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Abstract

The evergrowing demand for higperformance materials ithe aerospace, automotive,
and biomedical sectors has driven tlevelopment of advanced alloys with superior mechanical
properties and durabilityhrough the evolution and application of progressively more refined, high
resolution analysis toal©ne such tool is thBbcusedon beam (FIB)thatnot only offers special
contrasts (e.g., ion channeling) in scanning microscbpyalso allows material removal and
deposition at the nanoscale, thus adding nanomachining to the nanomanipulation and nanoimaging
capabilities of the scanning electron beastruments.

The presenthesisis devoted tahe systematic use of tHecused ion beam scanning
electron microscopgombination(FIB-SEM) for the study of themicrostructuremicromechanics
relationshig in advanced alloys, includinthose ofaluminum stainless stegl and bimetallic
combinations of bronzstainless steel, manufacturadd processed by thtechniques such as
selective laser melting (SLM) and shot peening.

Utilizing advanced FIBSEM techniques, theelationshipbetween themicrostructue and
residual stresseand their evolutiomuring to loading angrocesingwas elucidatedThe Gaion
FIB-DIC (Digital Image Correlationynethod, also known as thaicro-ring-core ion milling
techniquewasemployed tadeterminethe residual stresprofiles at the microscalgs anecessary
first step to obtaitheinsight intothe effect of these stressmsthe mechanical propertiesuch &
the monotonic and cyclic strengtihe resultobtainedwere crossvalidatedagainstothernon
destructive minods such as Xray diffraction (XRD) and laser speckle interferometry.

One of he key bimetallic systemdnvestigatedn this studywas the bronzestainless steel
(Br-SS) combination, obtainedvia laser powder bed fusion (LPBF). The microstructure and
residual stress profiles of these systemese characterized throughe combination of electron
backscatter diffraction (EBSIYndFIB-DIC residual stress evaluatiowijth in situ SEM tensile
testing. The micromechanical properties of these all@ys examined including hardness aride
ultimate tensile strength (UTSThe results obtainedighlight the role of interfacial bonding,
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thermal expansion mismatch, and microstructural defeastgrminingthe materialmechanical
performance.

Anotherstudy of themicrostructuremicromechanics relationship of practical importance
was related to the construction of the DEMO fusion reactor that requires the development of
reliabletechnology tabtainhigh-quality joints betweerthe plasma facingungsterandreduced
activation ferriticmartensitic (RAFM) steedbf Rusfertype To suppress the differenae CTE,
new intermediatebrazing layers are beingproposed, such as theeduced activatioralloy
48Ti-48Zr-4Be wt %. Multil ayer jointmicrostructuréasel on this brazevas mapped in detail by
EDX and EBSD both before and aft&?00 thernal cyclesat 300-600 (C. The observations were

related to thepparenjoint shear strengtithat was determineoly mechanical testing
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Chapter 1. Introduction

In the rapidly evolving fields of aerospace, automotive, and biomedical engineering, the
demand for advanced materials with superior mechanical properties, durability, and resilience
under extreme conditions is evgmowing. Advanced alloys, such as titanium and stainless steel,
as well as innovative bimetallic combinations like brest@nless steel, have gained prominence
due to their ability to meet these stringent requirements. However, understanding the fundamental
relationships between their microstructure and micromechanical behavior remains a critical
challenge in materials science, particularly as manufacturing processes become more complex and
tailored to specific applications.

The performance of these alloys heavily influenced by their microstructure, which
evolves during manufacturing processes such as selective laser melting, shot peening, and other
additive manufacturing technigues. These processes induce residual stresses, alter grain
morphology, and affd the mechanical properties of the alloys in ways that are not always
predictable. Consequently, a detailed investigation into the microstruntaremechanics
relationship is essential to optimize material performance and enhance the reliability oheatsp
made from these advanced alloys.

FIB-SEM has emerged as a powerful tool for examining the microstructure and residual
stresses at a micrometer scale. By combining FIB milling @it techniques, it is possible to
measure local deformation asttess distribution with high precision, offering valuable insights
into how these microscopic features influence macroscopic mechanical behavior. Additionally,
FIB-SEM allows for the study of microstructural evolution, including grain boundary interaction
phase transitions, and the development of rattef@cts, which are crucial to understanding
material failure mechanisms.

The present PhD tARBSEN exploratign efcthe memostructiire e d
micromechanics relationship in advanced alldyss conceived and executed as a collection of
experimental and computational studies in which the exploitation of the capabilities offered by
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FIB-SEM microscopy played a central enabling role. Out of the large range of studies performed
in the course offte doctoral project, three most remarkable studies were selected in which the
authoros contribution was the most significart
illustrate how new instrumental capabilities bring about new quality of indigiot the
microstructural and micromechanical phenomena in materials.

A gqualitatively new level of understanding the microstructureromechanics relationship
in advanced materials is increasingly demanded in the research and industry context in order to
underpin the mechanical and functional performance of engineering devices based on metallic
alloys, ceramics, polymers and composites etc. and their hybrid combinations, processed by
existing and emerging fabrication methods, e.g. additive manufacturhgr{Bting) by laser
powder bed fusion or wire arc welding.

The instrumental platform at the center of the current exploration isth&€ BB ( i d u a l
beamd) microscope that ¢ omb nmmscanningkelectranimgdingr e s o
with high precision (better than 18m) ion beam milling for surface modification and material
removal. Particular advantages are offered by the high brightness FEG (field emission gun) electron
sources in combination with a diverse range of specialized detedtergldctron baclscatter
diffraction, energydispersive Xray spectroscopy (EDX), timef-flight secondary ion mass
spectrometers (TGBIMS), cathode luminescence (CL) and electron beam induced current (EBIC)
counters, as well as auxiliary equipment saslnSEM loading rigs (nanoindenters and miniature
universal mechanical testing machines), heaters and nanomanipulators. In combination, these
detectors and sample environment devices provide unprecedented possibilities to design and
conductadvancedin situ and operandoexperimentsfacilitating direct observation, mapping and
overall combined characterization of the structure and mechanical parameters and properties in the
course of thermal and mechanical loading.

This thesis present set ofillustrative examples and practicedalizationsof advanced

FIB-SEM techniques that allow the exploration of the microstructumécromechanics
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relationship. The design of each experiment of such kind demands careful consideration of a
number of interrelated issues and steps. Some afeiieeal and relatessues thatequire being
addressdincluded the following
1 design of iIRSEM mechanicatesters allowing synchronized loading and SEM imaging,
with DIC interpretation for strain evaluation;
1 sample and specimen design foiSEM mechanical testing;
1 surface preparation and patterning for robust application of DIC virtual extensometers;
1 strain mapping in correlation with structure images to reveal the underlying relationship
between structural features and strain unevenness;
1 sample surface preparation for EBSD studies of the grain structure and phase composition;
1 surface preparation and pattemgifor FIB-DIC micro ringcore ion milling technique to
determine the residual stresses at micrometer scale;
1 selection of the location for micro rirgpre pattern milling;
1 synchronization of micro ringore ion milling and SEM imaging to extract the date fo
strain relief curves vs milling depth;
1 residual stress mapping in correlation with the sample structure to reveal the structure
related residual stress variation.
Satisfactory exploration of these aspects ultimately brings about a new level of
comprehensn of the structurenechanical performance interrelation at the micron scale, helping
accelerate the translation from materials science to materials engineering and technology in order

to maximize the beneficial impact ftreeconony.

1.1 Aims andbjectives
The aim of the present studyis to undertake a thorough FIBEM exploration of the

microstructuremicromechanics relationship in alloy systems, particularly those derived from
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advanced fabrication techniques such as additive manufacturing aintgmse of the capabilities
provided by the focused ion beam for the evaluation of structure and residual stresses.
The principal objectivesof the present Thesis were formulated as follows:

1) Develop and apply FHESEM-based microanalysis methods for theombined
characterization of the composition, microstructure, deformation behavior and residual
stresses in metallic alloys, including those obtained by additive manufacturing.

2) Apply DIC analysis for the determination of stredgin curves of miniature tensile
samples inside the SEM, and perform comparative analysis of the results vs conventional
extensometry techniques.

3) Apply the improved adaptation of the FIBC micro-ring-core milling technique for the
determination of Type I+Il+lll residual stresses and compare the results with other
experimental techniques:-pay diffraction and the contour method.

4) Perform detailed combined microstructural and micromechanical analysis of bimetal 3D
printed interfaces between immiscible metallic alloys and thus explain the observed mode
of fracture that determines the limiting strength of this bimetal combination.

5) Performed detailed combined microstructural and micromechanical analysis of complex
multi-material brazing joints to aid the task of optimizing its structural integrity under

complex mechanical and thermal loading.

1.2 Thesis structure

The following chapters first review the current state of research in the field, outline the
materials ad methods used in the study, present the results of microstructural and micromechanical
analysis, and discuss the implications of these findings for the design and optimization of advanced
alloys.

In the context of the above approachapter 2 is devotedto the discussion of the

methodological foundations for the approaches used throughout the study.
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In Chapter 3, EBSD imaging and B5EM mechanical testing are employed in application
to the AFSi-10Mg alloy that is widely used in laser powder additive afiacturing due to the high
demand of light alloy components of complex shape in the aerospace indust§EMBased
microanalysis methods are presented for the combined characterization of the composition,
microstructure, deformation behavior and residitigesses in metallic alloys, particularly for the
samples obtained by additive manufacturing. Furthermore, the complexity of the residual stress
state composed of maeraonese and micrecontributions (Type I, Il and Ill) could be analyzed
due to the sesitivity of the FIB-DIC method to micrescale effects, and could also be compared
with the results obtained using other methods of residual stress evaluatey diffraction and
the contour method.

Chapter 4 reports the determination of residual stresssing FIBDIC (in combination
with EBSD imaging and HSEM mechanical testing) to investigate the@ihting of immiscible
alloys (stainless steel and bronze), often used in combination in nozzle apparatus.

In Chapter 5, residual stress determinationings FIB-DIC micro ringcore ion milling
technique was used for the study of the interface between dissimilar metals, this time for
multilayered brazed joints between plasfaaeing refractory metal (tungsten) and radiation
resistant steel of the Rusfer type

The findings from this research will contribute to the broader goal of optimizing
manufacturing processes for advanced alloys, improving the control of residual stresses, and
enhancing the mechanical reliability of critical components. In doing soytrlsaims to bridge
the gap between microstructure and material performance, ultimately aiding in the development of
more robust and durable materials for hpgrformance applications.

