloy [227]. By
analysing the mean effects plots (Figure 36) it was determined that the mean depth of LOFs
was directly proportionate to scanning speed and indirectly proportionate to laser power,

while the mean length of LOFs was indirectly proportionate to laser power.
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Figure 36 Main effect plots of laser power and scanning speed on the mean LOF depth and main effects plot of laser power
and mean LOF length

High scanning speed in combination with low laser power resulted in shorter and shallower
LOFs (specimens S7 and S8). On the other hand, the combination low laser power and high
scanning speed resulted in longer and deeper lack-of-fusions, as well as higher volume of lack-

of-fusions within the specimen (specimens S2, S3).

Significant differences in both examined LOF dimensions in specimens S1 and S9 were
observed, even though the energy density was similar. However, in S9, higher laser power was
applied, which allowed more efficient melting. Low laser power was thus balanced by the low
scanning speed just partially. Similarly, in specimens S4 and S8, differences in geometry and
volume of lack-of-fusions were caused by different process parameters, even though the
applied energy density was similar. Fiedler et al. [227] suggested that this effect is observable
in specimens manufactured from AlSi1l0Mg alloy, as the laser absorptivity is low.

Notably, low scanning speed resulted in more sufficient melting, better connecting of
subsequent layer and neighbouring melt tracks and shorter lack-of-fusion pores [228, 229].

3.4.3. Temperature distribution in manufactured layers

Additionally, the simulated temperature distribution in fused layers was examined and
analysed. It was determined that temperature distribution was highly influenced by the energy
density (Figure 37). It was observed that the increase of the energy density generally resulted
in the significant increase of the temperature of the scanned layers with more uniform
temperature distribution. The observed phenomenon is in accordance with the results in
literature [230, 231].
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Figure 37 Comparison of temperature distribution in the top layer after the build in specimens manufactured with different
process parameters

The investigation revealed that achieving a high energy density, through the combination
of a low scanning speed and elevated laser power (e.g., specimen S7), led to the elevation of
temperature beyond the melting point, resulting in significant evaporation. Notably, the
presented numerical model did not account for mass losses due to evaporation, thereby
anticipating a higher overall porosity, even with a calculated low volume of lack-of-fusions
[229]. This observation aligns with findings from [232], which identified an energy density
exceeding 52.63 Jmm3 as a critical threshold for inducing overheating and excessive
evaporation in AISi10Mg.

Despite the acknowledged limitations in the proposed numerical model, it demonstrates
sufficient predictive accuracy and holds scientific and industrial significance. As highlighted
in Section 1.4.2, forecasting the formation of melt pools and lack-of-fusions currently stands
out as a highly effective tool for comprehensive process control, enhancing the reliability of
the LPBF manufacturing process. Furthermore, these sufficiently accurate and efficient
numerical models for LPBF fabrication serve as essential prerequisites, augmenting the
efficacy of numerical modelling for post-processing treatments applied to components
manufactured through LPBF. This letter represents a rapidly evolving area of considerable
industrial importance.
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4. Investigation of the effects of the building position
during the LPBF on the geometrical dimensions,
tolerances, and surface characteristics

The precision and overall quality of objects produced through Laser Powder Bed Fusion
(LPBF) technology are commonly enhanced through process optimization. However, the
intricate relationship between process, structure, and properties poses a substantial challenge
to achieving efficiency. While much research focuses on optimizing processes by manipulating
energy density, insufficient attention has been given to precise control and modifications of the
printing environment and positioning of specimens on the printing platform when constructing

multiple objects simultaneously.

To address this research gap, our study aims to investigate the impact of the position of
LPBF-manufactured blocks on the building plate on their geometric dimensions, tolerances
(GD&T), and surface roughness. Nine cubical specimens were fabricated from AISilOMg
powder via LPBF using optimized process parameters, consistent across all samples.
Subsequent GD&T and surface roughness analyses were conducted using Coordinate
Measuring Machine (CMM) and perthometer. Numerical simulations of block fabrication and

GD&T analysis were performed to further explain the distortion mechanisms, with validation
through experimental results.

Statistical significance of position on GD&T was demonstrated fordimensional deviations,
bottom face planarity, parallelism of top and bottom faces, and perpendicularity of top and x-
oriented faces. Regression equations were assessed, revealing the lowest dimensional errors in
the block positioned centrally on the building plate due to favorable thermal fields created by
surrounding blocks. Similar correlations between thermal fields and errors in planarity,
parallelism, and perpendicularity were observed, resulting in the least distorted cube located in
the middle of the base plate.

These findings bear substantial industrial significance, particularly in applications requiring
high precision in fields such as healthcare, implantology, and aerospace. The results emphasize
that meticulous control and planning of specimen distribution on the building platform or
compensating CAD models for position-induced distortions can significantly enhance the
efficacy and reliability of LPBF manufacturing technology. Furthermore, comprehensive

knowledge of distortions induced by the LPBF process becomes crucial when specimens
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undergo post-processing treatments that may introduce additional displacements. Insuch cases,
careful consideration and prediction of the combined effects of manufacturing process-induced
and treatment-induced displacements are essential to ensure that components meet pre-defined
requirements for dimensional accuracy or toevaluate if distortions disqualify components from
their intended applications.

4.1. Materials and methods

4.1.1. Sample fabrication

Nine cubical 35x35x35 mm specimens were manufactured by means of L-PBF. Gas-
atomized AISil0Mg powder, supplied by EOS Gmbh (EOS, Germany) was utilized in the
study. The particle size distribution was 25-70 um, and the chemical composition is shown in
Table 3.

The strip exposure with the 67° angle between each successive layer was adopted as the

scanning strategy for all manufactured blocks (Figure 38).

Figure 38. Scanning strategy

AISi10Mg blocks were manufactured utilizing an EOSINT M270 machine equipped with
a 200 W fiber laser, featuring a laser spot diameter of 90 um at the focal plane. The laser beam
was precisely focused on the horizontal plane of the specimens-in-build. To mitigate oxidation
during the manufacturing process, a vacuum argon medium was introduced into the building
chamber, reducing oxygen content to less than 0.1%. Additionally, pre-heating the building
plate to 200 °C was implemented to suppress the residual stress formation. Process parameters
were chosen based on the recommendations provided by the manufacturer of the specific
material, as outlined in Table 2. Figure 39 visually depicts the as-built blocks affixed to the

building plate.
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Figure 39. As-built blocks attached to the building plate, the black/white arrows display the building sequence.

During the construction process, the blocks were systematically distributed across the
building plate to ensure uniformity. Each block was placed directly on the plate without the
utilization of any additional supports. To facilitate seamless data analysis and unambiguous
sample identification, a systematic labeling system was implemented. The blocks were
assigned numerical labels, wherein the first digit denoted the position along the x-axis (1, 2,
3), and the second digit represented the position along the y-axis (1, 2, 3). The blocks were
assembled in a predetermined sequence, specifically in the order of 1.1, 1.2, 1.3, 2.1, 2.2, 2.3,
3.1, 3.2, and 3.3. Refer to Figure 40 for a visual representation illustrating the distribution of
samples, their corresponding labels, and the orientation of the plate during the construction
process.
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Figure 40. Distribution of labelled cubical samples across the building plate

Blocks were not subjected to post-process treatment as the dimensional accuracy and

surface roughness in the as-build state were studied.

4.1.2. Analysis of geometrical dimensions and tolerances of fabricated

blocks

The manufactured blocks underwent precise measurements utilizing a tactile coordinate

measuring machine (CMM). This comprehensive analysis included an assessment of the

planarity of every face of each block, determination of the distances between all parallel faces

of the cubes, and evaluation of the parallelism and perpendicularity among the selected faces

of the cube. For visual clarity, Figure 41 illustrates the parameters under examination on the

appraised faces of the cubical specimens, along with their corresponding labeling.
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Figure 41. Schematic representation of examined parameters and assessed faces.

The geometric dimensions and tolerances of the specimens under consideration were
assessed using the Altera LK coordinate measuring machine. This machine possesses the
inherent capability to measure specimens with dimensions of up to 1500x1000x800
millimeters, providing a volumetric accuracy of 1.1 um+L/375 and a repeatability of 0.7 um.
The applied measuring system achieves a maximum speed of 720 mm/s, coupled with a
maximal acceleration of 1,900 mm/s2. Figure 42 visually presents the process of measurement.

Figure 42. Geometrical dimensions and tolerances assessment

The x-, y-, and z-dimensions of the examined cubes were evaluated according to 1SO

15530-3 standard, adopting 17 measuring points at each assessed face, with the distribution as
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shown in Figure 43. The measuring procedure included the evaluation of planarity, flatness,
and parallelism errors as they all affect the examined dimensions.

PX1

PY1

Figure 43. Measuring plan.

The total uncertainty affecting the sides of each cube is obtained from the combination in

quadrature of the measuring uncertainty and the relative systematic error, according to the
formula (eq. 27):

U=tyui +e? (27)
Where U stands for total uncertainty, um is the measuring uncertainty and e denotes the

systematic error. The present study applies Ux, Uy, and Uz abbreviations denoting the total
uncertainties for x-, y-, and z-dimensions.

4.1.3. Analysis of surface quality of fabricated pieces

Surface quality was assessed via surface roughness measurements by MarSurf XCR 20
(Mahr). The employed perthometer had 2.5 ps sensitivity and measured the surface roughness
in £250 um. Measurements at intervals of 4 mm, containing 11200 measuring points were

conducted on free surfaces of cubical specimens in the same direction. The processing setup
is shown in Figure 44.
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Figure 44. Assessment of surface quality

Four types of surface roughness were evaluated: Ra (roughness profile arithmetic average),
Rq (root mean square average of profile height deviations from the mean line), Rz (average of
maximum peak to valley heights of the profile in the sampling lengths, over the full assessed
length), and Rt (total height of profile over the evaluated length). They were calculated as
follows (Eq. 28, 29, 30, 31) [233, 234, 235]:

1l
R, = ;fo |z(x)|dx (28)
R, = \/%folm z%x dx (29)
R,=R,+R, (30)

R, = max(Rpi) + max (R,;) (31)

Where Im denotes the measured length, z represents the z-coordinates of assessed peaks, Rp
denotesthe maximal height of all assed peaks, Rv denotesthe maximal depth of all assed peaks,
max (Rpi) stands for a sum of heights of 5 highest peaks and max (Rvi) represents the sum of

depths of 5 most profound peaks. Term max represents the maximum as the maximal values
of both height and depth of the profile are evaluated, as it was explained before.

Given that the blocks remained affixed to the building plate, only certain faces were

available to roughness assessment. Consequently, for spatial considerations, exclusive
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evaluation was performed solely on the Z2 face across all blocks. Nevertheless, owing to the
greater accessibility afforded by the positioning of outer faces, supplementary evaluations were
conducted on additional faces within selected blocks. Figure 45 illustrates all evaluated
measurements and their respective positions, denoted by arrowed lines. Specifically, selected
faces, including the top faces of all scrutinized cubes and the X1 face of cube 1.2, underwent

additional assessments in a perpendicular direction.

CUBE 1.2.

Figure 45. Schematic representation of faces subjected to roughness evaluation.

4.1.4. Statistical analysis

In addressing the quantity of samples and their placement on the building plate, we adopted
a comprehensive full factorial design featuring two factors: the x and y coordinates of the
blocks, each with three levels. The fabricated blocks were uniformly distributed across the
building plate, allowing for a simplified labeling system using numerical designations 1, 2, and
3 within the designated direction. Figure 46 provides a schematic illustration of the complete

factorial plan, detailing the precise positioning of the specimens.
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Figure 46. Schematic representation of full factorial plan and position labelling

The effect of the x- and y-coordinate of the position of the fabricated block on measured

characteristics was assessed by ANOVA. Response surface methodology was used, and the

level of significance (o) was set up to 0.95.