Chapter 6 draws conclusions from the research results presented. In particular, the novelty
of the methodology developed and presented is clearly identified, and the results obtained are
assessed in this regard. Furthermore, the outlook for research in the ckassrstudy and related

fields is presented.
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Chapter 2. Literature Review

The evetincreasing pace ehaterialsdiscoveryandmanipulation through computelriven
prediction and search coupled with neural net and artificial intelligence opens up uapteded
opportunities for the creation of new materials technologiesvever, even the most successful
and most advanced computational frameworks are only as good as their validation against
experimental data without it, there always remains the dangeodit ai nd ng el pfedi c
that are only similar to the reality but may overstep the boundary of deviation that separates success
from disaster. In the context of elaboration of the new materials technolexpesimental testing
for validation catinues to be one of the most expensive steps in terms of money, time and resource

Researchers have proposed and explored different possible avenues for the improvement of
workflow for materials characterization to underpin technological developmentof@reemost
promising pathways lies through miniaturized sample testing, for multiple reasons. Firstly, reports
in the literature I-5] show that macroscopic material properties such as fatigue stremgép
resistance etc. depend on microstructure rmmomechanics. Secondly, it is also apparent that
microscale materials characterization leads to an overall reduction in cost and labor compared to
full scale tests that involve expensive facilities, large expenditure of energy and material, the use
of highly trained specialized staff, etc.

In Gianolaet al.[6], the authors present some progress made in the field eftriginghput
miniature scale mechanical testing and also outline the outstanding challenges. The authors put
forward an approach for assey the influence of test fidelity on the rate of progress through the

material technology development cycle (Figure 2.1).
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Figure2.1.(a) Automation as a crucial towl increasing the reliability of lower fidelity testing
and making higher fidelityests more achievabléh) Advantage of medium fidelity computations
during downselection of candidate materials. This image was reproduced3ranolaet al.
(2023)[6]

Such methods dsardnessesting are classed as low fide)ibut suitable foproviding fast
low-cost data during the earlstages ofmaterial discovery and selectiorf-urther progress,
however, requires higfidelity experiments such asthe tests forcreep, fatigue, and fracture
propertieswhich are moréime- and resourceonsumingn comparison

The presenthesis embraces the paradigm of miniature scale testing and presents examples
of the results that can be obtained in this way to assist the materials technology development
agendaThis is illustrated in Figure 2.2 that shows filacement of a miniature mechanical testing

rig inside the vacuum chamber of an SEM.
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Figure 2.2: Infrared image captured within the SEM vacuum chamber, showing a miniature
mechanical testing rig 1 kN Deben MicroTé3tben Ltd., Suffolk, UK)

Electron BackScatter Diffractionis a techniquewidely employedfor the study of
polycrystalmorphology Spatially resolved information can be extractedpoasedetermination
grain orientation (micretexture) andsize distribution, as well as strainadysis, etcPresent day
instruments achieve thengular precisiometter thar0 . forAthe determination of neighboring
grainmisorientationwith thespatial resolution of 100 nm.

The physical principle underlying EBSD analysis is the interaction betaeecused
bunch ofelectrors with the nearsurfacematerial regions within theamplethat may cause
deflection and scatter of the incident electrdglastically scattered (i.e. without any energy loss)
diffracted electrongproduce strikingKikuchi pattens that can be captured by a suitatd¢ector
and interpreed using mathematical algorithms such as Hough transfordeterminevarious

properties of the crystal being examined
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DIC provides a noftontact means to measure the deformation of a specimen at its surface.
DIC uses imagdased sulpixel tracking algorithms to obtain displacement maps from a sequence
of digital images DIC interpretation of aroperando(during loading) digal imagingdataset
consists of the followingteps: (1)depositing, creating or discerning on the sample surfaee of
patternsuitablefor tracking, (2) captung a sequence of digitahagesin the course obperando
experiment and (3) analying the sequence ofimages toextract evolving displacement maps of
the sample surface.

The ideaof using acircular drill bit geometry forobtaining ringcore cut geometry and
performingminimally invasive evaluatiowof thelocal residual stresseems to have firsppeared
in the work of Keilin 1992[7]. By introducingthe useof FIB for nanoscale material removalgh
concept wasaken to thdinestscalein the work of Korsunsket al. published in2009 [8].

Micro-ring-coreion milling methodologyprovides &highly efficientway of characterizing
the residualplane stress statg sample surfacat the micre to nanoscaleExperimentally, the
method consists of caustrain reliefat sample surface by cutting off material connections using
ion milling and monitoring the relief stravithin a welldefinedmicropillar-shapedjauge volume,
using scanning electron beam imaging and DIC analykescurve ofstrain reliefvs depth of ion
milling thus obtained is then fitted wi#ln approximating functiofi ma s t e ) derivedasvae 0
numerical expression that provides a close agreement with the numerical simulatiof9sults

FIB-DIC is an approach that has matured since its first introduction in 2009, notably
through the large collaborative project caligttessIn the course dahis projectmany laboratories
at European universities and industrial compamieshanged samples, protocols and data to
compare and improve the outcomes of experiments and analysis, sacaget® consistency of

the approach. This body of work culminated in the publication ofitteement by the National

Physical Laboratory (NPLUKGPG1 43 entitl ed fAA good practice

stresses using FiB | Gi®].
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The preparation and writing of the present Thesis has relied in many aspects on the use of
microanalysis tools, such as EBSD+EyerandaDIC mapping of strais at the microscale that
evolve under the application of external forces, andBI8 analysis of strain relief during micro
ring-core ion milling for local residual stress evaluation.

The systematic application of thet®mbination of techniques andpapaches isiovel and
has not as yet been encountered in the national and international literature. This provides the

motivation and justification for the choice of Thesis topic.

2.1 MicrostructureMicromechanics Correlation

The microstructurenicromechaits relationship plays a pivotal role in determining the
overall performance and durability of metallic and composite materials, especially those fabricated
via advanced manufacturing techniques such as LPBF. The term microstructure refers to the
distribuion, size, orientation, and shape (morphology) of grains, phases, defects (pores, cracks)
and precipitates within a material. Micromechanics is a term describing the mechanical behavior
at the microscale and includes phenomena such as plastic deformiigtaogtion glide and climb,
and crack initiation at grain boundaries or interfaces.

The microstructurenicromechanics correlation essentially explores the effect of variations
in the material microstructure induced by the process condition affect thenkedaanical behavior
and, ultimately, the macroscopic (bulk) mechanical properties, including tensile strength, fatigue
resistance, toughness, and hardness.

Additive Manufacturing (AM) processes (e.g., LPBF) are characterized by the rapid heating
and cooaing rates, directional solidification, and high thermal gradients. The present section
discusses the mechanisms through which the microstructure is formed and how it influences the
micromechanical behavior, focusing on the different aspects of the graictus¢, phase

distribution, and defects that correldieectly with the local mechanical responses.

27



2.2 Fundamentals of the MicrostructeMicromechanics Relationship

Microstructure, the arrangement of phases, grains, and defects at the microscapic leve
includes key features such as the grain size, shape and orientation, phase distribution, and the
presence of dislocations and other defects. These characteristics affect the mechanical properties
such as strength, ductility, toughness, and fatigustessie.

Micromechanics provides a framework for understanding how these microstructural
features contribute to macroscopic mechanical behavior. Key micromechanical mechanisms that
affect strength are:

Dislocation nucleation, interaction, movement and afation: The ease with which
dislocations can appear, move, tangle and form locks;upBeetc. impacts yield strength,
hardenining and ductility.

Grain Boundary Effects: Grain boundaries can act as barriers to dislocation motion,
influencing toughness dryield strength, e.g. through thdall-Petch relationship

Phase Interactions: The distribution and morphology of different phases within an alloy

affect the stress distribution and evolution during deformation.

2.3 Methodologies for StudyimdicrostructureMicromechanics Correlation

Recent advancements in the characterization and modelling techniques improved
significantly the capabilities for the study of the microstructareromechanics relationships. Key
methodologies include:

Focused loBeam- Scanning Electron MicroscoplIB-SEM combines focused ion beam
milling with scanning electron microscopy to provide higlolution imaging and analysis of
microstructures. This technique allows :

1 3D Reconstruction: FIBBEM can create detailed 3Dontels of microstructures, enabling

insights into spatial relationships between different phases and defects.
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1 In Situ Mechanical Testing: By integrating mechanical testing capabilities within
FIB-SEM, researchers can observe deformation mechanisms-tmmeal
Correlative Mechanical Microscopyhis approach combines various analytical techniques

such a££DX andEBSDwith nanoindentation mapping. This enables:

1 Simultaneous Measurement: Researchers can measure mechanical properties while
characterizing miastructural features, providing direct correlations between structure and
performance.

1 Grain Anisotropy Analysis: Understanding how grain orientation affects mechanical
properties is facilitated through this integrated approach.

Finite Element Analysis (F&). Numerical simulations using FEA allow for the modeling
of stressstrain behavior based on actual microstructural data. This method helps in:

1 Predicting Mechanical Behavior: By incorporating realistic microstructural models into
simulations, researchecran predict how changes in microstructure affect macroscopic
properties.

91 Failure Mechanism Studies: FEA can be used to analyze stress distribution and identify

potential failure sites within complex microstructures.

2.4 Influence of Grain Structure dnicromechanical Properties

One of the most significant aspects of microstructure that affects micromechanics is the
grain size and orientation. In LPBF processes, the grain structure tends to develop based on thermal
gradients and the rate of solidificatialuring processing. The most common microstructural
features in LPBHabricated parts include:

Columnar Grains: These are elongated grains that grow along the build direction due to the
temperature gradients during solidification. Columnar grains tendatsse anisotropy in
mechanical properties, where the material exhibits different strengths and stiffness along different
axes.
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Equiaxed Grains: These grains, which have approximately equal dimensions in all
directions, are more desirable for isotropic nestbal properties. Equiaxed grains are often
achieved through process optimization or gwsicessing techniques like heat treatment.

Smaller grain sizes, especially in equiaxed forms, contribute to higher strength according
to the HallPetch relationshipwhich states that smaller grains hinder dislocation movement,
|l eading to an increase in the material s yi el
materials likealuminumalloys fabricated using LPBF, where fine microstructures can signtfic
enhance strength without sacrificing ductility.

On the micromechanical level, dislocations tend to accumulate at grain boundaries. Fine
grains introduce more grain boundary area, impeding dislocation movement and making the

material stronger but alsnore prone to intergranular cracking under stress.

2.5 Effect of Phase Distribution on Micromechanics

The distribution of different phases in a material plays a critical role in determiningn the
micromechanical properties. In LPBifocessed metals, thapid solidification process can lead
to the formation of nomquilibrium phases or supersaturated solid solutions. These phases can
either strengthen or weaken the material, depending on their nature, size, and distribution.

Precipitates: In precipitatiehardened alloys, precipitates act as obstacles to dislocation
movement, significantly increasing yield strength and hardness. However, these precipitates must
be finely distributed and coherently aligned with the matrix to be effective.

Intermetallic Phase The formation of brittle intermetallic phases, often observed in
bimetallic systems or alloys containing elements like copper, nickel, or zinc, can degrade
mechanical performance by acting as crack initiation sites.

Solidification Segregation: Uneven stlibution of alloying elements due to rapid
solidification can result in areas with different mechanical properties, leading to localized stress

concentrations that affect the micromechanical response under loading.
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In terms of micromechanics, the inteian between dislocations and seceqithse
particles (such as precipitates or intermetallics) is a key mechanism. Particles impede dislocation
movement, resulting in work hardening and improving overall strength, but too many brittle phases

can lead to pmaature failure due to crack propagation.

2.6 Role of Defects and Residual Stresses in Micromechanics

Defects such as pores, cracks, and residual stresses are inherent to LPBF processes due to
the rapid heating and cooling cycles. These defects play aalcmate in determining the
micromechanical properties of the material.

Pores: The presence of pores, typically caused by incomplete melting or gas entrapment
during the LPBF process, leads to stress concentrations under loading. These pores can act as
nudeation sites for microcracks, reducing fatigue resistance and tensile strength.

Porous materials represent the extreme case of property inhomogeneity. This has been the
subject of systematic study IBrofessors Ashby and Gibson [136id many other resedrers.

Porous materials have the capacity to play a significant role in providing impact energy absorption,
thermal and sound insulation, filtration, catalysis, and energy applications.

Additive manufacturing offers many options for porous materialsri¢ation. For
example, triply periodic minimal surfaces (TPMS) have been used to achieve attractive
combinations of surface area and mechanical integrity. The mechanical properties of such
structures depend on the local distribution of stresses, ingluthose inherited from
manufacturing. Moreovethe variation of 3D printing parameters may lead to the production of
porous metallic parts that may have reduced structural integrity.

Therefore, the analysis of the mechanical properties and internal residual stresses is

required in order to establish the correlation between porosity and strength of 3D printed objects.
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Cracks: Cracks can either form during solidification (hot kirey) or after the part has
cooled due to residual stresses. Cracks at t
ability to withstand mechanical loading.

Residual Stresses: Residual stresses arise due to the thermal gradients during LSBF. Ten
residual stresses are particularly harmful as they can exacerbate the propagation of cracks under
applied loading. Residual stresses are known to reduce fatigue life and fracture toughness, making
stressrelief treatments necessary in many application

Micromechanical analyses of LPBifocessed materials reveal that residual stresses can
significantly alter local deformation behavior, particularly at grain boundaries and phase interfaces,

leading to strain localization, premature yielding, or britii@ure.

2.7 Influence of Pogerocessing on Microstructusllicromechanics Correlation

Postprocessing treatments such as heat treatment, hot isostatic pressing (HIP), and surface
treatments can substantially alter the microstructure and improve themaaranical properties
of LPBRfabricated parts.

Heat Treatment: Heat treatments are used to refine grain size, reduce residual stresses, and
alter phase distribution. Bdluminumalloys, heat treatment can dissolve coarse intermetallic phases
and promotehte formation of fine precipitates, enhancing strength and ductility.

Hot Isostatic Pressing: HIP is often employed to eliminate porosity in LPBF components,
improving density and fatigue resistance. By applying both heat and pressure, HIP can close
internd voids, reduce residual stresses, and homogenize the microstructure, resulting in superior
mechanical performance.

Surface Treatments: Surface treatments, such as shot peening or laser peening, induce
compressive residual stresses on the surface, imgrdatigue life and resistance to crack

initiation.
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By modifying the microstructure, poptocessing treatments directly influence
micromechanics, particularly by improving dislocation movement, reducing detkated stress

concentrations, and enhancimg tmaterials resistance to crack propagation.

2.8 Importance of Microstructusllicromechanics Exploration in Advanced Alloys

Advanced alloys are engineered to exhibit superior mechanical, thermal, and cerrosion
resistant properties. These materials aseduin highstress environments such as aerospace,
automotive, and nuclear industries, where mechanical integrity is crucial. The microstructure of
these alloysomprising grains, phases, and defettsates their mechanical behavior, including
strengthductility, and resistance to failure mechanisms such as fatigue and fracture.

Understanding the microstructun@cromechanics relationship in these alloys is key to
improving their performance. Techniques like FBEM provide the detailed resolution needed
correlate microstructural features with micromechanical phenomena such as dislocation
movements, grain boundary sliding, and crack propagation. This mak&HNBan indispensable

tool for studying the performance of advanced alloys.

2.9 AdditiveManufacturing

Additive Manufacturing (AM), also widely referred to as 3D printing, differs from
conventional subtractive manufacturing in several important respects, primarily through the
systematic use of phase change to add material to the workpiece thein AM offers a
fundamentally new approach to the direct fabrication from 3D computer model of components
characterized by complex, near net shape. Unlike subtractive manufacturing that employs material
removal to extract an object of desired shapd, Uses layeby-layer material addition according
to an algorithm prescribed by the computer. This common approach can be realized in a variety of
ways some of which are listed for illustration. Stereolithography (SLA) is a process that involves

the solidfication of a liquid polymer (resin) by means of photopolymerization. Fused Deposition
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Modeling (FDM) of Fused Filament Fabrication (FFF) deposits molten polymer supplied by the
extrusion of thermoplastic filament through a heated nozzle. Selective Siasening (SLS) or
Selective Laser Melting (SLM) are processes that fuse powdered materials using the energy of laser
beam. Further techniques of AM with metals include direct metal laser sintering (DMLS) and
electron beam melting (EBM) further extend theethodology to the production of high
performance components for demanding applications requiring high temperatures and mechanical
loads.

The versatility of AM means that it is being considered or employed in several industries
such as the aerospace ancergy generation. AM technologies enable the production of
geometrically complex parts that have the potential to enhance fuel efficiency and performance. In
the biomedical context AM has found applications in the fabrication of customized implants and
progheses, such as dental pieces made for individual patients that improve the outcomes of
interventions. In the automotive sector, AM helps accelerate the design cycle while enabling the
creation of custom parts to optimize vehicle performance. In the ncanuafey of consumer goods
AM has been used to formulate and create personalized products and enalelmaoal
production, while in the construction industry latgale 3D printing has helped to design efficient
and sustainable buildings.

AM offers unpardkled freedom in design, as it facilitates the creation of complex fine
structures that were previously considered impossible to fabricate by machining. The efficiency of
material use is a critical advantage, since ldyelayer material addition ensurésat material is
added only where necessary, thus significantly reducing material waste in comparison to traditional
manufacturing. Another defining feature of AM s its suitability for customization that is
particularly valuable and demanded in healtb@ard consumer markets.

Despite its many advantages, AM faces significant challenges that require being addressed.
Although the range of materials for AM is gradually expanding, it remains limited compared to

conventional manufacturing. Furthermore, AMdguction is typically slower and more costly than
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traditional machining methods. The surface finish and dimensional accuracy-pfdddced parts

often require improvement by pgstocessing in order to meet the application requirements.
Additional capitalcost of AM include equipment, and specialized material forms such as powder
or wire. Regulatory and certification issues, particularly in critical sectors such as aerospace and
healthcare, also pose barriers to widespread implementation.

Future developménof AM requires overcoming these challenges through advances in
material science, process optimization, and the integration with Industry 4.0 aspects such as the use
of artificial intelligence. Further advancement is likely to lie through hybrid manuiagtu
techniques that combine additive manufacturing with subtractive and finishing methods.

AM represents a transformative tread in industrial fabrication that enables unprecedented

levels of customization and efficiency across various industrial sectors.

2.10 Laser Powder Bed Fusion

Laser Powder Bed Fusion (LPBF), also known as Selective Laser Melting (SLM) or Direct
Metal Laser Sintering (DMLS), occupies a particular place in the arsenal of AM techniques as
perhaps the most advanced and precise ANinigce available today. LPBF is capable of
producing complex, higperformance metal components required in the industries that require
ensuring highest material properties in complex geometries. The process involves the sequential
melting within fine metepowder layers using a higtowered laser.

The LPBF process offers significant advantages, in that it supports a wide range of metallic
alloys that include those titanium, aluminum, cobalt, chromium, nickel, and steels. These materials
are suitable for eimanding applications in aerospace, automotive, medical, and energy industries
that require excellent strengtb-weight ratios, thermal resistance, and corrosion resistance. For
instance, aerospace manufacturers employ LPBF to produce lightweight \sttaatmponents for

jet engines such as compressor and turbine blades, while in the medical context LPBF is used to
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fabricate patienspecific implants with complex geometries that cannot be achieved with
conventional methods.

LPBF allows for the manufactung of parts with highly complex geometry, including
lattice structures, internal channels, and topologically optimized designs. These features are in
particular demand for industries requiring weight reduction and material efficiency, such as the
aerospacand other transport sectors. LPBF is vglited to oddemand manufacturing, as it helps
reduce lead times and inventory requirements, thereby supporting agile supply chains.

LPBF process is inherently enermyensive, whilst high thermal gradients indddy laser
melting can give rise to residual stresses and distortion in larger parts. To mitigate these effects,
process control and peptocessing techniques must be employed such as heat treatment, stress
relief, and machining are often required, agdime and cost to the production cycle. Additionally,
the cost of fine metal powders and the maintenance of LPBF systems, including stringent
requirements for inert gas environments and powder recycling, can be prohibitive for small scale
manufacturers.

Advances in laser technology, scanning strategies, antimgamonitoring are enhancing
process stability and part quality. The development of hybrid systems that combine LPBF with
subtractive manufacturing techniques and innovations in smaiterial pmting are further
broadening the scope of LPBF applications. Moreover, efforts to improve powder formulations and
recycling methods are reducing material costs and environmental impacts.

Laser Powder Bed Fusion (LPBF) remains a benchmark for precisigmeaiotmance in
AM. Particular attention in the present thesis is devoted to advancing the understanding of the

microstructure and micromechanics of LRBfeduced parts.

2.11 Processnicrostructure relationships
The effectiveness of Laser Powder Bed Fugid®PBF) AM depends on the understanding

and control over the intricate interplay between process parameters, on the one hand, and the
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resulting microstructure and residual stress. The peculiarity of LPBF lies in the rapid thermal
processing that resulta unique microstructural features affecting the mechanical, thermal, and
functional properties of the fabricated components. Understanding and optimizing these process
microstructure relationships is key to achieving the desired material performanceanditegn
applications.

The part thermal history during LPBF is a critical factor that determines the resulting
microstructure. The process is characterized by steep thermal gradients and extremely rapid cooling
rates, often exceeding K/s. This typically leads to the formation of fugeained microstructures
that enhance strength and hardness but may also introduce significant structural gradients and
residual stresses that decrease ductility. Residual stresses stem from thermdbrnatide
transient gradients during heating and cooling cycles inherent in LPBF, causing thermal expansion
and contraction of the material that is also accompanied by inelastic deformation and gives rise to
inherent strains (eigenstrains) that serve asstiurces of residual stress, reduce the dimensional
accuracy and mechanical reliability of parts, and necessitate addition@irposssindreatments
(annealing, stress relief).

The laser power and scanning speed directly impact the melt pool belgxiern the
grain growth and the evolution of phase content. Excessive laser energy or low scan speed may
result in keyhole formation due to overheating that leads to porosity and ductility reduction.
Conversely, insufficient laser energy or excessivelidrapanning produces lack of fusion defects
between layers, also weakening the part. Careful selection of optimal parameter combinations is
required to obtain reliable properties.