4.2. Numerical model

Notably, the relatively large size and number of the specimens applied in this study require
large computational time when reproducing the manufacturing process in numerical
simulations. Insuch cases, it is necessary to find a good balance between the required level of
detail and the computational time. We have therefore determined that this experimental set-up
requires macroscopic approach, simulating the manufacturing process. Therefore, the
mesoscale numerical model, introduced in Chapter 3 could not have been adopted. Instead, the
fabrication of nine cubical specimens was reproduced in macroscale simulation within finite
element analysis (FEM), where commercial software Simufact Additive (Hexagon, Sweden)

was adopted.

The simulation was conducted in thermomechanical mode, consisting of thermal transient
analysis and inherent strain method coupled according to the steps of thermal calculation.
While the thermal part of the calculation enabled the simulation of the global temperature curve
based on the essential process parameters, the mechanical computation predicted the residual

stresses and distortion behaviour according to the typical non-elastic strain component — the
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inherent strain. This numerical approach is especially suitable for simulating a build with

multiple parts on the base plate — such as in this case.

The simulation closely mimicked the experimental sample fabrication with the process
properties as described above. Table 13 shows boundary conditions applied in the simulation.

Table 13 Boundary conditions applied in simulation.

Boundary conditions
T, =200 °C

Tixyzo =To

oT 4_ma
X,y,Z€S k%—Q=h(T—T0)+asbe(T - T

Moreover, the base plate represented a fixed displacement boundary condition at the

bottom nodes of the fabricated blocks.

During the building, blocks were discretized into the voxel mesh consisting of about
640000 hexahedral elements. Each block was divided into 40 simulated layers, which consisted

of around 41 real powder layers.

All material properties of AlSil0Mg powder used in the simulation were taken from the
Simufact material library. Good agreement with material properties stated by the supplier of
the powder was confirmed. Table 14 and Figure 47 show selected material properties of
AlSi10Mg powder applied in FEM simulations.

Table 14 Selected material properties of AlSi10Mg powder

Thermal properties

Thermal conductivity [W/(m.K)] 120
Specific heat capacity [J/(9.K)] 0.898
Dissipation factor 0.7
Solidus temperature [°C] 585.0
Melting temperature [°C] 660.0
Evaporation temperature [°C] 2519.0
Mechanical properties
Poisson’s ratio 0.34
Thermal expansion coefficient [1/K] 2.06e-05
Yield strength [MPa] 240.0

Tensile strength [MPA] 460
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Figure 47. Temperature-dependent densityand Young’s modulus of AlSi10Mg powder

FEM analysis is conducted to determine the distortions in fabricated parts and deviation in

the distance between every two parallel faces.

4.3. Results and discussion

4.3.1. Dimension accuracy

The results of the planarity, parallelism and perpendicularity errors assessment are reported
in Table 15. Table 16 reports the measured x-, y-, and z-dimensions of examined cubes,
including the related uncertainties. Calculated uncertainties turn out to be at least two orders of
magnitude greater than the CCM accuracy, therefore they can be considered negligible. Finally,

total uncertainties are displayed in Table 17.

Table 15 Results from the measurement process.

Block Block Block Block Block Block Block Block Block
1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 3.3

PLANARITY X1  0.0819 0.0598 0.1090 0.0939 0.1612 0.0067 0.1134 0.1771  0.1019
PLANARITY X2 0.0869 0.1471 0.1504 0.0997 0.0980 0.1206 0.0777 0.1382 0.0753
PLANARITY Y1 01536 0.6980 0.1322 0.0715 0.1540 0.0980 0.1104 0.0722  0.1532
PLANARITY Y2 01201 0.1018 0.1240 0.0792 0.1217 0.1605 0.0754 0.1049  0.0809
PLANARITY Z1  0.0164 0.0015 0.0150 0.0079 0.0002 0.0009 0.0190 0.0025 0.0167

PLANARITY Z2  0.2632 03335 0.3699 0.1377 0.2572 0.1684 0.1847 0.0205 0.1570
PARALLELISM

[mm]

0.1755 0.1314 0.2397 0.1539 0.1773 0.1571 0.1611 0.1682  0.1062

X1-X2
PARSILELISM 02265 01577 01415 00033 01706 02210 01127 01339  0.0903
PARALLELISM 04903 05651 05149 01474 02616 01767 02208 02151  0.1998

PERP Z1-X1 0.1248 0.0798 0.1198 0.1454 0.2039 0.0695 0.1196 0.1771  0.1247
PERP Z1-Y1 0.1536  0.0859 0.1903 0.0687 0.1850 0.1598 0.1161 0.1028  0.1485
PERP Z1-X2 0.0997 0.1471 0.1617 0.0952 0.1166 0.1310 0.0941 0.1385 0.0858
PERP Z1-Y2 0.1541  0.1163 0.1623 0.1064 0.1294 0.1859 0.0886 0.1096  0.0914
PERP X1-Y1 0.1975 0.0662 0.1460 0.0747 0.1578 0.1420 0.1176 0.1064  0.1499
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PERP X1-Y2 0.1231  0.1320 0.2068 0.0752 0.1221  0.1629 0.1523 0.1259 0.0809
PERP X2-Y1 0.1695 0.0773 0.1316 0.0808 0.1699 0.1447 0.1201 0.0716  0.1461
PERP X2-Y2 0.1572  0.1539  0.1458 0.0945 0.1135 0.1625 0.1129 0.1022 0.0888
PERP Z2-X1 0.3001 0.3607 0.2778 0.1504 0.2171  0.1167 0.1113 0.1771 0.1080
PERP Z2-Y1 0.1580 0.1734 0.1610 0.0983 0.1887  0.1362 0.1778 0.0763 0.1592
PERP Z2-X2 0.3965 0.4422 0.3976  0.0937 0.1025 0.1309 0.1218 0.1490 0.1440
PERP Z2-Y2 0.1264 0.2396  0.1152 0.0867 0.1268 0.1621  0.0993 0.1422 0.1128

Table 16 Dimensions ofthe sides ofthe 9 cubes under test and their measuring uncertainties.

Block Lx [mm] Ly [mm] Lz [mm]

sides

Block12 350158+ 06293 350691+ 07942  34.8984+ 0.8855

Block13 350387+ 06063 350468+ 03932 348633108233

Block 2.1 35.1344+ 0.3255 35.1081+ 0.2308 345353+ 0.3199

Block 2.2 350738+ 04240 35710484 04165  34.6156+ 0.4973

Block 2.3 35.0847+ 0.3033 35.1186+ 0.4348 345511+ 03351

Block 3.1 35.0859+ 0.3085 35.0872+ 0.3055 34.6407+ 0.3655

Block 3.2 35.0515+ 04276 35.0886+ 0.2976 34.6823+ 0.3883

Block 3.3 35.0360+ 0.2874 35.1267 4+ 0.3265 34.6315+ 0.3466

Table 17 Total uncertainty of the sides ofthe cubes.
Block Block Block Block Block Block Block Block Block
1.1 1.2 1.3 2.1 2.2 2.3 3.1 3.2 3.3

U, 05656 0.6295 0.6076 0.3494 0.43044 0.3149 0.3203 0.4307 0.2897
U, 0.4257 0.7972 0.3959  0.2549 0.42575 0.4507 0.3177 0,3010 0.3502
U, 07947 0.8913 0.8346 0.5641 0.62861 0.5602 0.5125 0.5017 0.5059

The uncertainties in this study were primarily influenced by flatness errors on the Z2 faces,
with Cubes 1, 2, and 3 (refer to Figure 37) exhibiting more pronounced construction
uncertainties. The maximum calculated uncertainty value is 2.5% at a 68% confidence level. It
was observed that the thermal conditions at the boundaries of the cubes during deposition play
a substantial role in influencing the uncertainties of their respective sides, a confirmation made

evident in subsequent investigations.

To corroborate the experimental findings, a validation process was employed by comparing
dimension deviations obtained through numerical simulations. Table 18 provides a
comprehensive overview of the experimental and simulated deviations in the distance between
each pair of parallel faces for every cubical specimen. In both experimental and numerical
campaigns, the deviation was computed based on the nominal value of 35 millimetres, aligning

with the CAD models used in the fabrication of the cubes. Additionally, the relative error
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between experimental and simulated datawas calculated, with face labeling consistent with the

conventions outlined in Figure 38.

Table 18 Measured deviation of the distance between parallel faces of the blocks.

Dimensions deviation [mm]

[PX1PX2] [PY1PY2] [PZ1PZ2]
Exper. Simulated Error Exper. Simulat  Error Exper. Simulated  Error
[%6] ed [%0] [%0]
Block 0.0461 0.0434 5.86 0.0603 0.0581 3.65 -0.1998 -0.2102 -5.21
11
Block 0.0158 0.0149 5.70 0.0691 0.0675 2.32 -0.1015 -0.1078 -6.2
1.2
Block 0.0378 0.0352 6.88 0.0468 0.0476 -1.71 -0.1367 -0.1419 -3.8
1.3
Block 0.1344 0.1298 3.42 0.1081 0.1002 7.31 -0.4647 -0.4762 -2.48
2.1
Block 0.0738 0.0719 2.58 0.1048 0.0996 4.96 -0.3844 -0.3721 32
2.2
Block 0.0847 0.0836 1.30 0.1186 0.1009 14.92 -0.4489 -4.4431 1.29
2.3
Block 0.0859 0.0862 -0.35 0.0872 0.0887 -1.72 -0.3593 -0.3607 -3.17
31
Block 0.0515 0.0524 -1.74 0.0886 0.0901 -1.69 -0.3177 -0.3099 2.45
3.2
Block 0.0360 0.0376 -4.44 0.1267 0.1281 -1.10 -0.3685 -0.3703 -5.92
3.3

The simulated and experimental dataexhibited good agreement, with minimal relative error
observed in the deviation of the distance between X faces in block 3.1. In contrast, the maximal

relative error was noted in the deviation of the distance between Y faces in block 2.3.

Statistical analysis revealed a significant impact of the fabricated blocks' positions on the
building plate on the dimensional accuracy of x-oriented, y-oriented, and z-oriented faces of
cubes, yielding R? values of 96.30%, 93.09%, and 99.79%, respectively. The x-oriented faces'
distances were predominantly influenced by the y-coordinate of the position (P-value: 0.029),
with a lesser influence from the x-coordinate (P-value: 0.075). Conversely, the distances
between y- and z-oriented faces were influenced by the x-coordinate (P-values: 0.021 and 0),

while the y-coordinate exhibited P-values of 0.291 and 0.064, respectively.

Figure 48 depicts main effects plots illustrating the impact of blocks’ positions on
dimension accuracy. Black dots represent average distortion based on cube position during
construction. Since cube position is categorical in this study, main effect plots feature
unconnected points. Nevertheless, it is evident how the y-coordinate (representing average
distortion) changes across 1, 2, or 3 categories on the x-axis (classifying cube position in a row

or column). This facilitates the determination of the cube's position effect on average distortion
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(y-axis). An increase in the y-coordinate in the positive direction indicates that altering the
cube's position on the building plate leads to increased distortion, applicable to all main effect

plot figures.

Across all the manufactured specimens, it was detected that the sample heights were
suboptimal, necessitating compensation through additional layers or CAD file modification. In
the x-direction, position 1 exhibited minimal height distortions, while the y-direction showed
almost negligible significance. The first block (1.1) was the coldest, contributing to improved

distortions for both PX1PX2 and PY1PY2.
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Figure 48. 15 Main effects plots ofdimension accuracy

Finally, the regression equations were drawn for each of the measured and analyzed
distortions of distances. Regression equations are shown in Table 19. The x and y parameters

stand for the x- and y-dimensions of the position on the base plate.

Table 19 Regression equations for distortions ofthe distances between x-, y- and z-oriented faces.

Regression equation

[PX1PX2] —0.0618 +0.2416 x— 0.0923 y —0.05212 x> + 0.02378 y% — 0.01040 xy
[PY1PY2]  —0.0010 +0.1174 x— 0.0355y —0.03072 x% + 0.00378 y? + 0.01325 xy
[PZ1PZ2] 0.2100— 0.8068 x + 0.2949 y+ 0.18542 x2 — 0.06178 y> — 0.01808 xy

Inevaluating dimensional accuracy, our analysis revealed an anomaly limited to undersized

z-dimensions of the manufactured blocks. In contrast, Maamoun et al. [236] reported a trend
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of oversized specimens. They attributed theincreased dimensions tothe balling effect, wherein
partially melted particles adhered to the sample surface during fabrication. The diminutive
dimensions of the examined blocks may be caused by the absence of the balling effect,
attributable to distinct dynamics within the manufacturing process [237, 238]. This
interpretation is further substantiated by the visibly clean appearance of the manufactured
cubes, characterized by a smooth finish devoid of discernible coarse particles attached to the

surfaces (Figure 36). The z-dimensions are additionally impacted by the employed slicing
algorithm and recoating operations during manufacturing.