Directional heat flow during LPBF leads to columnar grains becoming aligioeg the
heat flow (temperature gradient) direction. Columnar grains may provide improved strength in
specific orientations but also introduce anisotropy of elastic and plastic properties. Producing
isotropic materials requires the development and apigicaf advanced scanning strategies, such

as alternating scan paths, complex hatching or island scanning patterns. This alters the thermal

37



gradient patterns and promotes the growth of equiaxed grains to enhance the uniformity in
mechanical performance.

Repid solidification during LPBF also affects the phase composition, often suppressing
transformations and leading to the formation of metastable phases or supersaturated solid solutions.
For example, in titanium alloys such as6Al-4V, fast coolingproma&s t he f or mati or
UNj martensite phases that enhance strength
introducing posbuild heat treatments allows balancing the microstructure, converting martensite
t o a mi xd mudpbdses for injmved combination of strength, toughness and fatigue
resistance.

Processnduced defects are another important aspect of LPBF microstructure, and are
discussed in further detail below. Presently it is worth noting that even when LPBF produees high
densityparts, defects such as pores, tatkusion, and cracks may still be present, e.g. due to
extreme residual stresses. Minimization of porosity can be achieved by adjusting parameters such
as hatch spacing, laser power, and scan speed, while transierdlth#asses can be alleviated
through techniques such as preheating of the build plate eppsssing streslief annealing.

The presence of defects not only reduces the mechanical performance, but can also impair other
properties, such as corrosiogsistance in materials like stainless steel, or magnetic properties in
soft magnetic alloys, such as-6&% Si. Hot isostatic pressing (HIP) are often used to close
porosity and homogenize the microstructure, enhancing both strength and durability.

For high-temperature applications, such as those in aerospace and energy sectors, the
microstructure must resist grain coarsening and phase instability, placing additional demands on
material selection and process control. For example, high temperature attbysssnickebased
superalloys benefit from fine, stable microstructures, but require tailoregq@estssing to control
ultrastructure composed of the precipitates of the ordered ggmma phase that confers the

required strength and creep resistamcéhe material.
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Further advancements in LPBF include s@ae process monitoringn situ thermal
management, and hybrid manufacturing approaches. The development of nesbyatiegsgn for
Am and specifically for LPBF is a particularly demanding areaeeearch aiming to achieve
unprecedented performance and to unlock new applications from lightweight aerospace

components to patiesspecific medical implants.

2.12 Defects

LPBF grown parts are prone to a variety of defects that can compromidertsiéy and
continuity, mechanical properties, and performance. Understanding these defects and how they
arise is crucial for improving the process and ensuring that the parts meet the required standards.

Porosity is a common type of defect that is charatd by the presence of voids or-gas
filled pockets within the material, which may have formed as a result of incomplete melting, gas
entrapment, or evaporation. Porosity can occur due to insufficient or excessive energy input from
the laser, powder aggheration, etc. For instance, powder particles may be irregularly shaped or
have poor flowability, leading to inconsistent distribution, melting and void formation. Moisture
or powder contamination may prevent fusion. The presence of porosity reducesrngésand
ductility of the part, but most crucially reduces the fatigue strength and durability under cyclic
loading.

Crack formation is another significant defect in LPBF that may occur during build or upon
cooling. In both cases the key driver are mh&lr stresses generated by rapid heating and cooling
cycles inherent in the LPBF process. During cooling the material undergoes contraction, generating
internal stresses that can lead to the formation of cracks, particularly in parts with large cross
sectimns or complex geometries. Additionally, residual stresses can accumulate in areas of the part
where the temperature gradients are particularly steep.

Balling is a type of defect that occurs when molten material forms into spherical droplets

that fail to fuse properly with the surrounding layers. This phenomenon is typically caused by an
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excess of laser energy, which results in an overly fluid melt pool. This defect is particularly
common when processing certain materials, such as stainless steel or tatoysnmore prone

to forming droplets. Balling not only leads to a poor surface finish but also causes local weakening
of the part. When surface quality is critical, e.g. for medical implants or precision tooling, balling
can render a part unfit for use.

Overheating and excessive melt pool size are defects that can occur when the laser power
is too high or the scanning speed is too slow, resulting in excessive line energy density and leading
to enlarged melt pool. Larger melt pool also leads to moréfisigni thermal stresses, contributing
to warping or cracking. The key to avoiding overheating is careful control over laser parameters,
particularly the power, scan speed, and their ratio, as well as hatch spacing, so that the energy input
ensures good baimg without overheating.

Lack of fusion occurs when adjacent powder particles fail to bond fully and leave weak
spots within the part. This defect is often caused by insufficient laser power to melt the powder
particles fully, or by high scanning speeidat do not allow the laser enough time to dwell at each
location. Lack of fusion is particularly problematic for parts under high stress, although in some
cases this can be mitigated by subsequent HIP treatment.

Warping and distortion are common issudsew building larger or more complex parts
using LPBF. Warping occurs when internal stresses within the material, caused-inyifoom
cooling rates or uneven thermal gradients, cause the part to deform as it cools. These deformations
can result in dimenshal inaccuracies, making the part unsuitable for its intended purpose.
Distortion is particularly common in parts with sharp angles, overhangs, or large surface areas,
where the laser interacts with different regions of the part at different times, gcaiféanential
heating. Warping can often be minimized through careful part orientation on the build platform,
use of support structures, or optimized scanning strategies. In some caspsoqEssing steps

such as heat treatment or machining may beiredjto bring the part back within specification.
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Surface roughness is another inherent issue with the LPBF process. Thieylayear
deposition method leaves a textured surface that can be quite rough, particularly if the process
parameters are not optized. Factors such as high scan speeds, improper hatch spacing, or poor
powder quality can all contribute to an uneven surface finish. The surface roughness can be
detrimental, especially for parts that require smooth finishes for functionality or aestiasbns,
such as in medical implants or highecision machinery. In these cases, {pretessing techniques
such as grinding, polishing, or machining are often used to improve the surface quality. However,
excessive surface roughness can increaseeibe for posprocessing, adding both time and cost
to the overall production process.

Addressing these defects requires a comprehensive understanding of the LPBF process and
its variables. Optimizing process parameters such as laser power, scanningaspekyer
thickness is essential to minimize defects and improve part quality. Additionally, usirguatity
powder, ensuring uniform powder bed preparation, and employing advanced process monitoring
techniques can significantly reduce the occurrenagetdcts like porosity, cracking, and lack of
fusion. Posprocessing steps, including heat treatment and surface finishing, can also play a crucial
role in correcting defects and improving part performance. As LPBF technology continues to
evolve, ongoingesearch and development efforts are focused on improving the precision and
reliability of the process, making it increasingly viable for Rpgrformance industrial

applications.

2.13 Bimetal combinations

3D printing of bimetals involves the use of twidferent metals in a single print and
introduces a set of unique challenges compared to traditional -smagéxial 3D printing. The
primary complexity lies in the differences in the physical, chemical, and thermal properties of the
two materials that adfcts the printing process and the final prodiibe two metals expand and

contract at different rates causing warping, cracking, or delamination if not carefully controlled.

41



Difference in the melting temperatures, thermal expansion coefficients andcatigyatibility
require careful control to ensure that the two materials can bond effectively without forming
undesirable phases or defects. Achieving a strong and consistent interface between the metals is
crucial for the mechanical performance of the f@dhobject. Pogprocessing, such as heat
treatment and surface finishing, is often necessary to relieve stresses, improve bonding, and refine
the microstructure of the printed part.

Despite these challenges, bimetallic 3D printing offers significantradgas by enabling
the creation of parts with tailored properties, such as combining strength with corrosion resistance
or providing wear resistance in specific regions. This versatility makes bimetallic 3D printing
highly valuable in industries such as@space, automotive, and medical devices, where specialized

material properties are essential.

2.14 Soldering

Joining different metals through soldering is a complex process that involves a variety of
factors influencing the quality and performance @& jihint. Solderingnay lead to the formation
of new phases, particularly intermetallic compoundbe peculiarities of this process arise from
the differing physical and chemical properties of the metals being joined, as well as the behavior
of the materls during heating and cooling.

The main challenge in soldering different metals lies in achieving a strong bond, which in
turn requires overcoming differences in melting points, thermal expansion, and chemical reactivity,
and may require the addition afbond layer. Soldering typically involves a filler material with a
lower melting point than the base metals. The filler metal melts and flows into the joint area,
creating a bond between the metals once it solidifies. However, when two metals witmdiffere
properties are involved, the bonding process is likely to become more challenging.

One of the key concerns is the formation of intermetallic compounds (IMCs) at the interface

between the two metals. These compounds can form during the heating plodderioigs as atoms
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from the different metals react to form new metallic phases. Intermetallics may strengthen the joint,
but some of them may be brittle and reduce the overall strength of the bond, especially if the
formation of the compound is excessiker example, in the soldering of copper to tin, cogper
intermetallics such as Cu Sn or Cu Sn may f
stress.

The formation of intermetallics depends on several factors, including the temperature, the
composition of the solder, and the duration of the heat exposure. The higher the temperature and
the longer the heating time, the more likely it is that intermetallic compounds will form. The
thickness of these intermetallic layers is critical; while thyels may be beneficial for bonding,
thicker layers can lead to embrittlement and reduced mechanical performance.

In addition, the thermal expansion coefficients of the metals being joined play a crucial role
in the formation of intermetallic compoundsferent metals expand and contract at different rates
during heating and cooling, which can induce stresses at the interface. These stresses can affect the
integrity of the solder joint and exacerbate the formation of brittle intermetallic phases.

Anotherchallenge arises from oxidation of the metals during heating, particularly when
dealing with metals such as aluminum or steel, which form oxide layers that can inhibit proper
bonding. In these cases, the surface of the metals often needs to be cleasatedrbefore
soldering to ensure that the filler metal can make good contact with the base metals.

The choice of flux in the soldering process is also important. Flux is used to prevent
oxidation, remove contaminants, and help the filler metal flow srhodthe type of flux selected
can impact the formation of intermetallics, as it can affect the chemical reactivity at the interface
and control the rate of intermetallic formation.

Ultimately, the peculiarities of soldering different metals and the foomati intermetallic
compounds are influenced by the interplay of material properties, temperature, time, and flux.
Understanding these factors is essential for achieving reliable, strong, and durable joints, especially

when joining metals with widely diffeng properties.
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2.15 Residual Stresses: origins, classification, influence

Residual stresses in 3D printed metallic objects are internal stresses that remain within the
material after the printing process has been completed and the part hasTdoededstresses arise
due to the uneven thermal gradients and rapid heating and cooling cycles that occur during the
additive manufacturing process. As the metal is deposited layer by layer and solidifies, the cooling
rates across different regions of thartpvary, leading to contraction and expansion at different
rates. These thermal gradients, combined with the inherent mechanical properties of the material,
can result in significant internal stresses that impact the part's structural integrity38]28

Residual stresses play a crucial role in the performance and reliability of 3D printed metallic
parts. If not managed properly they can cause issues such as warping, distortion, cracking, and
premature failure, particularly when parts are subjected tdhvamézal or thermal loads. In some
cases, these stresses can reduce the fatigue life of the part, especially when the stresses are tensile
in nature, making the part more prone to fracture. On the other hand, compressive residual stresses
can sometimes impve fatigue resistance by preventing crack propagation. However, excessive or
uneven residual stresses, regardless of their type, can lead to dimensional inaccuracies and surface
degradation, particularly in complex geometries or large parts.

The classifiation of residual stresses in 3D printed metallic parts typically includes three
main types: macrostresses (Type ), intergranular microstresses (Type Il), and intragranular micro
and nanostresses (Type Ill) [£280]. Macrostresses are largeale stressethat occur throughout
the entire part and often result from the thermal gradients caused by the rapid heating and cooling
during printing. Microstresses, on the other hand, occur at a more localized level within the
microstructure of the material and aypically associated with the solidification process and the
formation of different phases or microstructures during cooling. Intragranular microstresses arise
from the activity of lattice level inelastic deformation mechanisms (slip band activity, atisioc

glide and climb, vacancy diffusion).
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Residual stresses may exert a profound influence on strength, and may reduce the resistance
to fracture and fatigue, as well as improve them depending on the spatial distribution, sign, scale

etc. [128135].

2.16 Residual Stresses in joints

Residual stresses in joints with heterogeneous composition and mechanical properties are a
significant concern in various manufacturing processes, particularly in the welding, soldering, and
additive manufacturing of dissimianaterials. These joints involve the connection of materials
with different chemical compositions, thermal properties, and mechanical characteristics, leading
to complex interactions during the heating, cooling, and solidification phases. The variation in
material properties between the different components of the joint introduces specific challenges in
terms of residual stress formation, which can affect the integrity anedomgperformance of the
joint.

When materials with different mechanical profsrare joined, such as metals with varying
hardness, strength, or thermal expansion coefficients, the cooling rates and thermal gradients during
the joining process are not uniform across the joint. This can result in uneven contraction and
expansion oftte materials, leading to the development of residual stresses at the interface. For
example, in a joint between a hard material and a softer material, the softer material may undergo
more plastic deformation during the cooling phase, while the harderiahagsists deformation.

This difference in behavior creates internal stresses at the interface, which can weaken the bond,
cause cracking, or induce warping or distortion in the parts.

The formation of residual stresses in heterogeneous joints is dilsmicéd by the presence
of intermetallic compounds or phases that form at the interface. These compounds, which often
result from the reaction between the different materials during heating, can be brittle and exacerbate

the risk of failure. The distribudn and thickness of these intermetallic phases can influence the
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mechanical behavior of the joint, especially if the joint is subjected to cyclic loading or elevated
temperatures, as these phases are often less ductile than the base materials.

In joints with heterogeneous composition, residual stresses are not limited to the interface
but can extend through the adjacent regions, leading to stress concentration zones that are more
susceptible to crack initiation and propagation. The magnitude and distnilmfittbese residual
stresses depend on various factors, including the joint geometry, the thermal properties of the
materials, the cooling rate, and the poisicessing methods used.

To mitigate the effects of residual stresses in joints with heterogeneoysosition and
mechanical properties, several strategies can be employed. Optimizing the welding or joining
parameters, such as heat input, cooling rates, and preheating, can help reduce the thermal gradients
that lead to stress formation. In some casagssrelieving heat treatments or paseld heat
treatments can be applied to reduce residual stresses and relieve internal strains. Proper design of
the joint, including selecting materials with more compatible thermal expansion coefficients or
designng the joint to minimize stress concentrations, can also help mitigate the risks. Additionally,
the use of interlayer materials or buffer layers with properties that better match the base materials
can reduce the formation of brittle intermetallic compauadd improve the overall performance
of the joint.

By understanding the sources and behavior of residual stresses in heterogeneous joints,
manufacturers can develop better strategies to ensure the strength, durability, and reliability of these
critical cannections, especially in higétress applications such as aerospace, automotive, and
energy sectors. It is in this context that the use of[BIB micro-ring core technique appears
particularly attractive as an experimental tool for the study of resitteakss of Type I, Il and IlI,

in combination with advanced interpretation techniques.
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Chapter 3. On the Grain Microstructure i Mechanical Propertiesi Residual
Stress Relationships in Aluminum Alloy Parts Fabricated by Laser Powder

Bed Fusion

This chapter explores the interdependencies between grain microstructure, mechanical
properties, and residual stresses in aluminum alloy parts producé®BR The investigation
includes microstructural characterization, mechanical testing, and residuabstgass, aiming
to provide insights into the effects of process parameters on part performance. By correlating
microstructural features with mechanical behavior and residual stress distributions, the study seeks
to deepen the understanding of LPBBricded aluminum alloys, offering pathways for

optimizing process control and material properties.

3.1. Introduction

Selectivelasermelting 3D-printing, introduced in the early 2000s as a rapid prototyping
technique, has evolved into a promineranufacturing process for higierformance components
with complex geometries. This transformation has opened doors for the use of metallic materials
like titanium (Ti), nickel (Ni), and aluminum (Al) alloys in critical applications, particularly in
aerospce engineering, where weight optimization is paramount. Examples include the fabrication
of gas turbine engine components, fuselage structures, and even thermoregulatory casings for
advanced instruments like gamiray detectors on satellites. The flexityiland precision of SLM
enable the creation of intricate designs that were previously unattainable with conventional
manufacturing methods.

SLM is a highly customizable process influenced by material composition and numerous
processing parameters, suchlaser power density, scanning speed, and layer thickness. These
variables interact intricately, resulting in hierarchical microstructures with distinct features like
grain size, grain boundaries, porosity, and reinforcement phases. Studies have extdweld

the relationships between processing parameters and the resulting mechanical and functional
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properties, particularly for Al alloys. Microstructural elements such as elongated columnar grains
and equiaxed crystallites emerge as dominant strudaatures, with their size, aspect ratio, and
orientation being dictated by local solidification conditions.

The mechanical properties of Skidbricated materials are influenced by the interplay
between these microstructural characteristics and the thieistary during printing. Factors such
as the principal growth direction and scanning path significantly affect elastic moduli, yield
strength, and anisotropic deformation behavior. However, despite the advancements in
understanding these properties, hegmains a lack of detailed exploration of grain patterns and
their direct correlation with mechanical performance. For instance, variations in mechanical
response under tension in SLM Al alloys have been linked to localized thermal conditions during
printing, yet the role of grain morphology in these variations is underexplored.

Furthermore,esidual stresses, a critical aspect of Slaldricated materials, arise from the
steep thermal gradients and rapid cooling rates inherent in the process. These careésad to
inelastic deformation and influence the mechanical integrity of printed parts. Over the past two
decades, residual stress evaluation in Siivited metals has become a focal area of research, with
numerous studies employing techniques likea) diffraction, the contour method, and blind hole
drilling. However, these methods have limitations in spatial resolution and applicability to complex
geometries, a significant drawback given the principal advantage of SLM in fabricating intricate
shaps.

The FIB-DIC micro-ring-core drilling method is the extension of the hole drilling method
towards the microscopic dimensional scale. The method has been a developing project since the
middle of 2000s 11]. At present, this method gives unprecedented dppities to correlate
structural peculiarities and residual stresses and is clearly relevant-fmr2&d materials. The
FIB-DIC micro-ring-core drilling method requires the use of relatively complex dualSHBI
microscopes and skilled operators, lng tobustness of the measurements has already reached the

pre-standardization stagelq]. There are very few reports of using the FIB rouye drilling
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method to measure residual stresses in SLMpBBted materials13] and no reports on SLM
3D-printedAl-alloys were found in the literature to date. One of the reasons is believed to be the
scale factor; the correspondence of the drilled ring diameter and average grain size is very important
for the FIB ringcore drilling method. In order to probe Typstiesses (equivalent to engineering

scale residual stresses), the diameter of a ring must be set to several grain sizes, a condition that is
hard to satisfy with the most popular Ga FBEM microscopes for large and medisme grains

(20 & m an thatdrialsgucke as y$i-Mgrprintable alloys.

Most recent published reports devoted to residual stresses in SEMiIr8Bd AlSi-Mg
alloy components consider geometries that are eithersowvgalified (rectangular blocks) or overly
complex, i.e., containgn multiple features that are difficult to parameterize and draw firm
conclusions from. In the present study, a sin
consists of a larger and a smaller block, representing a change in the horizontak¢imss
causing a modification of the heat flow and introducing the possibility of local (residual) stress
concentration.

The Adouble towero prismatic sample shape
in the expansion of knowledge. This shape repressa step forward from a simple 3D prismatic
element towards parts containing abrupt reductions of samplesgcissn. Protruding shapes are
commonly used in engineering design, especially in casings, guides and fitting parts, or actuators,
making suclobjects relevant to practical engineering use.

The present Chapteepors a systematic EBSD study of the grain structure inp8iDted
RS333 AlMg-Si alloy samples produced using different printing orientateomd the
establishment of a correlation with the results of mechanical property characterization using in
SEM tensile mechanical testing and nanoindentation. The strong influence of the grain assembly
orientation is demonstrated with respect to the loa@ction on the overall mechanical
performance. Additionally, the effect of surface finish quality is also investigaketpossibility

of grain growth controis also discussethrough accurate tuning of the thermal gradients and
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associated heat flux. Thmurposeful tuning of SLM process parameters in the course of a single
printing process offers hitherto untapped opportunities for the fabrication of structural components
with grain structure and properties that vary in the 3D component volume by desiglivey
optimal mechanical performance.

Complementing the analysis of grain structure, €hgpter delves into the evaluation of
residual stresses in 3@rinted RS300 alloy samples, employing a comprehensive comparative
study of destructive and natestuctive techniques. Methods such as the contour method, hole
drilling coupled with laser speckle interferometry, and microscopitoXeplasmafocused ion
beam (Xe pFIBDIC ring-core drilling were systematically applied to characterize residual stresses
at varying dimensional scales. Conventionatay diffraction O E[i measurements were also
conducted to complete the mudtale characterization framework. This robust methodological
approach underscores the hierarchical nature of residual stresseM fal@icated materials,
bridging macroscopic observations with microscopic insights.

When seen within a broad context, the approach explored in the cstudpbelongs to
the broad paradigm of optimal design for additive manufacturing. The underlypoghlegis of
this approach is that achieving peak performance of the product producedpoy®iy requires
taking into consideration all relevant aspects, from alloy composition to process parameters to
printing sequence and orientation. Additionallye thternal states of deformation and stress need

to beconsideredsince they affect the overall sample mechanical response.

3.2. Materials and Methods
3.2.1. Samples Preparation
RS-333 (Al-3S+0.5Mg) powder alloy supplied by ValceRPM Ltd. (Volgograd,Russia)
was used to SLM print flat delgone samples having gauge zone with the nominal
l engt hl wi dt hT t hi ¢k n e s®underiargoe atraospheresusiragsn EDS M200 1 n

SLM printer (EOS GmbH, Maisach, Germany) equipped with a 400 Wib¥éblaser. e details
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of printing and posprinting heat treatment procedures and sample geometry are given in
report [4].