The noted influence of position on the dimensional accuracy of the fabricated is caused by
variations in thermal fields across different positions on the building plate. Blocks positioned

at the horizontal and vertical center experience heat accumulation from both sides, resulting in
a lower thermal gradient, as corroborated by simulations (refer to Figure 49).

T
ak
T

\ —
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Figure 49. Simulated thermalfields of blocks during the building.

The varying thermal fields within the building plate closely correlate with the strains of the
fabricated cubes. The thermal expansion of fabricated cubes gets partially hampered by
surrounding colder materials, which results in compressive straining in affected areas. If the
yield condition is fulfilled, plastic strains, effectuating the non-restorable plastic deformation
occur [238, 239]. During the manufacturing, effective plastic strains were located mainly
around the edges and the building plate of fabricating specimens, as such areas represent the

interface between high-temperature laser-heated material and colder unheated powder or the
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building plate (Figure 50). The effect of cold building platform might be minimized by

platform preheating.
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Figure 50. Distribution of plastic strains in cubes during the building phase.

Upon the completion of the construction phase, the specimens ceased to be subjected to
laser heating, initiating a phase of rapid cooling characterized by elevated cooling rates.
Consequently, the plastic strain distribution within the cooling specimens underwent a notable
transformation. Substantial variations, contingent upon the specimen’s spatial placement, were
discerned among the manufactured samples, with the minimal strains recorded in specimens

situated in position 2, as illustrated in Figure 51.

Effective plastic strain
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Figure 51. Distribution of effective plastic strains in cubes after cooling

The identified trend is likely attributable to deviations in thermal fields and associated
thermal gradients, as illustrated in Figure 46. A conspicuous variation in plastic strains along
the z-axis was consistently observed across all specimens, with the highest strains concentrated
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near the lower regions where specimens are affixed to the base plate. This observed strain
distribution can be rationalized by the constraint of the fabricated cubes to the building
platform, which interferes with the expected shrinkage patterns of the cooling material [239,
240].

Examining the strains from a transversal perspective revealed minimal disparities
compared to the surface distribution, as depicted in Figure 52. The marginal distinctions in the
distribution of effective plastic strains in the ZX-and ZY -planes can potentially be ascribed to
variations in the direction of the building order. However, it is noteworthy that the employed
scanning strategy exhibits negligible influence on the deviation of plastic strain distribution in
the examined planes, given that the scanning direction undergoes rotation between successive
layers.
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Figure 52. Distribution of effective plastic strains in cooled specimens in transversal view

4.3.2. Planarity

The planarity measurements for all faces of the examined blocks are presented in Table 15.
Notably, the Z1 surface, represented by the base plate, exhibited the least planarity deviation.
The flatness of the base plate was rigorously verified using a CMM, which accurately detected

multiple points on it, excluding the faces of the attached cubes. The Z1 surface was
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consequently adopted as the reference for measurements along the z-axis, with any planarity
distortion deemed negligible, given the minimal error associated with the base plane in
comparison to other assessments.

Conversely, the Z2 faces displayed the highest planarity deviations. The elevated errors in
Z2 faces can be attributed to the thermal expansion of the material and the unrestricted flow of
material towards the top layers, contrasting with the constrained bottom layers adhering to the
previous layers or the building platform. The primary source of distortion lies in the material
located at the top layers, manifesting as prominent distortions in the upper faces of the
specimens. This observation is supported by FEM simulations, which reveal that the highest
distortions are concentrated in the upper part of specimens, while the constrained bottom part,

anchored by the building platform, exhibits minimal distortions.

The as-built cube 1.2, in a partially cooled state, vividly illustrates this distortion

distribution and uneven top surfaces (see Figure 53).

Total distortion [mm]

max: 0.37
min; 0.00

Figure 53. Distortions in cube 1.2 in partially cooled state.

Figure 54 illustrates the distortions exhibited by cube 1.2 in its cooled state along the x-, y-
, and z-directions. Notably, the distortions in the z-direction mirror the overall distortion
distribution, with minimal distortions near zero predominantly concentrated in the lower
section of the specimen. Concurrently, the absolute values of distortions escalate in the z-
direction, wherein negative values indicate undersized dimensions of the cube. In contrast,

distortions in the y-direction follow a similar distribution pattern, with the least distortions
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observed in the lower part of the cube, progressively increasing in the z-direction. At the upper

extremity of the specimen, deformation is more pronounced on the front side, less influenced
by thermal flux.

The distortions in the x-direction manifest as compressive in the lower portion of the
sample and tensile in the upper region. It is noteworthy that the x- and y-distortions are

markedly influenced by the applied scanning strategy and building sequence [240].
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Figure 54. Distribution ofunscaled x-, y- and z-distortions in cube 1.2 in cooled state.
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Additionally, gravity forces, reacting perpendicularly to Z2 faces, causing viscous flow of
molten material, are causing the distorted, bumpy top faces. Itshould be noted that temperature
affectsthe flowability of the molten metal, as it is described in Bernard -Marangoni convection.

The Marangoni effect occurring in molten metals processed by L-PBF is a well discussed topic
[241].

Statistical analysis of measured planarity confirmed the position dependence of planarity
of Z2 faces (with R? of 94.54%). It was, however, mainly influenced by the X-coordinate, the
influence of the y-coordinate was not statistically significant (P-value of the x-coordinate was

0.012, while P-value of the y-coordinate was 0.243). Furthermore, the effect of the position of
the blocks on the planarity of the remaining faces of the cubes was not statistically significant.

Figure 55 shows the main effect plots for the planarity of Z2 faces. Position 1 presented the
worst and better values, respectively in y direction and x direction. There was not a big
difference in values of planarity for blocks in position 2 and 3.
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Figure 55. Main effects plots for planarity ofZ2 faces.

The strong influence of x-position can be attributed to different thermal gradients, which
have been discussed previously. Specimens in position 1 were always the first to be built in
their respective line, according to the building sequence, making them the coldest and most
susceptible to shrinkage. As specimens in position 2 were built, heat was accumulated and
transferred to the rear sides of specimens in position 1. This uneven thermal gradient resulted
in distortions affecting the planarity of the top faces of cubes in position 1. The proximity of
the front parts of specimens in position 1 to the building chamber door may have contributed
to the uneven thermal gradients, as the door did not provide perfect thermal isolation. The

effects of proximity to the door of the building chamber on distortions of the specimens
manufactured by L-PBF have already been discussed in literature [242].

The effects of x- and y-dimension of the building position on the planarity of Z2 faces
can be further described by the regression equation, as shown in Table 20. The regression

equation was drawn based on statistically analyzed experimental data.

The significant influence of the x-position is attributed to distinct thermal gradients, which
have been extensively addressed in prior discussions. Specimens situated in position 1
consistently being the first ones to be deposited according to the predefined building sequence,
are consequently rendered to be the coldest and most prone to shrinkage. As specimens in
position 2 were progressively fabricated, thermal energy was accumulated and propagated to
the posterior facets of specimens in position 1. This asymmetric thermal gradient precipitated
distortions that adversely impacted the planarity of the upper surfaces of cubes in position 1.
The proximity of the frontal segments of specimens in position 1 to the entrance of the building

chamber potentially contributed to these irregular thermal gradients, given that the door failed
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to provide complete thermal isolation. The effects of proximity to the building chamber door

on distortions in specimens produced by L-PBF have been previously described in the literature
[242].

The impacts of both the x- and y-dimensions of the positioning on the planarity of Z2
faces can be explained further through the regression equation, as delineated in Table 20.

This equation was derived from a statistical analysis of experimental data.

Table 20. Regression equation for planarity ofZ2 faces.

Regression equation
z2 0.242— 02607 x +0.2929 y+ 0.0645x% — 0.0518 y* — 0.0336 xy

4.3.3. Parallelism

The measured deviations of the parallelism between every two parallel faces of cubical
specimens are shown in Table 15.

The analysis revealed minimal deviation in parallelism between Y faces within block 3.3,
with a similarly low deviation observed among X faces in the same block. The study, however,
did not establish a conclusive link between the position of blocks and the parallelism of X- and
Y-oriented faces, as indicated by R? values of only 53.87% and 37.20%, respectively. This
suggests a nuanced relationship among parameters influencing parallelism errors for X-and Y-
faces, extending beyond the second polynomial order between the positional X- and Y-

parameters, as assumed in the adopted Response Surface Methodology analysis.

Inadditionto specimen positioning and the adopted building sequence, factors such as laser
head positioning during layer scanning, energy variations, and porosity presence may
contribute to parallelism errors [243, 244]. Notably, the parallelism of Z-oriented faces is
predominantly influenced by the x-coordinate of block positioning on the building plate (P-
value = 0.001), whereas the statistical significance of the y-coordinate remains unsubstantiated
(P-value = 0.789). The ANOVA analysis yielded an R? of 98.47%, affirming the substantial

impact of the x-coordinate, a finding further supported by the regression equation presented in
Table 21.

Table 21 Regression equation for parallelism of z-oriented faces

Regression equation
Z111Z22 0.981—0.835 x+ 0.239 y+ 0.1739x? — 0.0541y% — 0.0092xy
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Figure 56 shows the main effect plot for parallelism between z-oriented faces. A
significant resemblance with main effect plots concerning the deviation of the distance between
Z faces (Figure 48) was observed.
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Figure 56. Main effect plots of parallelism between Z-oriented faces.

The parallelism errors between z-oriented faces exhibit a noteworthy correlation with the
position-dependent variations in the planarity of the top faces, as described by the main effect
plots. This resemblance suggests a commonality in the underlying principles governing the
generation of assessed distortions in both planarity and parallelism errors. Consequently, it can
be suggested that similar factors contribute to the manifestation of these deviations.

The analysis further reveals that the parallelism error between z-oriented faces is notably
influenced by distinct thermal gradients. Specifically, variations in temperature gradients are
observed between the colder front section of the manufactured cube and the rear part subjected
to heating by specimens in position 2. Moreover, the proximity of the assessed object to the
door of the building chamber emerges as an additional factor of influence that warrants
consideration in the assessment of parallelism errors.

4.3.4. Perpendicularity
The minimum deviation from perpendicularity was observed between the Z1 and Y1 faces

in Block 21, while the maximum deviation occurred between the Z2 and X2 faces in Block 12,
as detailed in Table 15.
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ANOVA analysis revealed that among all examined faces, the perpendicularity is position-
dependent specifically between Z2 and X1 (R? 99.65%) and Z2 and X2 faces (R? 99.28%).
Significantly, the perpendicularity between Z2 and X1 faces was influenced by the position
along the x-axes (P-value of 0), with no statistically significant impact of the y-coordinate
within the examined sensitivity range (P-value of 0.073). A similar pattern was noted for the
perpendicularity of Z2 and X2 faces, where the x-coordinate exerted a significant influence (P-
value of 0), while the y-coordinate exhibited no statistically significant effect (P-value of
0.309). The influence of position on perpendicularity among the remaining faces of the cubes

was found to be statistically insignificant.

The perpendicularity error is found to be associated with increasing x- and y-dimensions
as the specimen grows. The slight distortion in the x- and y-directions of the initial layers can
be attributed to the strong constraint imposed by the building plane, as discussed earlier. As
new layers are deposited, the deposition area expands, resulting in the distorted shape of the
specimen resembling an inverted frustum of a pyramid. Consequently, adjacent faces cease to
be perpendicular. The distorted shape of cube 1.2 in its as-cooled state is illustrated in Figure

57. Itis noteworthy that the measured distortions and errors, albeit small, necessitate scaling
for meaningful comparison with the cube's dimensions.