Three sets of three samples had ZX, XZ, and XY orientations with their main gauge axes
in the direction corresponding to the fast (X) and s(®\laser scanning directions and to the
growth axis (Z).In this notation, the first character represents the printing direction aligned with
the main gauge axis, while the second character corresponds to the axis aligned with the gauge
width.

The printing supports used during printing were mechanically machined off to obtain
samples of nominal dimensions. A set of standard ascending numbers of sandpaper and ultimately
diamond paste were used for mechanical polishing of the selected samples.

The sand-blasting treatment was carried out using Snith a mesh of +4680 microns.

The average pressure of the air system was 7 bar, and the time for sandblasting was 15 s for each
surface.

In Figure3.1, the general appearance ofpasited, polished, and se-blasted samples is
illustrated. A substitutional difference of surface appearance is clearly seen and, surprisingly, some
coarsening of surface clusters is present and smashed features appear after sand blasting. It is
apparent from Figur&.1 that sandbasting is effective at cleaning the space between coarse
(2005600 Om) met al aggl omerates from fine, part
agglomerates form unevenough structure with numerous discontinuities running along the
surface planghat appear to be most detrimental for XZ orientation. In this orientation, grain
boundaries of elongated crystallites are perpendicular to load direction and interact with the surface
discontinuities to cause the observed embrittlement effect. Overnadlblsating without further

surface finishing was found to degrade both sample strength and elongation to f&jlure [1
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100 pim Polished 100 pm Sand-blasted 100 pm
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Figure3.1. General appearance of@énted, polished, and safidasted samples

In order to investigated residual stresske,double toweshaped prismatic object shown
in Figure 3.2 with its respective dimensions was purposely designed to incorporate an abrupt
change in the crossection and the corresponding temperature and stress gradient. The scanning
speed used was 1200mrs and hatch distance was 0.17 mm at the laser power of 370 W. Base
pl ate temperature was 35 AC. The |l ayer thickn
to the whole sample without any additional treatment of contours and surfaces. Thethizknm
support base (filling ratio 5%) was mechanically cut. No pegstinting heat treatment (aging) was
applied to release residual stress. The sample was shelved for 6 months in ambient conditions and

dry atmosphere before any further manipulations.

15 mm

Figure3.2 The appearance of the double tower shape sample in-ghimtesi state: (a) front

view, (b) side view, (c) dimensions
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A special casing was machined from a piece of hardened aluminum alloy D16 (Russian
designation of AA2024) to ensure tightdtion of the double tower specimen during EDM cutting
using a Mitsubishi MV¥1200R machine (Mitsubishi Electric Europe B.V., Ratingen, Germany),
which was performed with the slowest cutting speed. This casing is shown in Figurae two
halves of the gecimens were then studied with a nhumber of approaches: the contour method,
macroscopic hole drilling with laser speckle interferometrya¥X diffraction, and Xe pFIEIC
micro-ring-core drilling. Each of these methods is capable of evaluating thiana residual

stresses that persist at the surface of the cut plane(s).

Figure3.3 The appearance of the double tower sample (a) before and (b,c) after EDM cultting:

(b) top view with the indicated cut plane (red line) and (c) sectional view

3.2.2.Electron Back Scatter Diffraction

Since EBSD and nanoindentation measurements are very dependent on the surface quality
and the morphology, samples must be carefully prepared before investigation. Each sample was
cut out, next embedded in epoxy resin, goatished using standard metallographic techniques.
Polishing was performed using sandpaper in several steps (220, 500, 1000, 2000, and 4000 grit)
and then using diamond suspensions (average particles diar®eterf@lm) and col | oi da
final step ofpolishing was broad beam ion milling performed in a Technoorg Linda SEMPrep2
(Technoorg Linda Co. Ltd., BudapesthgetiltHAtergar y)
a final cleaning, the mounteshmple was fixed in a metallographic mount holdeavoid image

drift during thescanning process.
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The surface quality was checked by optical profilometer of NanoScan4D system (FSBI
TISNCM, Troitsk, Russia). The roughness was 346 nm, which is considered acciptalilee
measurements. The generalwief the prepared surface with correspondiogghness profile is

shown in Figure8 4.

(b) R, nm R, nm R;, nm
346 7802 469

(=)

w

EBSI) trace

Roughncss( pum )
v )

w

0 1 2 3 + 5
Scan Line( mm )

Figure3.4. (a) General view of a polished surface for EBSD and nanoindentation measurements
and(b) roughness estimation for the indicated scan line

The texture was measured irB&M Tescan Vega8Tescan Orsay Holding, Brno, Czech
Republic) using an Oxford InstrumentdordlysNano EBSD detector (Oxford Instruments
NanoAnalysis and Asylum Research, Higty c o mb e, UK) . Me as twithsteg ar e ¢

size 1 em, acclkVlandbaamcarentoA.t age 20

3.2.3. Nanoindentation
The nanoindentation test was performed for each orientation of polished spettiatens
were called the cross sectiont{ipekmpesis, call Brn
side (parallel tothimakme gsaugrdndskriacersdctions)Xparalld |
to main gauge axis, | emnggtihl wiadst H,0 I 350tTiedp dn2n® O ne)\
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andY-st ep 75 e m al odirectioh. ihte indentaionmparameterswiere the following:
depthc ont r ol mode, penetration depth 1.5 em, |o

The postprocessing technique was carried out according to the typical OlivePlzard
methodology [6]. However, the achieved results showed high elastic modulus values (~100 GPa)
and hardness (~2 GPa). Itiswklln own t hat Ol i v doesnatoodsidéthaimpadi s mo
of Aheapso (surpl us madroandihaihdend Thefee, the EfHd/aues at i o
for highly ductile materials may differ frothose obtained with a tensile testing machine or a
microindentation test. In thiscasehi ghly ductil ed roughly means
~20) and refers to a smalldex of hardeimg.

In order to improve this model and to obtain reasonable values, there are at least two
approaches. The first one connects the discrepancy with the presence of plastiometjien
unloading curve oaluminum The authors corrected this phenomendath the repeated loading
and achieved an elastic modulus of ~70 GPa for theglureinumplate[17]. In another article
[18], the authors proposed calculating the work under the indentation curve and make corrections.

In the current studythe second appachwas choserbased on the wor&f-indentation

correction. The reduced elastic modulus was calculated via the formula

It t—to (3.1)

Here Weand W, are the elastic (recoverable) and plastic {removerable) work of indentation,
respectively, determined from integration of the loading and unloading cuirkiesind k are
dimensionless constants that describe the indenter geometrifnandnd Sare the maximum
indentation force and contact area, respectively. Since parametafé VWmax, and S can be taken
from the experimental data (indentation curves), the reduced elastic modwlhas Betermined.

The material elastic modulus was recalculaecording to the formula
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S — (32)

whereE, 3 are el astic modulus and Poissonbds rat
Ei, i am the indenter parameters (device passport data).

The relationship between hardness seatliced elastic modulus was expressedlarly to

the formula below. It is based on numerical simulations under a penfigadyndenter.

0 —f—1{0 (33)

The above formula is attractive since it allows for hardness calawatwathout
determining the contact area, which often requires calibration of the indentatiorctastitterthe

influence of specific tip shape.

3.2.4. Tensile Test

In-SEM mechanical testing is a growing experimental technique baséd situ and
operandoprinciples. A Deben Microtest-KN testing stage (Deben UK Ltd., Woolpit, Ukjas
accommodated by the chamber of a Tescan Vega 3 SEM and connected withapdwer
information cable to a computeontrolled operation block using a plug inserted tihraugh
flange plug. This facilitates the operation of the testing stagesyimahronizeshe mechanical
loading (tension at permanent crosshead speed of 0.2 mm/min) waitoinsition of SEM images
at the rate of 22 s per image in the secondary ele¢8E)regime using 30 kV voltage and beam
spot size of 400 nm f1. Digital image correlation (DIC) analysis was applied to retrieve the data
on true straingn the region of interest: ~8& of the gauge zone. The DIC algorithm searches for

the corresponding pairs of pixel subsets (arrays contaidigitalizedintensity values) to findhe
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best match in two digital images. When tenterpositions of corresponding pixslibsets are
identified, the displacement and strains (after the differgoiaof displacements) can be
calculated. The opesource Matlakbased software Ncorr v.1.2.2(] wasutilized toanalyzethe
datasets of acquired SEM images and to calculate average vatlisglatement and strain with

subpixel resolution in the regi@f interest.

3.2.5. Contour Method

Optical 3D scanner RangeVision PRO Base (RangeVision Ltd., Moscow, Russia) was used
to acquire volumetric profilometry data (surface point positions). This procedure was used to
generate a digital geometry image (diptt&in) of the double tower sample as a cloud of points
before and after EDM cutting along the red line shown in Figusie. The scanner parameters
were the foll owing: working distance 260 mm,

3D models bfore and after EDM cutting are shown in Figurg. 3

30 mm

Figure 35. The appearance of double tower shaped sample as 3D models: (a) before and (b) after
EDM cutting in half with the indicated primary coordinate system according to which all used

methods are aligned
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FENICS, an opesource (LGPLv3) computing platform for Ismg partial differential
equations (PDEs), was used to formulate and solve the continuum mechanics problem using the
refined set of scanned digital data (cloud
geometry. This was the first applicatiah FEniCS for the contour method reconstruction of
residual stresses, conducted at the Msdétam Laboratory for Engineering Microscopy (MBLEM).

The experimental data was processed using the method described in the previous study by the
authors of [21] forthe determination of owudf-plane surface displacements as a result of stress
relaxation induced by nedisturbing EDM sectioning. Following the contour method approach,

the reverse of surface displacements was assigned as the displacement boundemyscohttie
numerical model geometry on the surface that corresponds to the EDM cut.

It is important to point out at this stage that the contour method was developed and validated
for the calculation of residual stresses in continuously processed [2#ZJigsqwever, the sample
geometry considered in the present study had
and smaller area segments. This property of the part, along with the complexity of the SLM 3D
printing process, means that the situatio longer corresponds to the continuously processed body
assumption. Nevertheless, a numerical model was developed and applied that uses real geometry
to reconstruct the residual stresses within the sectioned half of the sample. Partial validation of the
approach was sought by comparison with local residual stress evaluation usiDgCFiBicro-
ring-core milling methodZ3]. For the purpose of comparison, another numerical model was used
for a continuously processed (plane strain) body of extrusion fibr laoger and smaller area

segments.

3.2.6. Hole Drilling and Laser Speckle Interferometry Method
The holedrilling method is a destructive technique that measures local deformations in the
vicinity of a drilled hole (increment or decrement of hole diar)etDrilling removes a certain

amount of stressed material and, as a result, causes elastic strain redistribution of the typical order
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of magnitude ~18. Holes a few millimeters in diameter generate displacements of several
micrometers that can be measured with sufficient accuracy. Electronic laser gztdie
interferometry technique applied for this purpose visualizes the interference fringe gattern
generated by uplane displacements. The corresponding interferograms were recorded by two
symmetrical side detectors (digital cameras) when a diode laser of wavelength 532 nm was directed
at the surface containing the drilled hole. The phase shift batthe two surface states before and

after drilling forms alternating dark and light interference patterns known as fringes. Typical
interference fringe patterns used for residual stress determination at the point of drilling are shown
in Figure3.6. The rumber of fringes is linearly related with the diameter increment or decrement.
These quantities are related by the multiplic
|l ight wavelength and 2d i s t heeansi4) Drdlingbwast we e n
conducted on the cut plane as well as on the outer faces of {imehalt double tower specimens

using a drill bit diameter of 1-:2.5 mm. The drilling depth was set equal to the drill bit diameter.