\ A

Figure 57. Comparison ofintended and distorted shape (10-time magnitude) ofcube 1.2 in as-built shape

The perpendicularity errors are intricately tied to the chosen scanning strategy,

demonstrating a correlation with distortions in both the x- and y-dimensions, as illustrated in
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Figure 45. The dynamic distortions occurring within the x- or y-direction significantly impact
the final shape and dimensions of the fabricated cubes, thereby exerting a consequential
influence on the perpendicularity among adjacent faces. The positional variations of the blocks
play a pivotal role in determining the perpendicularity between faces Z2 and X1, as well as Z2
and X2, as evidenced by the main effect plots in Figure 58.

Notably, the y-position exhibits negligible influence on perpendicularity, whereas in the x-
direction, position 1 yields suboptimal results. As previously discussed, the positioning of
blocks exerts a discernible impact on perpendicularity errors, specifically between the top and
x-oriented faces of the investigated cubes. This correlation is attributed to the adapted building

sequence, which induces uneven thermal gradients.
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Figure 58. Main effect plots for perpendicularity between Z2 and X1 faces and Z2 and X2 faces.

The regression equations describing the effects of both x- and y-coordinate of building

position on the perpendicularity of Z2 and X1, and Z2 and X2 faces are shown in Table 22.

Table 22 Regression equation for perpendicularity of Z2 and X1 faces and Z2 and X2 faces.

Regression equation

Z21X1 03778—03443x+0.2776 y+ 006110 x> — 0.07425 y>+ 0.00475 xy
Z21X2  09912—0.8121x+0.0681 y+ 0.1662x%>— 0.0171y%+0.0053 xy

4.3.5. Surface roughness

Table 23 shows the roughness of the selected faces of the blocks.

Table 23 Measured Y2 roughness in selected faces of each examined block.

Block 1.1 1.2 13 2.1 2.2 2.3 3.1 3.2 3.3
X | Ra 13.846 14.450 12.389
1 Rq 16.984 17.937 15.763

Rz 65.300 73.629 69.653
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Rt 9204 9799 10153
X | Ra 12.529
1 | Rq 15.507
o | Rz 65.092
Rt 79.77
X | Ra 20637 16.846 20.092
2 | Rq 26907  21.176 24.890
Rz 109.950  78.561 95.333
Rt 13604  111.96 125.22
Y | Ra 15.868 11.297 15.718
1 | Rq 20.135 13.911 19.477
Rz 74.935 53.446 76.928
Rt 110.81 70.61 100.09
Y [Ra 16.926 13.802 16.781
2 | Rq 21.212 18.366 20.919
Rz 81.307 71.196 85.702
Rt 111.30 11157 112.85
Z [ Ra 6.843 14263 0436 11365  11.348 10660 12337 11557 8.928
2 | Rq 10.607  17.596  12.488  17.966 14592 13731  17.933  16.763 13.730
Rz 39376 70124  50.643 59574 55712  57.545 66.873  58.16 48.37
4 8
Rt 9498 9215 7529 10943 7646 8570 10954 1164 1165
3 0
Z | Ra 11525 14053  9.001 14267  9.340 12671 9983  11.67 7.155
2 0
o | Rq 1567  19.880  12.697 19250 13706  17.64 13536  16.68 10.667
6 4 9
Rz 5722 75109 48912 55176 50229 5838 51932  66.25 40.155
3 5
Rt 9455  130.98 8647  99.62 10236 1019 8620  98.82 87.83
8

Statistical analysis established that the direction of measurements exerted no discernible
influence on the surface characteristics of the L-PBF manufactured blocks under evaluation.
This conclusion is supported by the non-significant difference in roughness values measured
in both standard and orthogonal directions. Specifically focusing on the Z2 faces, our analysis
demonstrated that the roughness of these faces remained independent of block position. The
R2 values derived from ANOVA for various roughness parameters (Ra, Rq, Rz, and Rt) on Z2
faces were 62.89%, 55.53%, 61.11%, and 80.50%, respectively. Notably, neither the x- nor y-
dimension of the building position exhibited a statistically significant effect on any evaluated
roughness type, as evidenced by P-values consistently below the designated threshold for the

chosen level of significance.

Addressing a potential concern, the position-dependent length of the laser beam, which
could theoretically impact surface roughness, was effectively compensated by position-
dependent thermal fields. This compensation was instrumental in demonstrating the absence
of a correlation between block position during fabrication and surface roughness. Furthermore,

while other research groups have explored the impact of scanning strategy and inert gas flow
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on specimen roughness, it is crucial to note that these parameters may be influenced by factors

such as the inclination of the laser head during scanning and other machine-related variables
[245, 246].

Recognizing the pivotal role of surface roughness in determining the mechanical
performance of fabricated specimens, it is crucial to further study the intricate relationship
between process parameters, material properties, and overall performance characteristics. A
more thorough investigation of this process-property-performance threshold will contribute

valuable insights to the field.
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5. Pinless friction stir spot process optimisation

In recent years, substantial research efforts have been dedicated to investigating the
transformation and enhancement of microstructures, as well as mechanical properties, in
specimens produced through LPBF technology. Ongoing research is particularly focused on
the application of Friction Stir Spot Processing (FSSP) as a means to achieve these
enhancements. However, existing literature highlights that treated specimens frequently

experience undesired deformations, especially post-tool retraction [247, 248].

This chapter introduces an innovative approach to FSSP treatment of LPBF-manufactured
AISi10Mg specimens involving a pinless tool. The investigation discerns between
deformations induced by the LPBF manufacturing process and those arising from FSSP
treatment conducted under diverse processing parameters. The experiments detailed in this
chapter substantiate the densifying, homogenizing, and softening effects of the treatment
within stir zones and thermo-mechanically affected zones of LPBF-manufactured AlSil0Mg

specimens.

Furthermore, this study meticulously analyses the impact of FSSP processing parameters
on both the deformation of the processed plane and the effective depth of the treatment. It
identifies optimal processing windows where the treatment yields deformations comparable to
those originating from the manufacturing process, while ensuring a sufficient effective depth.
Remarkably, it is established that this post-processing method is viable even in applications
demanding high precision for treated components. Simultaneously, the FSSP treatment with a
pinless configuration is found to provide an effective depth surpassing that achievable through

alternative methods, such as shot peening treatment.

5.1. Materials and methods

5.1.1. Sample manufacturing

Nine cubical specimens (35x35x35 mm) were fabricated utilizing LPBF technology with
the EOSINT M270 manufacturing system, employing AlSil0Mg alloy. All specimens were
produced under uniform process parameters, as detailed in Section 4.1.1. The manufacturing
process specifics can be found therein. In Figure 59, the produced components are depicted
affixed to the base plate, with assigned identification numbers allocated for subsequent

processing and analysis.
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Figure 59 LPBF-manufactured cubes attached to the base plate

5.1.2. Sample processing

In their initial, as-built condition, all specimens underwent processing using the FSSP
method. The experimental processing protocol was meticulously formulated in alignment with
the principles of the DOE (Design of Experiments). Employing a full factorial design with two
factors and three levels, as detailed in Table 24, ensured a comprehensive exploration of the
parameter space. The selection of FSSP process parameters was informed by an exhaustive
preliminary literature review, aimed at achieving an optimal thermomechanical effect while

mitigating the risk of undesirable surface deformations.

Table 24 Parameters of FSSP processing

Cube Dwell time [s] Rotational speed [rpm]
1 5 2000
2 5 1500
3 10 1000
4 7.5 2000
5 75 1500
6 75 1000
7 10 2000
8 10 1500
9 5 1000

The FSSP treatment was carried out in a position-controlled mode, maintaining a constant
plunge depth of 0.8 mm for all specimens throughout the entire process. The rotating tool
utilized during the treatment featured a 30-millimeter diameter shoulder. The specimens were
subjected to FSSP treatment while remaining affixed to the building plate, and their positions
were securely held in place using clamping tools. Figure 60 shows the scheme of FSSP

treatment.
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rotational speed

plunge force

Figure 60 Scheme of FSSP treatment
5.1.3. Deformation assessment

The fabricated blocks were assessed using a tactile coordinate measuring machine (CMM),
specifically the Altera LK coordinate measuring machine. This machine is inherently capable
of measuring specimens with dimensions up to 1500x1000x800 millimeters, exhibiting a
remarkable volumetric accuracy of 1.1 um+L/375 and a repeatability of 0.7 um. The applied

measuring system boasts a maximal speed of 720 mm/s and a maximal acceleration of 1,900
mm/s.

In Section 4.1.2, the methodology for assessing the deformation of the specimens in their
as-built state is elucidated. Subsequent tothe FSSP treatment, the specimens underwent further
measurements using the same equipment employed in their as-built state. The deviation in the
height of the specimens in the as-processed state, denoted asDz, was determined by evaluating
the difference in the z-coordinate of measuring points on the top plane of the cubes in both the
as-built and as-processed states.

The deformation of the top plane of the processed specimens was assessed by measuring

the distances between parallel edges of the cubes at the corners and middle of the lengths, as
illustrated in Figure 61.
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Figure 61 Measured dimensions in processed planes
The level of deformation in the processed plane caused by FSSP treatment was then
determined as the difference between LX2, or LY2 values with the designed dimension (35

millimeters) and deviation in x-, or y-dimension of the specimen in as built-state (Ax, or Ay):
(32, 33)

D,=L,—35—A4,[mm] (32)

D,=L,,—-35-A4A,[mm] (33)

5.1.4. Optical analysis

Following the application of the FSSP treatment, the specimens underwent transverse
sectioning and were subsequently subjected to metallographic examination. The microstructure
of the FSSP-treated samples was inspected through cross-sectional analysis utilizing optical
microscopy. Prior to optical assessment, the specimens underwent standard metallographic
preparation, involving etching with Keller's reagent solution (composed of 1% HF, 1.5% HClI,
2.5% HNO3, and 95% H20). The analysis of the maximal width of the TMAZ

(Thermomechanically Affected Zone) was conducted based on pixel counting methodology.

5.1.5. Microhardness testing
Microhardness measurements were conducted employing specialized microhardness

testers equipped with a Vickers diamond indenter. A precisely controlled load of 0.3 kgf was
applied for a dwell time of 15 seconds. The testing trajectory was oriented transversely across

the width of the processed specimen in the positive x-direction. To mitigate potential indenter-
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induced strain hardening effects, the testing interval was maintained at 5 times the size of the

indenter. Importantly, reference microhardness data was exclusively obtained for specimen 1.

5.1.6. Statistical analysis

The influence of FSSP process parameters, specifically rotational speed and dwell time, on
the induced deformations and the depth of the Thermal-Mechanical Affected Zone (TMAZ)
was systematically investigated through statistical analysis. Analysis of Variance (ANOVA)
was employed within the framework of Response Surface Methodology (RSM), considering a
significance level of 0.95. Additionally, a desirability analysis was conducted to optimize the
FSSP process parameters, aiming to minimize distortions while maximizing the effective depth
of processing. The composite desirability parameter was computed to assess the overall
performance. The statistical software Minitab 20 (Minitab, USA) was employed for data

analysis and interpretation.

5.2. Numerical model
The described experimental campaign was reproduced in FEM simulations applying

Simufact Additive (manufacturing of the samples) and Simufact Forming (processing of the
samples).

5.2.1. Numerical modelling of building phase

In the simulation of the manufacturing process, we implemented the thermomechanical
module, specifically enforcing a nuanced coupling between thermal and mechanical
calculations. For an in-depth understanding of the numerical model intricacies and the

boundary conditions applied, please refer to Section 4.2.

5.2.2. Numerical model of the processing phase

After the initial step of numerical modelling, simulated outcomes were imported into the
commercial Finite Element Analysis (FEA) software Simufact Forming, wherein the FSSP
treatment was applied. The temperature distribution within the processed specimen was
determined using transient heat conduction and the finite difference method, while the

mechanical behaviour was assessed through the incremental finite element method.

Both thermal and mechanical computations were concurrently conducted at each time step
of the simulation. Rather than directly computing the precise contact properties between the

specimen and the rotating tool, Simufact Forming utilized a near-contact tolerance and a
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specific formula to approximate thermal heat transfer. This approach notably enhanced the
time-effectiveness of the simulation.

The processing tool, blank holder, and substrate table, which governed the position of the
processed cube, were modelled as rigid bodies employing the Lagrangian method. These
components were discretized into tetrahedral meshing elements with an initial size of 0.5 mm.
Conversely, the cube, treated as a deformable body using the Arbitrary Lagrangian-Eulerian
method, was discretized into hexahedral elements with an initial size of 0.3 mm. The generated
mesh moved independently from the material, facilitating significant material deformation
while preserving the fixed reference configuration. Frequent re-meshing cycles were
incorporated, with the re-meshing condition determined by the permissible deformation. The
configuration employed in the numerical simulations is illustrated in Figure 62.

X

Figure 62 Working set-up applied in numerical simulations

5.3. Results and discussions

5.3.1. Deformations induced by the building process

The LPBF manufacturing process has resulted in seemingly regularly shaped specimens

with well-defined edges and rougher surface finish, as it is demonstrated in Figure 63.
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Figure 63 Cubes in as-built state

A comparison between the measured and simulated dimensional deviations of the
cubes in their as-built state is presented in the Table 25. The experimental and simulated

values exhibit a high degree of agreement, as evidenced by the low relative error. This
agreement validates the accuracy of the numerical model employed in the simulations.

Table 25 Comparison between experimental and simulated dimension deviations of cubes in as-built state

Dimensions deviation [mm]

[AX] [AY] [AZ]
Block Expe Simulat Error Exper. Simulat Error Exper. Simulat Error [%]

r. ed [%] ed [%] ed

1 0.046 0.0434 5.86 0.0603 0.0581 3.65 -0.1998 -0.2102 -5.21
1

2 0.015 0.0149 5.70 0.0691 0.0675 2.32 -0.1015 -0.1078 -6.21
8

3 0.037 0.0352 6.88 0.0468 0.0476 -1.71 -0.1367 -0.1419 -3.80
8

4 0.134 0.1298 342 0.1081 0.1002 7.31  -0.4647 -0.4762 -2.47
4

5 0.073 0.0719 258 0.1048 0.0996 496 -0.3844 -0.3721 3.20
8

6 0.084 0.0836 1.30 0.1186 0.1009 14.92 -0.4489 -0.4431 1.29
7

7 0.085 0.0862 - 0.0872 0.0887 -1.72 -0.3593 -0.3607 -0.39
9 0.35

8 0.051 0.0524 - 0.0886 0.0901 -1.69 -0.3177 -0.3099 2.46
5 1.74

9 0.036 0.0376 - 0.1267 0.1281 -1.10 -0.3685 -0.3703 -0.49
0 4.44

The examined cubes exhibited undersized height and oversized x-, and y-dimensions.
The measured deformations were relatively small when compared to the overall dimensions
of the cubes. The simulated results suggested that the distortion in all manufactured
specimens have increasing tendency within the z-direction. The lowest distortions in
bottom parts of the cubes are probably caused by the strong constrain of the material to the

building platform, while the upper layers undergo substantially more liberated material
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flow resulting in higher deformations [249]. The distribution of total distortions in Block 2

is demonstrated in Figure 64.

Total distortion [mm]

Block 2

Figure 64 Distribution of total distortions in Block 2

Notably, it was observed that the distortions of the fabricated cubes correlated with the
position of the cubes on the building plate. This correlation can be attributed to the varying
thermal gradients within the baseplate and their proximity to the door of the building chamber.
The effects of the building position of the cubes on the distortions, geometrical dimensions,

and tolerances are further explained in Section 4.3.1.

5.3.2. Deformations in treated specimens
Figure 65 demonstrates LPBF-manufactured cubes attached to the base plate afterthe FSSP

treatment.
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Figure 65 LPBF-manufactured cubes after the FSSP treatment

Simulated and experimental dimensions of the processed plane are listed in Table 26. The

low relative error suggests good agreement between the simulated and experimental results.
Therefore, the numerical model can be considered validated.

Table 26 Comparison between experimental and simulated dimensions of processed plane and calculated relative error.

Block Processed state
Experimental | Simulated
Lx; Lx2 Lx3 Ly: Ly> Lys | Lx1 Lx2 Lx3 Ly1 Ly» Lys
[mm

1 35.02 35.20 3510 35.04 35.08 35.03 3500 3520 351 350 350 350
0 5 5 4

2 35.12 35.22 35.08 3524 3530 3512 3520 3526 351 3.0 352 351
8 8 4 0

3 35.22 35.30 3510 35.02 3510 3510 3522 3530 351 351 350 350
6 2 5 7

4 35.06 36.55 3510 3508 3570 3530 3505 3642 350 31 358 351
8 0 4 4

5 35.08 36.40 3522 3508 36.08 35.20 3507 3651 351 351 36.0 351
5 0 3 7

6 3470  36.08 3501 3502 3550 35.18 35.09 36.04 350 350 359 36.0
5 5 4 9

7 35.80 36.82 3532 3520 36.16 35.22 3514 36.75 352 352 361 352
4 0 5 2

8 35.06 37.02 3512 3520 36.08 3510 3518 3715 351 32 365 351
2 2 4 8

9 3511 35.70 3510 3522 3506 3518 3520 3556 351 351 354 351
4 2 0 6

Relative error [%]

Lx1 [ Lx2 [ x3 | Lyl | Ly2 [ Ly3

1 0.057 0.000 0.000 -0.029 0.086 -0.029
2 -0.228 -0.114 -0.285 0.454 0.170 0.057
3 0.000 0.000 -0.171 -0.286 0.142 0.085
4 0.029 0.356 0.057 -0.057 -0.392 0.453
5 0.029 -0.302 0.199 -0.057 0.139 0.085
6 -1.124 0.111 -0.114 -0.086 -1.239 -2.587
7 1.844 0.190 0.227 0.000 0.028 0.000
8 -0.342 -0.351 0.000 -0.057 -1.275 -0.228
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9 | -0.256 0.392 -0.114 0.284 -0.970 0.057

Remarkably, a consistent trend in incremental displacements along the z-direction persists
in the global distortions observed in the full-sized specimens. This phenomenon aligns with
the patterns identified in specimens in their as-built state. This uniform distribution of

displacements transcends variations in processing parameters, as depicted in Figure 66 across
all processed specimens.

Consequently, it can be determined that deformations primarily affect the upper segment
of the LPBF-manufactured and FSSP-treated specimens, while the lower sections exhibit
commendable geometrical accuracy. Thus, a comprehensive examination of both LPBF-
induced and FSSP-induced distortions in the upper portions of the specimens becomes
imperative. Subsequently, potential calibrations should be explored to mitigate the risk of

excessive deformations that could potentially impede a series of industrial applications [250].

Block 2

Displacement [mm]

0.79
0.71
0.63

0.55
0.47
0.39
10.32
0.24

40.16
0.08
0.00 z

max: 0.86
min: 0.00

<

Figure 66 Distribution of displacements in FSSP-treated specimen

Itis noteworthy that the dimensions of the treated planes, specifically those measured along
the edges (Lx1, Lxs, Ly1, Ly3), exhibit minimal deviation from the corresponding dimensions
of the specimens in their as-built state. In contrast, significant variation is observed in the
dimensions of the machined planes measured at the midpoint of the sides' lengths (Lx2, Ly>),
diverging notably from the dimensions of the cubes in their original, as-built state. This
discrepancy strongly suggests an outward material flow in these particular regions, leading to

the resultant distortions, as illustrated in Figure 67 [251]. It is pertinent to note that these
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distortions were consistently observed across all processed specimens; however, the overall
extent of distortion varied in accordance with the specific process parameters applied.

Deformation
outwards

Deformation
outwards

Figure 67 Outwards-directed deformation of processed plane in Block 5

Interestingly, an observation of particular note reveals that in specimens subjected to
extended dwell times and higher rotational speeds (blocks 4, 5, 7, 8), there was a discernible
increase in the outward-directed distortions of the processed planes. These distortions became

more pronounced, to the extent that they were readily visible to the naked eye, as depicted in
Figure 68.

| block 8

Figure 68 Deformation of processed plane in specimens processed with the combination of longer dwell times and higher
rotational speed

In contrast, specimens processed with shorter dwell times and lower rotational speeds

(blocks 1, 2, 9) demonstrate lower distortions of the processed plane, however with substantial
amount of flesh (Figure 69).
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Figure 69 Deformation and flash in specimens processed with the combination of short dwell time and low rotational speed

The observed phenomenon can be explained by considering the broader thermally affected
zones evident in specimens subjected to a combination of elevated rotational speed and
prolonged dwell times. In such instances, the softened material within these zones facilitates
substantial material flow, as documented in previous studies [252]. Conversely, employing
lower rotational speeds along with shorter dwell times leads to markedly narrower thermally
affected zones. In this scenario, the softened material remains encapsulated by the unaffected,
harder material, acting as a constraint against continued material flow and consequent
distortion. Consequently, the softened material undergoes an upward displacement towardsthe
peripheries and outer regions, wherein it solidifies into a flash-like structure, as illustrated in

previous research findings [253]. The validity of this assertion is reinforced by numerical
results, as depicted in Figure 70.
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Figure 70 Simulated thermally affected zones and deformation of the processed planes in blocks 8 and 1

Both simulated and experimental findings consistently reveal a discernible degree of
symmetry in the displacements along both the x- and y-directions. Notably, the simulated
results exhibit a heightened level of symmetry compared to their experimental counterparts.
This discrepancy implies that the marginal asymmetry observed in the distortions of
experimental specimens is likely attributable to the off-centered positioning of the processing
tool rather than an asymmetric material flow. This inference gains additional credence from
the relatively uniform distribution of distortions oriented along the x- and y-axes within their
respective directions, a phenomenon consistently observed across all simulated processed
specimens (refer to Figure 71).
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Figure 71 Simulated distribution of x-, and y-displacement in the processed plane of block 7

The FSSP-induced distortions of the upper faces of the processed cubes, considering the

pre-deformed state resulting from the manufacturing process, are furtherpresented in Table 27.

Table 27 Experimental values of maximal distortions of processed planes in x-, y-, and z-directions, induced by FSSP treatment

Cube
1 2 3 4 5 6 7 8 9
Dx [mm]  0.1539 0.2042 0.2622 1.4156 1.3262 0.9953 1.7341 1.9685 0.6640
Dy [mm]  0.0197 0.2309 0.0532 0.5919 0.9752 0.3814 1.0728 0.9914 -0.0667
Dz [mm] -0.06 -0.15 -0.21 -0.08 -0. 21 -0.28 -0.06 -0.1 -0.05

Through an examination of the distortions induced by FSSP in the z-direction of the cubes,

it was noted that, despite a consistent plunge depth of 0.8 mm during processing across all

specimens, the resulting distortions exhibited considerable variability. The distribution of z-

displacement within the processed plane remained consistent across all specimens, with the

most pronounced distortions observed in the central region where the processing tool was

initially positioned.

Notably, relatively high distortions were also evident in peripheral areas at

the midpoints of the cubes' edges, as illustrated in Figure 72. This observation implies an

outward and upward orientation of material flow in these specific regions.
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Figure 72 Distribution of the z-displacement in processed plane of the Block 7

It is noteworthy that the distortions observed in all analysed cubes were consistently lower
than the applied plunge depth. Moreover, distortions induced by the FSSP method in the z-
direction were generally inferior to those caused by LPBF manufacturing process.
Consequently, it can be inferred that the utilization of a pinless tool yields commendable
geometrical accuracy in the z-dimension of the processed specimen. The FSSP technique,
particularly when coupled with a pinless tool, emerges as an appealing configuration for

applications demanding precise geometrical accuracy in the z-direction.

However, it is essential to highlight that the ANOVA analysis refutes the statistically
significant effects of both rotational speed and dwell time on the resulting distortion in the z-
direction. Nevertheless, it should be acknowledged that the response surface methodology

employed in this study may not have adequately captured the dynamic processes that ensue
during material processing [254].