The values of the hole diametacrement in the principal stress directions were used as the initial
experimental information for further calculation of the principal residual stress components. The
typical uncertainty inherent in the determination of the maximupiane principal radual stress
component is in the order o®. The approach is thought to be valid for residual stress values that

do not exceed 6% of the material yield stress.

Figure 3.6. (a) General view of vertical outer face of the tatlidouble tower perperalilar to
the sectioning plane with the drill hole, anccjlexperimentally obtained interfererfcege

patterns obtained as a result of 1.9 mm diameter hole drilling: (b) the horizeptahan
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displacement component and (c) the verticgdlamedisplacement component. The hole

diameter of 1.9mm defines the scale.

3.2.7. Xray Diffraction Method

The X-ray diffraction method of residual stress evaluation commonly known &3 e
method is widely applied and reported in the literature. Labortarny sources with Cu cathodes
generate ~8 keV characteristic radiation that probes the shallow subsurface layers to the maximum
depth of ~20 em for Al all oys. I n this situat
the case of SLM 3fprinted parts without posprinting surface treatment. The typical pdak
trough measure of roughness is believed to be comparable with the average size of the powder
par ti cl e s25]. Theretore,the Qubplagemf a half of the double tower samplegmwand
using a sequence of sandpapers in several steps corresponding to 220, 500, 1000, 2000, and 4000
grit, respectively. This was followed by polishing using diamond suspensions with an average
particle diameter-B  Om, and f i ni sdawithamaverape particle diaoeter afl60 s i |
nm. The appearance of the cut surface after grinding and polishing is illustrated inFrgute
should be noted that surface finishing by grinding and polishing may causedisérititing of
existing residal stresses and may introduce new ones in the-sueface layers. However,
provided good practice procedures are followed, the estimate for the thickness of the affected sub
surface layer corresponds to a few (typically, three) diameters of the fiishifig silica particles
[26]. This is much shallower than the penetration depth of Cu irradiation, so the values of residual
stress obtained with the help ofrdy diffraction can be taken as a relevant measure of the pre
existing state of the samples.

A Bruker D8 Advance (Bruker AXS Inc., Madison, WI, USA) diffractometer equipped with
a Cu cathode tube (Kwavelength of 0.154 nm) in the line collimation mode was used in
combination with a special tailitnade goniometelike sample cradle that allowed omeiijing
mode forO Efi analysis. The cradle was designed and madirse out of polylactide polymer

(PLA)byFFF3Dpr i nting using a conventional FDM prit
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and 04 (side) tilting to reach G valwues up
Figure3.7b. Digital X-ray diffraction spectra were processed usingpnventional procedure that
included fitting and subtracting the background, the strippingsgbdéks, approximation of the

peak profile with a Gaussian function, calculationi@gid r om t he 2d positi on

and finally, the least squaréitting ofthee —— pvsOE[i dependence with a linear function

and the determination of the residual stress component from the fitted slope s usingathe X

ElasticConstant (XEC) of the material using

, HOG | (34)

Heresis the slope of the linear fitted line to the dependence of elastic strain frapdiffraction

on the squared sine of the inclination angle.

3DP Al specimen

(a) (b)

3D-printed
goniometer-like
holder

Figure3.7. Appearance of the polished halit double tower sample: (a) mdad in conductive
resin for FIBSEM studies, (b) fixed in the goniometéde sample holder for Xay diffraction

measurements

3.2.8. Xe pFIBDIC Micro-Ring-Core Drilling Method
The semidestructive method known as FIBC microring-core drilling monitors the
evolving strains at the top surface of the cylindrical core during ion etching ofshapgd trench

in a FIB-SEM system. The strains are evaluated by means of digitgeic@relation algorithms
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capable of detecting displacements of pixel clusters with subpixel accuracy. Datasets of high
resolution images are accumulated by collecting good quality SEM images after each step of serial
ion milling. As a rule, the full deptbf the ring trench drilled with ions lies in the range ¢ tore
diameters in order to guarantee the complete relaxation of residual stresses in the core zone. The
value of the complete relief strain is used to calculate the residual stresses prtbsenhgtore
location prior to drilling. The FIEDIC micro-ring-core method is sensitive to a number of factors
that must be considered to ensure robust residual stress eval@&tid@ptimal density of surface
features must persist at the top surfdegng ion ring milling without being adversely affected by
the redeposition processes or by etching by divergent ion beams.
Xe plasma FIB has been less frequently used for residual stress argdlysmnfipared to
the conventional Ga FIB. A significarg¢ason for the lower usage of Xe pFHEM instruments
for residual stress measurements concerns the higher cost of X&BMBnicroscopes in terms
of purchase, maintenance, and consumables. On the other hand, the higher plasma FIB milling
currents offershte opportunity to drill larger rings with typical diameters in the rang® 200 € m
in reasonable time. This offers the possibility of filling the spatial resolution gap between the Ga
FIB-DIC method (2 0 e m) and mech-8806aEktEmidrilling (500
The presnt study made use of Xe pFBC micro-ring-core drilling to match the large
average grain size in the material (>20 em) t
many or at least several grair®®]. A Tescan Clara SEM equipped with an @xf Instruments
NordlysNano EBSD detector was used to visualize the grain microstructure using 20 kV, 30 nA
beam settings. Théwas eacarinesd0Oold $Si0Mg nGanx, 10241
corresponding to the scanning step of 0.5 Om.
Xe pFIB FEGSEM Hdios 5 microscope (FEI, Thermo Fisher Scientific Inc, Agawam,
MA, USA) was used for pFIBIC ring-core drilling and synchronized SEM visualization using
an SE detector of the surface topography at the FEG acceleration voltage of 5 kV and an electron

beam arrent of 3.2 nA. Optimal voltage and current parameters of ion milling were empirically
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adjusted through trisdnd-error to the optimal setting of 30 kV voltage and 200 nA ion current.

The tilt stage angl e -coddiameteAof@va@m usred ,t twé t diu tt d
of 100 Om. Datasets of 38 images per milling
to the step of 2 Om and the final 7 images t &
depth of ~100 Om.

The quality of the EDMsectioned plane provided a good density of irregular surface
features. However, increased surface roughness impedes uniform ion drilling and synchronous
SEM i maging due to the | ow visi bi liltirdqureddor t he
ion milling, due to the high surface asperities caused by EDM cutting. On the other hand, sufficient
density of contrasting surface features within the-doge were found after silica finishing and
thus provided satisfactory contrast fobust DIC analysis, which was therefore used for pFIB
DIC evaluation. Opeisource MATLAB-based software iStres3(] was applied to evaluate the
strain values in the range #0072 using image datasets of up to 60 images for the-aang

diameterso¥ 0 & m.

3.3. Results and Discussion

3.3.1. Grain Pattern Appearance in-Binted RS333 Alloy

As represented in Figure38-3.10, EBSD microscopy qualitatively reveatie main
motives of the grain pattern appearance ing@ibted RS333 alloy dependingn the printing
orientation. It seems that grains have almost random crystallog@pdmtation against principal
axes of a sample (no or weak texture), but the sizeaspetts of grains are obviously correlated
with printing the orientatioin main axs ofslim elongated columnar grains that are always aligned
along the growth direction, ara a result, these grains appear equiaxial in the plane normal to the
growth directionlIn the planes parallel to the growth direction, elongated columnar graimetr

singleelements of grain pattemoundlike regions (spots) containing very small equiaxial grains
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and pores are likely evenly and randomly represented in these planes, being intesitbven

columnar grains. These spots are also readily noticedbie jptane normal to thgrowth direction.

Material Supports

Figure 38. Representation of the grain microstructure in@Dted RS333 Al alloyi the ZX
printing orientation is shown. Youngds mod

measurements are shown.
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Figure3.9. Grain microstructure representation in-gihtedRS-333 Al alloyi the XZ printing

orientation.

001

111

Figure 3.10Grain microstructure representation in-pbinted RS333 Al alloyi the XY printing

orientation.
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It is also worth noting that columnaragns may form almost parallel or divergent bouguet
like patterns in the planes parallel to the growth directimwever, these and other characteristics
of grain patterns (such as size, aspect ratio, and crystallographic orientation statistics) require
thorough quantitative analysis on larger datasets to validate the conceptual models proposed for
grain pattern formation. This analysis, along with FEM modeling of heat fluxes, will be addressed
in a separate study.

One can also notice that the XY printingemtation returns somewhat different grain
patterns than the ZX and XZ printing orientations: thinner and shorter columnar grains, larger
number of spots in the planes parallel to growth direction, and coarser equiaxial grains in the plane
perpendiculard growth direction. This is supposed to be directlgted to specific remelting and
solidification conditions: the longest exposure time difidised heat flow from pin supports.

Average values of grain dimensions for different printing orientations are presented in Table
3.1. Even qualitative analysis of the grain patterns for different printing orientations gives
opportunities to suggest that at least plasticity and fratiehevior with tension are affected by
the columnar grains' orientation with respect to the loading direction. In the case of the ZX printing
orientation of dog bone sample, the columnar grains are parallel to the tension axis. In contrast, for
the XZ and XY pmting orientation, the columnar grains are perpendicular to the tension axis,

making them structurally similar.

Table 3.1. Statistic information form the EBSD analysis about the length, width, and aspect ratio

of grains for different specimen orientatson

zX Xz XY
Length, Width, Aspect Length, Width, Aspect Length, Width, Aspect
um pum Ratio um um Ratio um um Ratio
Surface 197+193 74455 25+£13 193+185 75+£56 25+x12 223+£171 127+£91 18=£05
Side 208+179 76+£52 25%12 115£72 7141 16£04 138+118 64£36 21+09

Cross-section 157 +9.1 94148 17+05 220+184 85+44 25+12 165+160 63+40 25+13
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Shear bands characteristic for ductile metals (and Al alloys) localize plastic fltve in
directions, forming an angle of about°4&ith the tension axis. Thui,is suggestdthatdifferent
orientations of the main axes of columnar grains wepect to the shear bapthne may take
place. Therefore, the yield strength that correlates (in accordance witbttrHall law) with the
mean crystallitesize in the plane of shear band is expected tstlmgly dependent on the
orientation of columar grains, i.e., printing orientation. For thimplicity, an estimateof the

average size of grain geometrical projection to the sheargianeis usedoy the formula

0 0 (0 (35)

Here the average values of diameter D are taken at the surface and tsectiossof the sampled
region, respectively.

The values taken from Tabl&1 return theestimates for the average values of grain
dimension projections to shear band pld®) as 17. 3, 18. 3, and, 19. 7
respectively. This directly assumes that strength should scale down for ZX, X2X¥nd

respectively.