In contrast, our statistical analysis has unequivocally established the impact of dwell time
on the deformation of the x-dimension within the processed plane, as indicated by a statistically
significant P-value. Conversely, the effect of rotational speed was determined to be statistically
insignificant, with a P-value of 0.258. On the other hand, the deformation of the y-dimension
within the processed plane exhibited sensitivity to both process parameters—dwell time (P-
value =0.011) and rotational speed (P-value = 0.031). These discerned variations in influencing
effects, coupled with the presence of slightly asymmetric deformations, can be ascribed to the
off-centered position of the processing tool rather than inherent asymmetries in material flow.

The Pareto charts, visually representing the statistical significance of dwell time and rotational
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speed as FSSP parameters in influencing deformations along the x- and y-directions in

processed planes, are presented in Figure 73.
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Figure 73 Pareto charts determining the significance of the effects of dwell time and rotational speed on FSSP-induced
distortion in x- and y-direction

The statistical analysis conducted in this study revealed a quasi-direct proportionality
between dwell time and deformation in the x-dimension of the processed plane, as illustrated
in Figure 74a. Additionally, Figure 74b demonstrates a quasi-direct proportionality between
dwell time and rotational speed (Figure 74c), and the resulting deformation in the y-dimension
of the processed plane. Notably, an increase in dwell time from 5 to 7.5 seconds led to a
significant augmentation in distortions in both analyzed directions. Subsequent increments in
dwell time to approximately 9 seconds resulted in only a marginal increase in distortions
compared to the 7.5-second dwell time. However, extending the dwell time to 10 seconds led
toa slight reduction in distortions, although the distortions remained higher than those observed

in specimens processed for 7.5 seconds.

A similar trend was observed for the influence of rotational speed on distortion in the y-
direction. Specifically, an increase in rotational speed from 1000 to 1500 rpm resulted in a
significant augmentation of distortions, with the maximum distortion anticipated in specimens
processed at approximately 1630 rpm. Further elevating the rotational speed to 2000 rpm
produced a decrease in distortion, with the value slightly lower than that in specimens

processed at 1500 rpm.
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Figure 74 Main effects plots describing the effects of a.) dwell time on Dx, b.) dwell time on Dy, ¢.) rotational speed on Dy

Finally, Figure 75, demonstrating the contour plots, summarizes the interactions of FSSP
processing parameters (dwell time and rotational speed) in their effects on distortions in x-, y-

, and z-direction.
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Figure 75 Contour plots describing the effects of interaction of rotational speed and dwell time on distortions of the
processed planes in x-, y-., and z-direction

5.3.3. Microstructure and microhardness in FSSP-treated specimens

Figure 76 demonstrates the microstructurally diverse zones in FSSP-treated specimen S1.
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Figure 76 Microstructurally diverse zones in FSSP-treated specimen S1

The analysis presented in Figure 76 reveals distinct zones within FSSP-treated specimens,
each exhibiting unique characteristics. These zones are identified as the stir zone (SZ), thermo-
mechanically affected zone (TMAZ), heat-affected zone (HAZ), and base material (BM). It is
crucial no note that the depth of the described zones highly varied amongst the analysed

specimens and it depended on the adopted processing parameters.

Notably, the BM and HAZ zones retains the distinctive "fish-scaled" structure, featuring
half-cylindrical melt pools, indicative of typical LPBF manufacturing. As it is furtherdescribed
in Section 2.2.2., the BM in the transverse section contains a heterogeneous microstructure

with columnar dendrites characterized by epitaxial grain growth.

In stark contrast, the SZ and TMAZ exhibit a significantly fine-grained and homogenized
microstructure. While the SZ contains predominantly fine equiaxed grains, several residual
elongated grains can be observed within TMAZ (Figure 77). At the boundaries of the SZ and

TMAZ, a series of banding structures resembling "onion rings" were identified (Figure 76).
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Figure 77 Comparison of microstructure in SZ and TMAZ
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A detailed comparison between the BM and TMAZ zones reveals a notable densification

effect in the latter. Figure 78a depicts the BM with observable pores and lack-of-fusions, while
Figure 78b illustrates the TMAZ with a markedly lower occurrence of lack-of-fusions and

virtually no pores.

This densification phenomenon is consistent with findings presented by [255], supporting
the assertion that FSSP is more effective in suppressing pores compared to HIP treatment.
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Figure 78 Comparison of microstructure in a.) BM and b.) TMAZ in specimen S1

The HAZ serves as the transitional interface between the BM and the TMAZ. Within this

region, the distinctive fish-scaled microstructure remains perceptible, albeit subjected to
structural changes induced by the applied heat. Optical microscopy alone may face challenges
in unequivocally delineating the boundaries of the HAZ and BM. However, existing literature

points towards the discernible development of a Si-rich eutectic morphology, a phenomenon

substantiated by variations in microhardness [256].
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Detailed insights into the variations in TMAZ depths, determined under diverse FSSP
process parameters, are presented in Table 28, showcasing the maximal widthsobserved across

the specimens.

Table 28 Maximal widths of TMAZ in specimens processed with different process parameters

Specimen
S1 S2 S3 S4 S5 S6 S7 S8 S9

Maximum TMAZ depth [mm]
1963 1.193 1.058 2.661 1.827 0.918 3.292 2.524 0.914

It was observed that the TMAZ depths were significantly affected by the FSSP processing
parameters. The most shallow TMAZ was identified in specimen S9, processed with the lowest
rotational speed for the shortest dwell time. As demonstrated in Figure 79, the gradual increase
of dwell time resulted in the widening of the TMAZ, even if the rotational speed was kept

constant on 1000 rpm.
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Figure 79 Shapes and dimensions of SZ and TMAZ in specimens processed with 1000 rpm for different dwell times

Similarly, the increase of the rotational speed to 1500 rpm has led to an increase in the
TMAZ depth. The most shallow TMAZ depth out of all specimens manufactured with the
rotational speed of 1500 rpm was identified in the specimen processed with a dwell time of 5
seconds. Notably, while the shape of TMAZ in specimen processed with dwell time of 5
seconds was relatively regular and half-cylindrical, the shapes of TMAZs in specimens
processed with longer dwell times were irregular, with prominent deepenings alongside the
lateral SZ boundaries. Similarly, the specimens processed with longer dwell times were

characterized by more pronounced, well visible SZs (Figure 80).
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Figure 80 Shapes and dimensions of SZ and TMAZ in specimens processed with 1500 rpm for different dwell times

Notably, further increase of the rotational speed has caused yet another deepening of the
TMAZ (Figure 81). The TMAZ depth increased gradually with the increase of the dwell time.
Similarly, as it was observed in specimens processed with rotational speed of 1500 rpm
combined with higher dwell time, the shapes of TMAZs were relatively irregular. While in
specimens processed for 5 and 10 seconds, the prominently deepened areas of TMAZs were
located alongside the lateral SZs boundaries, both TMAZ and SZ shapes of specimen processed
with rotational speed of 200 rpm and dwell time of 7.5 seconds were significantly irregular.
The SZs in all three specimens were well-pronounced and easily identifiable.
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Figure 81 Shapes and dimensions of SZ and TMAZ in specimens processed with 2000 rpm for different dwell times

Significantly, the morphological characteristics of the TMAZs exhibited distinct patterns
among the examined specimens, denoted as S1, S2, S4, S7, and S8, where the TMAZ shapes
were notably quasi-symmetric and half-cylindrical. Incontrast, specimens S3, S5, S6, and S9
displayed TMAZ shapes characterized by pronounced irregularities. Itis important to highlight
that these irregularities did not result from irregular material flow but rather stemmed from the
off-centred position of the processing tool. This assertion finds support in the spatial
distribution of TMAZs within the processed specimens.

Statistical analysis has substantiated the noteworthy impact of both dwell time (with a
corresponding P-value of 0.011) and rotational speed (with a corresponding P-value of 0.002)

on the maximal depth of the TMAZ, as illustrated in Figure 82. Notably, the influence of
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rotational speed on the width of the TMAZ surpasses that of dwell time, signifying a more

pronounced and statistically significant effect.
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Figure 82 Pareto charts determining the significance of the effects of dwell time and rotational speed on the maximal depth
of TMAZ

The correlation between dwell time and rotational speed with the maximal depth of the
TMAZ exhibited a quasi-linear trend, indicating a direct proportionality between the two
factors, as illustrated in Figure 83. Subsequently, it was established that employing the
minimum dwell time (5 seconds) in conjunction with the lowest rotational speed (1000 rpm)
yielded the most superficial TMAZ. Notably, elevating both input parameters led to a gradual
expansion of the TMAZ width.
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Figure 83 Main effects plots describing the effects of dwell time and rotational speed on TMAZ depth

Figure 84 determined the effects of the interactions of various levels of dwell time and
rotational speed as the FSSP processing parameters on the resulting dimensions of TMAZ
depths.
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Figure 84 Contour plots describing the effects of the interaction of rotational speed and dwell time on the resulting TMAZ
depth

It is reasonable to anticipate that the heterogeneous microstructure is inherently evidenced
by an uneven distribution of hardness within the region treated by FSSP. As illustrated in
Figure 85, portraying the outcomes of microhardness assessments across the cross-section of
specimen S1, the hardness in the HAZ is notably inferior tothat of the BM and diminishes with
proximity to the tool probe surface. Although microhardness in the SZ and TMAZ
demonstrates practical interchangeability, it is evident that the material within the HAZ does

not undergo a commensurate degree of softening.
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Figure 85 Microhardness in specimen S1 after FSSP treatment

The localized modification of mechanical properties within the TMAZs of LPBF-
manufactured components treated by FSSP technology has significant implications for a

variety of industrial applications. This technique facilitates the creation of regions with distinct
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mechanical characteristics, such as brittleness and ductility, within a single component. Such
capability is particularly relevant in fields like healthcare and aerospace, where customized
material properties can greatly enhance the functionality and performance of components.
Furthermore, the FSSP technology's ability to tailor mechanical properties extends the
industrial relevance of LPBF, which, on its own, allows for the customization of component
shapes with virtually no limitations. This attribute underscores the versatility and

transformative potential of this novel method of treatment in advanced manufacturing sectors.

5.3.4. Desirability analysis and process optimisation

Table 29 lists the results of the optimisation process, containing the optimized FSSP
process parameters and predicted values of TMAZ widthsand Dx, Dy, and Dz distortions. It
is important to highlight that the optimization process focused on maximizing the TMAZ depth
and Dz values, while minimizing the Dx and Dy parameters. The input objectives of the
optimization were carefully chosen to enhance the overall performance. The composite

desirability of the optimized process parameters achieved sufficient value of 79%.

Table 29 Results of the optimization process

Dwell time  Rotational speed Dz fit Dy fit Dx fit TMAZ fit Composite
[s] [rom] [mm] [mm] [mm] [mm] desirability
5.16 2000 -0.06 0.08 0.02 1.887 0.79

The anticipated deformation resulting from the FSSP treatment, employing the optimized
process parameters, is notably minimal and comparable to distortions induced by the LPBF
manufacturing process. Simultaneously, the predicted maximum depth of TMAZ, serving as
an effective measure of the processing depth, reached 1.887 millimetres for specimens
processed with the optimized parameters. In contrast, techniques like shot peening typically

yield effective depths ranging between 0.1 and 0.2 mm for LPBF-manufactured AISi1l0Mg
alloy [257, 258]. This observation underscores the superior effectiveness of FSSP treatment.

The achievable low level of deformation suggests the feasibility of FSSP as a treatment
technique, even in scenarios demanding high precision and excellent geometrical accuracy.

Moreover, the potential of FSSP treatment lies in its capacity for significant depth
enhancement through adjustments in dwell time and rotational speed. However, such
enhancements would correlate with increased deformations in and around the processed

surface. Consequently, striking a satisfactory balance between the effective processing depth
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and induced deformations becomes imperative. When applying FSSP treatment, the selection

of processing parameters should be approached individually, guided by informed decisions
supported by a profound understanding of the treatment process and/or numerical simulations.

It is noteworthy that in situations requiring a substantial effective treatment depth,
mitigating undesired deformations can be achieved through initial shape compensation.
Recognizing that high deformations tend to concentrate around the top surface of LPBF-
manufactured specimens, with significantly lower deformations in areas proximal to the base
plate, the positioning of the specimen during the build phase becomes crucial. Strategically
placing the FSSP-processed plane, experiencing the highest FSSP-induced deformation, in
contact with the base plate during the building phase is a compelling consideration, given that

LPBF-induced deformations in this area are negligible. This insight offers an avenue to
optimize specimen positioning for improved outcomes during the FSSP treatment process.
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6. Numerical modelling of friction stir spot

processing

In light of the findings explained in Chapter 5, the pinless configuration of Friction Stir
Spot Processing (FSSP) can be perceived as an efficacious post-process treatment for
components fabricated using Laser Powder Bed Fusion (LPBF) technology. This technique
represents a promising choice for applications such as microstructure homogenization and
porosity mitigation. However, given the intricate nature of this treatment modality, a
comprehensive understanding of how processing parameters influence the effective depth of
treatment and potential deformations remains elusive. Consequently, a bespoke evaluation of
processing parameters is necessary, tailored to the specific requirements of effective depth

and permissible deformation levels.

Presently, numerical modelling is increasingly recognized as a pivotal tool in guiding
parameter selection for both LPBF and FSSP processes. Nonetheless, FSSP's intrinsic
complexity, characterized by significant strains and plastic deformations, poses formidable
challenges to traditional Finite Element Method (FEM) formulations. The use of conventional
numerical models in simulating FSSP treatments frequently encounters severe mesh
distortions, leading to issues with convergence behaviour. To overcome these limitations, the
numerical model introduced in this chapter adopts an innovative approach, utilizing the

Coupled Eulerian-Lagrangian (CEL) formulation.

The validation of the developed numerical model confirms the efficacy of the CEL
approach, in conjunction with the proposed physical descriptions, for accurately simulating
material flow. This capability enables precise predictions of Thermo-Mechanically Affected
Zone (TMAZ) dimensions, measured distortions, and flash formation. Additionally, the model
demonstrates a commendable ability to capture the suppression of lack-of-fusion defects,
underscoring its potential as a robust tool in FSSP treatment simulations.

6.1. Experimental set-up

6.1.1. Sample manufacturing
Nine specimens, each featuring 35 mm long edges, were fabricated using AISi1l0Mg

powdervia Laser Powder Bed Fusion (LPBF). Comprehensive details regarding the fabrication



Alexandra Morvayova Investigation and modelling of post-processing 126
of AlSi10Mg manufactured by LPBF

process of these samples are provided in Section 5.1.1. Nevertheless, this chapter focuses

specifically on the examination and analysis of cubes 1, 2, and 3, as illustrated in Figure 86.

examined and analysed cubes

Figure 86 Manufactured and examined cubes

6.1.2. Sample processing

In this chapter, the study focuses on the treatment of cubes 1, 2, and 3 utilizing Friction Stir
Spot Processing (FSSP) with a pinless tool, as illustrated in Figure 87.
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Figure 87 FSSP treatment of analysed cubes

The methodology of the applied treatment is detailed in Section 5.1.2. of this thesis. FSSP
processing parameters are listed in Table 30.

Table 30 FSSP processing parameters

Cube 1 Cube 2 Cube 3
Rotational speed [rpm] 2000 1500 1000
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Dwell time [s] 5 5 10

6.1.3. Deformation assessment

A deformation assessment of the analysed cubes in their as-built and processed state was
performed as described in Section 5.1.3. of this thesis.

6.1.4. Analysis of TMAZ dimensions
The maximal depths of the Thermo-Mechanically Affected Zone (TMAZ) in LPBF-

manufactured cubic samples, post-FSSP treatment, were quantitatively assessed. This
assessment was conducted through optical analysis of the transverse sections of the processed
cubes. Specifically, the maximal TMAZ depth was determined by measuring the greatest z-
dimension of the TMAZ in each sample, utilizing pixel count as the metric for measurement.
Further details regarding the microscopic preparation of these samples are elaborated in Section
5.1.4 of this study.

6.2. Numerical models

6.2.1. Numerical model of the LPBF-production phase

In this study, we employed a coupled thermo-mechanical numerical model, characterized
by a mesoscale approach as described in Chapter 3, to simulate the LPBF manufacturing
process of AlSi10Mg alloy cubes. Given the substantial computational demands of this model,
the simulation was restricted to the fabrication of three specific cubes (labelled 1, 2, and 3, as
illustrated in Figure 88). It is important to note that, in these simulations, the thermo-
mechanical influences exerted by the presence of additional cubes on the base plate were not
considered. This simplification was necessary to maintain computational feasibility while still
providing meaningful insights into the fundamental aspects of the LPBF process for AISi10Mg.

cube 1 cube 2 cube 3

Figure 88 Simulated configuration ofthe LPBF-manufactured cubes on the base plate
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The simulation was conducted using the ABAQUS/Explicit solver. Cubical specimens
were discretized into a mesh of cubic elements, with each element's edge length corresponding
to the layer thickness utilized in the experimental campaign. Conversely, the mesh for the base

plate was designed to be considerably coarser, as illustrated in Figure 89.

Figure 89 Specimens and base plate discretized into meshing elements

6.2.2. Numerical model of the FSSP treatment

The present numerical model utilizes the Coupled Eulerian-Lagrangian (CEL)

methodology, integrating both Eulerian and Lagrangian frameworks within the simulation. In
this model, the Eulerian domain is designated for the workpiece, whereas the Lagrangian
elements represent the base plate and the blank holder. Furthermore, a 2-millimetre void layer
has been incorporated to facilitate the simulation of free material flow, thereby enabling the
prediction of phenomena such as flash formation.

The full model was governed by mass, momentum and energy conservation equations (34,
35, 36).

% + V.(pv)=10 (34)
p (%+ V.(v ®V)> =V.o+ pg (35)

oC, (‘;—: + . VT) =V.(kVT) +V.(c.v) +O  (36)

The Eulerian-based equations (34-36) can be written in their general conservation form
(37):

Zivo=S (37)

Where the ® represents the flux function and the S represents the source term.
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Notably, the term (35) is distinctly fivided through a specialized splitting algorithm into
two components: the Lagrangian step, which encompasses the source term, and the Eulerian
step, which is characterized by the convective term. The outcomes of this division are

systematically presented: the Lagrangian step is detailed in equation (38), while the Eulerian
step is described in equation (39).

ap
L5 (38)

3¢ _
—, tVv.e=0 (39)

The distinction between the Lagrangian step and the standard Lagrangian governing
equation lies primarily in their treatment of the time derivative. Specifically, the Lagrangian
step incorporates a spatial time derivative, whereas the standard Lagrangian method utilizes a
material time derivative within a fixed mesh framework. Conversely, the Eulerian step is
concerned with calculating the transport of material volume across adjacent elements,
contrasting the static original mesh with the deformed mesh. It is crucial to recognize that
solution variables derived from the Lagrangian step are subsequently modified to account for
material flow, as dictated by the transport algorithm. The underlying principles of the CEL

approach are illustrated in Figure 90.

deformation-inducing
load

l mesh deformation mesh regeneration

Lagrangian step Eulerian step

Figure 90 Principles of CEL numerical method

Considering the physics of the FSSP treatment, where the flow stress is a function of the

strain, strain rate and temperature, the Johnson-Cook material model (40, 41) was chosen to
represent the material of the treated specimen.

Oys = (Oyso + k(epe) V(14 Clog(E(1-TM  (40)
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T-Tre
T = Tty (41)

Where o, denotes the yield stress, a5, stands for initial yield stress, k is the strength

coefficient, €, denotes the effective plastic strain, n is the hardening exponent, C is strain rate
strength coefficient, £, is equivalent plastic strain, &, is reference equivalent plastic strain rate,
&, Is thermal softening coefficient, T, is the reference temperature ,and T, is the melting

temperature.

In a manner analogous to the numerical model developed for sample fabrication, the von
Mises yield criterion was employed to more accurately depict the elastic-plastic behaviour of
the material under applied loads. This approach is vital in understanding the material's response
to stress and strain.

Considering the significant disparity in rigidity between the material of the processing tool
and that of the processed components, it is noted that the blank holder and base plate exhibit
only minimal deformations in comparison to the workpieces. Therefore, for the purposes of
this model, the processing tool, base plate, and blank holder are assumed to be completely rigid

bodies.

The interaction between the specimen and the rapidly rotating tool is characterized using a
modified Coulomb friction model. This model distinguishes between sticking and sliding
conditions based on the contact shear stress between the tool and the sample. The transition
between these two states is governed by predefined criteria, as outlined in condition (42) of the

model. These criteria delineate the threshold at which sticking transits to sliding or vice versa,
based on the stress conditions at the contact interface.

<T

T — sliding  (42)

max max

eq —sticking and 7,, > 7

Where 7, is equivalent friction stress and t

max

is yield shear stress.

In the presented numerical model, the sum of shear stresses corresponded to the tool’s
torque, as seen in (43).

M= [ [FrrdA (43)
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Contact and maximal shear stresses were then defined as follows (44, 45, 46, 47):

Toq = ’(‘521+122) (44)

Terit = /’LP (45)
Terit = min( ,UP, Tyie) (46)
Tye =2 (47)

Where 7, , are orthogonal components of equivalent shear stress, t,, is critical friction shear
stress, u is friction coefficient, o,, is a yield stress. The friction coefficient was set up to 0.3

and was constant regardless of the temperature.

Finally, the frictional heating was calculated as it is stated in (48, 49):

dQ = wdM = wrdF = wrt,,dA (48)
Q= %na)reqR3 (49)

Where Q denotes the heat source, M symbolises the moment, r is the cylindrical coordinate of
the tool, F is the normal force, and A is the contact surface. In (49), directly fitted for the tool's

geometry, R denotes the tool's radius.

The loading conditions and boundary constraints in this study were meticulously calibrated
to replicate the experimental environment detailed in Chapter 5 of this thesis. Importantly,
significant amendments were made to the simulated positioning of the rotating tool, drawing
on insights from these experimental findings described in Chapter 5 of this thesis.

In the computational simulations, each specimen was discretized into 250,000 hexahedral
elements, utilizing a relatively fine mesh for enhanced accuracy. The specimens undergoing
processing were represented using multi-material, thermally coupled, eight-node Eulerian

elements (EC3D8RT). Itis imperative to notethatemploying a finer mesh in CEL formulations
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is recommended, as it significantly enhances computational precision and reduces the
likelihood of Eulerian material erroneously passing throughthe Lagrangian mesh. A distinctive
feature of the model is the incorporation of a void layer at the upper portion of the specimen,

initially devoid of any material.

The processing tool, base plate, and blank holder were discretized using four-node,
thermally coupled tetrahedral elements (C3D4T), characterized by a higher mesh density. This
study presents a comparative analysis of the finer Eulerian mesh applied to the processed

specimens and the comparatively coarser tetrahedral Lagrangian mesh used for the processing
tool, as illustrated in Figure 91.

Figure 91 Comparison between the finer Eulerian mesh applied of cube specimen, and coarser tetrahedral
Lagrangian mesh ofthe processing tool

6.3. Results

6.3.1. Cubical specimens in the as-built state
As it was described in Chapter 4 of this work, the LPBF manufacturing process has resulted
in specimens with slight distortions, accumulated especially in their upper parts, as it is

demonstrated in cube 2 in Figure 92.
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Figure 92 Simulated distribution ofdistortions in LPBF -manufactured cube 2

The adopted numerical model provided results of satisfactory accuracy, as the simulated

distortions were in good agreement with the experimental one (Table 31).

Table 31 Comparison between simulated and experimentally assessed dimensions of manufactured cubes

x-dimension [mm] y-dimension [mm] z-dimension [mm]
Exper. Sim. Relative Exper. Sim. Relative Exper. Sim. Relative
error [%] error [%] error [%]
Cubel 350461 35.0458 0.0009 35.0603 35.0598 0.0014 34.8002 34.8009 -0.0020
Cube2 35.0158 35.0143 0.0043 35.0691 35.0688 0.0009 34.8984 34.8991 -0.0020
Cube3 35.0387 35.0377 0.0029 35.0468 35.0464 0.0011 34.8633 34.8640  -0.0020

Moreover, the adopted numerical model was able to reasonably predict the LPBF-induced

voids and lack-of-fusions, as it is demonstrated in Figure 93.
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Figure 93 Simulated volume fraction of voids in LPBF-manufactured cube 2

6.3.2. Cubical specimens after the FSSP treatment
6.3.2.1.  Distortions of the processed plane
The comparison between the simulated and experimental deformations of the processed

plane and the specimens’ height is summarized in Table 32.
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Table 32 Comparison between the simulated and experimental deformations of the processed plane and the
specimens’ height

Dx [mm] Dy [mm] Dz [mm]
Exper. Sim. Relative Exper. Sim. Relative Exper.  Sim. Relative
error [%] error [%] error [%]
Cubel 0.1539 0.1487 3.37884 0.0197 0.0203 -3.0457 -0.0600 -0.0600 0
Cube2 02042 0.2128 -4.2116 0.2309 0.2281 1.2126 -0.1500 -0.1421  5.5595
Cube3 0.2622 0.2531 3.4706 0.0532 0.0508 4.5113 -0.2100 -0.2084 0.7678

The numerical modelling effectively replicated the material flow within the processed
components, resulting in outwardly directed deformations predominantly localized around the
midsections of the edges of the processed planes. Concurrently, there was an upward
displacement of material, which served to counterbalance the deformation following tool
retraction. Crucially, the precise positioning of the processing tool significantly influenced the
distribution of distortions observed on the top planes of the cubes processed under various
FSSP parameters, as illustrated in Figure 94.
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Figure 94 Simulated distribution of distortions in FSSP treated cubes

6.3.2.2.  Appearance of the processed planes

The regions subjected to processing manifested a glossy surface texture, characterized by
concentric corrugations encompassing the entire area beneath the processing tool, as depicted
in Figure 95(a). Notably, the processed plane of Cube 1 exhibited relative clarity, in contrast
to Cubes 2 and 3, which demonstrated a significant presence of flash. Additionally, all
processed planes displayed the formation of short brims at the juncture of the unprocessed and
processed materials, where they interface with the rotating tool. The dimensions of these brims
varied among the processed cubes, correlating with the differing rotational velocities of the
tool.
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cube 1 cube 2 cube 3

experimental

simulated

Figure 95 The appearance ofthe processed planesin a.) experimental and b.) simulated cubes

The implementation of the CEL numerical method in our model successfully replicated, to
a certain extent, the concentric corrugation patternobserved on the surfaces of processed zones.
This morphological feature, characterized by concentric, circle-like ridges, has been linked in
prior studies [27,28] to the spatial variations in temperature and velocity of the material within
these zones. These variations are notably influenced by the proximity to the processing center.
Figure 95 b depicts the different velocities on the surface of the processed zone, which align
closely with its observed concentrically ridged morphology.

It is critical to highlight that the use of a coarse computational mesh in discretizing the
specimen led to a diminished representation of the corrugations. Nonetheless, it is plausible to
anticipate a more accurate simulation of the surface topography of the processed zones through
the application of a finer mesh. This adjustment is expected to enhance the model's ability to
capture the intricate details of the surface features more faithfully.

6.3.2.3.  Flesh formation
The simulation results reveal that regions exhibiting elevated velocities, predominantly

located along the periphery of the processed zones (refer to Figure 95b), can be interpreted as
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flash formations. This hypothesis posits that the material, excessively heated and rendered
pliable, is expelled outward due to centrifugal forces. Upon reaching the cold outer space,
where it is no longer exposed to heating, this material undergoes rapid solidification.
Supporting this hypothesis, our simulations demonstrated a direct correlation between the
emergence of flash-like structures (as depicted in Figure 96) and the specific areas exhibiting

these high velocities.

flash

processed area

cube 2

Figure 96 Detailed of processed area with formed flash

The findings indicate that the CEL numerical method provides a clear demonstration of
flash formation. However, it is critical to acknowledge that the flash structures generated in
simulations employing the CEL approach do not entirely coincide with those observed in
experimental samples. Notably, the simulated flash was observed to be shorter and thicker
compared to its experimental counterpart. This discrepancy can be primarily attributed to the
insufficiently modelled thickness of the void layer, which impedes an accurate replication of
material flow into the surrounding environment. Furthermore, the use of an excessively coarse
computational mesh in the simulations restricts the development of suitably fine structures.
Despite these limitations, the chosen mesh density and void layer thickness represent an
effective balance between computational efficiency and the fidelity of the simulation. Figure
97 offers an in-depth illustration of the flash formation in cube 2, highlighting its spatial
correlation with the position of the processing tool at the conclusion of the operation.
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cube 2

CEL

/ processing tool

flash

-

Figure 97Detailed view of the flash formed in cube 2, illustrating its relationship with the position ofthe processing
toolattheend of the processing

TMAZ

The inclusion of a void layer in numerical model facilitated the realistic outward flow of

material, resulting in brims that exhibited a relatively precise shape and size (Figure 98).

cube 2

rotating tool

brim | void layer

workpiece

Figure 98 Flesh formation related to the presence ofthe void layer

6.3.2.4. Thermo-mechanically affected zones

The numerical model exhibits a high degree of accuracy in simulating the dimensions and
spatial characteristics of the thermo-mechanically affected zones (TMAZ) in treated
components, as depicted in Figure 96a. These simulated results closely align withthe outcomes
observed in the experimental campaign, illustrated in Figure 99b. Moreover, Table 33 provides
a comparative analysis between the experimentally measured and numerically simulated
maximal depthsof the TMAZ. The low relative errors calculated in this comparison underscore
the high fidelity and reliability of the proposed numerical model.
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Figure 99 Comparison between a.) simulated and b.) experimental shapes and dimensions ofthe TMAZ

Table 33 Comparison between experimental and simulated values of maximal TMAZ depth in specimens processed
under different parameters

Maximal TMAZ depth [mm]

Exper. Sim. Relative error [%]
Cube1 1.963 2.017 -2.751
Cube 2 1.193 1.144 4.107
Cube 3 1.058 1.107 -4.631

Moreover, the numerical model introduced in this study effectively replicates the
densification effect induced by FSSP within the TMAZ, as evidenced in Figure 100. It is
important to note that the fidelity of the simulated densification is highly contingent upon the
chosen mesh size. A finer mesh is anticipated to substantially enhance the precision of the
densification simulation. Furthermore, employing a mesh size correlating with the pore
dimensions would facilitate a more comprehensive simulation of the interactions between
FSSP-induced material flow and the void structures. This approach would enable the model to
capture intricate processes such as void wall cracking and collapse. However, it is pertinent to
consider that utilizing a finer mesh would also lead to a marked increase in the computational

duration required for these numerical simulations.
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Figure 100 Void suppression in TMAZ

The findings of this investigation indicate that the developed numerical model effectively
strikes a balance between computational efficiency and the accuracy forsimulation. This model
introduces the physical dynamics of the system, resulting in a precise representation of material

flow, which, in turn, mitigates distortions and suppresses the occurrence of lack-of-fusion
defects commonly associated with LPBF.

Additionally, the model potentially offers valuable insights into the temperature profiles
within the treated specimens. It is important to note, however, that the fidelity of the
temperature predictions has not yet been validated against empirical data. Expanding the scope
of this research to include an experimental-numerical investigation of temperature distribution
is proposed. Such an approach could predict the dimensions and morphology of the Heat-

Affected Zone (HAZ), and indirectly infer the microstructural characteristics of the treated
specimens through accurate estimations of heating rates, cooling rates, and thermal gradients.

The good knowledge of microstructural transformations resultant from FSSP is of
importance for the potential precision-tailored localized modification of microstructures in
components manufactured using LPBF. The differential mechanical response resulting from
transformed microstructure in treated area might be especially beneficial in the production of
medical implants, where it can potentially reduce the risk of stress shielding. The confluence
of LPBF, with its unmatched design versatility, and FSSP's capacity for site-specific
modification of mechanical properties, represents a groundbreaking advancement for the
medical industry. Nonetheless, additional research is essential to fully harness the potential of
these combined technologies.
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7. Conclusions

The research in this thesis investigated the characteristics of AISilOMg components
fabricated via Laser Powder Bed Fusion (LPBF) and explored innovative methods to enhance
their properties by post-processing them. The study addressed the challenge posed by the
improvement of LPBF process through the understanding of complex interplay among process
parameters, resulting structures, and final product properties. Specifically, it was demonstrated
that the unique microstructure of LPBF-manufactured AISi10Mg components influences their
response to thermal loading, reflecting microstructural alterations induced by the process.
Consequently, the behavior can be further examined and applied in physical simulations,

potentially advancing the development of digitalization of the entire manufacturing process for
customized applications.

Therefore, the thesis tackled the fabrication of components with reduced density due to
voids and porosity. We proposed a numerical model using a mesoscale approach to simulate
lack-of-fusion levels based on processing parameters. The validated model encompasses phase
transitions from powder to liquid and subsequent solidification, offering a detailed view of the
dynamics within mushy zones. It considers also factors like a volumetric moving heat source,
the non-isothermal metal flow, thermal expansion, and Marangoni effect. The proposed model
is pivotal in enhancing understanding and control over the LPBF process, contributing to the

broad understanding of additive manufacturing in industry.

Furthermore, the thesis examined the geometric dimensions and tolerance, and surface
roughness of LPBF-manufactured blocks. The findings are highly relevant for industries
requiring precision, such as healthcare, implantology, and aerospace. Optimizing specimen
distribution on the build platform or compensating for position-induced distortions in CAD
models can significantly improve LPBF technology effectiveness and reliability.

Understanding distortions from the LPBF process is very important when specimens undergo
post-processing treatments that might introduce additional displacements.

A novel thermomechanical treatment was proposed. A pinless Friction Stir Spot Process
was studied formicrostructure homogenization, porosity suppression, and mechanical property
transformation. The low deformation levels achieved suggest FSSP capability, even in high-
precision and geometrically accurate applications. Experimental trials indicated the need to

select the right depth and deformation when applying pinless FSSP. Processing parameters
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should be selected based on a thorough understanding of the process and/or numerical
simulations. Recognizing that high deformations tend to concentrate near the specimen top
surface, permits to the right placement during the build phase, which is crucial for optimizing
FSSP.

To facilitate informed decision-making in selecting parameters and further understanding
of FSSP physics, this thesis has proposed a novel numerical model simulating material flow in
FSSP-treated AlISil0Mg components manufactured by LPBF. Given FSSP complexity and
associated high strains and plastic deformations, conventional Finite Element Method (FEM)
formulations often leads to mesh distortions and convergence issues. Hence, the model
employs a Coupled Eulerian-Lagrangian (CEL) formulation, which, along with the physical
descriptions, effectively simulated material flow, accurately predicting TMAZ dimensions,
measured distortions, and flash formation, and reasonably capturing suppression of lack-of-
fusions. Expanding research to include experimental-numerical studies of temperature
distribution predicted the size and shape of the Heat-Affected Zone (HAZ) and indirectly
determined the microstructure of treated specimens.

An enhanced understanding of microstructural transformations resulting from FSSP can be
significant in the precise modification of microstructures in components fabricated via LPBF.
As prior research has demonstrated, localized microstructural heterogeneity within the TMAZ
of FSSP-treated materials evokes an anisotropic mechanical response, exemplified by
variations in stiffness compared to regions unaffected by FSSP.

The integration of LPBF, which offers unparalleled design flexibility, with FSSP's capability
for localized mechanical property customization holds a transformative potential for the
various industries. However, further research is necessary to fully exploit these technological
synergies.

The future works will include the study of the effects of FSSP on the mechanical performance
of the treated components. Further optimisation endeavours will include the tool’s size and
shape optimisation. We will study the feasibility of FSSP processing of the irregularly shaped
specimens. Moreover, our future research will include the study of the synergies of LPBF and
FSSP techniques for biocompatible materials, as we see their potential benefit for healthcare

and implant manufacturing.
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