3.3.2. Nanoindentation of 3Brinted R&3 33 Al Il oy: Youngso Modul u

Aluminum in contrast with some other FCC metals such as nickel is almost elastically
isotropic. Therefore, the presence of texture in thesprided Al alloy samples shouftbt affect
the overall elastibehavior

On the other handt was shown recently 31] that the apparent macroscopmmdulus
noticeably varies (when calculated fromSEM tensile testing with straimseasured using DIC
of high-resolution images) for XY, XZ, and ZX printing orientatio®&.4, 70.0, and 77.8 GPa,
respectively.

Nanoindentatio®liver-Pharr tests after proper correcti@2[33 return reasonablealues

for the estimates of Youngos ntloedverbgevalyesisin d t h ¢
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good accordance with previous rep@4Jf namely for the XY, XZ, and ZXrinting orientations,
the values 060.8GPg 62.5GPg and 64.2 GPwere found respectively. The measur&¥do u n g 6 s
modulus and hardness parameters after the nanoindentation test are represeniesB.11. The
scan direction denobnsfrthe side amgurfaga plarsees whegre thengtaims d i r
are elongated. It I's wor t imodualgstmeaswged in hhe plang h e
perpendicular to the main axis of the dagne samplgauge (crossection), parallel to narrow
(side), and wid (surface) faces of the gauggne vary only slightly, showing almost no statistically
significant distribution along thgrowth direction.

The dependence of the elastic moduli on printing orientation is discussedliterdtere
[39]. Since nacrystallographic texture is detected in studied33S, one casuggest that chemical
inhomogeneity, or preferential orientation of precipitates or porasitye nanometer dimensional
scale (unresolved in SEM with magnification applied) nwayse experientally observed
orientational dependence fudher fuidamentgl desearchandtiid u s ,

field with relevant methods: high resolution TEMom probe tomography, etc.
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nanoindentation tests) in 3printed RS333 Al alloy

I n contrast t o

is almost constant (around 0.8 GPa) and isotropic and it has normal distribitkicignificance

obvi

ous orientat.i

Cross-section XY

on

Y o un g 6 s-c)raa dandhesssf eGtimatesderived from OliverPharr

ani

sotr

level 0.05 in all studied samples at many of studied planes (cross section for ZX and XZ, side for

ZX, and surface for ZX).

I n contrast t o

obvious orientat.i

on

an

sotr

is almost constant (@und 0.8 GPa) and isotropic and it has normal distribution with significance
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level 0.05 in all studied samples at many of studied planes (cross section for ZX and XZ, side for
ZX, and surface for ZX).

Berkovich hardness values of about-0.8 GPa can based for rough estimations tfe
yield strength 36], which is approximately 1/3 of the hardness value; this characteristic is expected
to be as high as 250 MPa. This value seems to be a good referenceMgrSAlalloys (the
characteristic yield strerfgg of artificially aged 6061 and 6156 wrougliioys are at maximum
280 and 380 MPa, respectively) but not perfectly correspon@B-arinted RS333 Al alloy. In
Ref. [37], it wasrecently show that the yieldstrength at 0.26 of strain derived fromension
stressstrain curve for 3Bprinted RS333 alloys varies for different printing orientations and
reaches only 81 MPa, 132 MPa, dfsD MPa for the XY, XZ, and ZX samples, respectivély.
can besupposd that the discrepandyetween values of yiektrength derived from tensile test and
nanoindentation may belated to the strong influence of a thin superficial surface layer on the
results of the measurements, and therefore, microhardness testing probing deeper regions of
material is moresuitable han nanoindentation for prompt and adequate characterization of
mechanicatesponse. On the other hand, the influence of porositgraimetedimensional scale
may also contribute to the apparent deficiency of yield strength at tension, since in d¢ontrast
tension, compression modes of plastic deformation tend to densify porous matestarsy up

measured values of strength characteristics.

3.3.3. Tensile Test of 3Printed RS333 Alloy: The Influence of Surface Quality

The stresstrain curves acquired in an SE microscope are depicted in Bdér the
samples as 3fprinted in different printing orientations ¢asinted), further mechanicalfyolished
with a series of grinding papers and diamond paste, and separatelp|astedafter 3D-printing.
One can easily see that, for-@ented samples, ZX printing orientati@rrives withfavorable
mechanical performance, i.e., a combination of the highest vafuelastic modulus, ultimate

tensile strength, and large elongatidhrtipture. The XZorientation results in highest ductility,
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while the XY orientation appears to be the nwstle. Yield and tensile strength show practically
the same dependence on printorgentations, which correlates with the results of nanointienta
testing.

The same general mechanical response for all printing orientations studied is inherited after
mechanical polishing, bringing tensile strength characteristics and ductikiymiewhat higher
values but reduci ng Y oghnTdié factsuppodsiuthe wisservatiordthay i e |
surface layers may significantly affect mechanical resp@nseg thermal history, heat fluxes, and
perhaps grain pattern are substantially differetitesurface and in the core of-glinted samples.

In Ref. [38], the residuals of supportsiicrocracks, and traces of unmolten powder were reported
as typical surface features.

The volume of surface layer is of especially great importance for thin samples ditudied.
concludel that the removal of defecich surface layers improves tensile strength dndility.

The presence of tensile residual stresses in the superficial layer would egmharent yield
strength and, perhaps, elongation to rupture. Conversely, compressithgal stresses in the
superficial layer increase the apparent yield strength and ductility.

The factor of residual stresses should not be considered as the only or the dominant one.
The superficial layer is, on the one hand, enriched with the defectsoémaicks, topological
discontinuities, and other imperfections), and, on the other hand, it tends to be queiticteed
number of consequences, e.g., oversaturation of solid solutions, natural agisgaded grains.

Thus, a slim 3Eprinted article came considered a hybrid material wigtronger and more brittle
shell. The elimination of this sort of shell makes the restdgssig and more ductile than the
hybrid.

Sandblasting returns ambiguous results; it improves the ductility of XY samples but
worsens the ductility of XZ and ZX samples. Elastic and strength characteristics dhange
controversial direction, suggesting that complex modification of superficial zomesiddal stress

re-distribution.
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These results demonstrate that manipulations 8i#printing orientation and relatively
simple and commonly applied mechanical methods of surface treatment give wide range of
opportunities for the fine tuning of mechanical response in structural elements of aerospace
constructions to purposefully credtigh demanding parts by design.

The variation in the mechanical response of SLM@IDtedobjectsat different printing
orientations has been widely reported elsewhd®4{)]. Even for nominally identical printing
parameters, the variation of lodakermal history takes place due to the difference in the cooling
conditions depending on the geometry of the printed part, the position of a given volume of interest
inside the piece, the design and position of support, and many other aspects. Laeshperature
variation (primary heating and secondarheating events in the elementary volumes) governs a
number of phenomena: (1) the completeness of homogenization in the liquid phase, (2) the
distribution of elements between the liquid and solid phasdghe associated (over)saturation of
solid solutions, (3) the overcooling that promotes nucleation and grain growth conditions, (4) the
shrinkage after solidification and pore formation, (5) the homogenization and solid solution
decomposition (aging)na (6) residual stress formation and its spatial distribution.

Therefore, the complete interpretation of experimental observations of mechanical response
becomes overwhelmingly complex and requires muofiirumental experimental characterization
across tb hierarchy of dimensional scales and mpltysics modelling studies. An alternative
approach involves laborious accumulation of experimental facts to build-esepiical
correlations through conceptual modelling, given the numerous parameters and atjbet
complex 3Dprinting process. The grain pattern within the polycrystalline aggregate (governed by
the thermal history during printing) is well known to have a strong effect on the yield strength and

ductility, and on the elongation (ductility), ttre toughness, and fatigue resistance.
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Figure3.12. Mechanical response-( of 3D-printed RS333 Al alloy under tension

The elastic and yield properties are also dependent on the structural inhomogeneities at the
nanometedimensional level. The inhomogeneity is, in turn, controlled by the thermal history.
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Recently, a novel approach to the analysis ofisothermal processing history has been proposed

to account for the rapid cooling characteristic of@ihting [41]. These aspects will be addressed

in further reports. Many practical issues, however, rest unanswered. As has been demonstrated, the
columnar grains tend to be strictly aligned in growth direction; howkevers f patems aiténs
appear in some directionass well. The formation of these structures is to be thoroughly
quantitatively studied and digitally modelled on a mphysics platform that should create both
fundamental theory of property moderation at SLM-@inting and a practical tool (pldg to

CAD software) for the optimization of CAM printing code.

3.3.4. Residual Stress Evaluation by the Contour Method

Calcul ations of the | inear elastic numer.|
modul us and Poi ssono&s r a38 irespedively, in hceordarned witletlse o f
values determined by mechanical testing of thep8bted Al alloy samples.

The conventional formulation of the contour method [42] assumes that the object being
considered satisfies the assumptions for theatled continuously processed body. To rationalize
these assumptions based on a firm theoretical footing it is bestadhsthithe object finds itself in
the state of plane eigenstrain. This means that the permanent inelastic strains that act as the sources
of residual stress are distributed within a prismatic body of extrusion as a function of the transverse
coordinates nly. As a consequence, each transverse @eston of the body finds itself in an
identical state of residual stress. This, in turn, can be recovered by performing minimally disturbing
planar cuts, e.g., using Electric Discharge Machining (EDM) of nietdlby components, in order
to map the oubf-plane displacements (deplanation) and apply them to a numerical model as a
boundary condition with the opposite sign tecreate the oubf-plane stress distribution as a
contour map. Although some theoratiand practical limitations of this approach can be identified,
the method has been shown to be successful and was validated by comparison with independent

measurements, e.g., by neutron diffraction [43]. Another important aspect of the contour method
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corcerns the reconstruction of-plane stress components: although this consideration is not
included in the original formulation by Prime [44], attempts have been made subsequently to
address this important matter, e.g., by Uatimal. using the eigenstraiapproach [45]. In the
discussion below, the conventional contour method treatment based on the continuously processed
body (plane eigenstrain) assumption is compared and contrasted with the use of the real component
geometry for residual stress reconstiac

Figure 3.13@,0 show the zcomponent of residual stresses obtained for the real and
continuously processed geometry models, respectively, calculated using the displacements defined
as boundary conditions on the EBddt front face of the model locaat the positive z side. The
displacements induced in the body are illustrated in Figurép,d). On the other hand, residual
stresses vanish with increasing depth along theiz in the main body in a way characteristic of
the contour method4p]. The calculations that belong to the main body are consistent with the
continuously processed body assumption. The stress magnitudes within the smaller area segment
in the real and continuously processed body model geometries show high discrepancy, while
similar distributions are observed in the larger area segments. The discussion and understanding of
the mathematical implications of this difference lie outside the scope of the present study and will

be examined separately.
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Figure3.13 lllustration of thedistribution of the ZzZomponent of residual stresses (a,c) and z
component of displacements (b,d) in the real (a,b) and continuously processed (c,d) geometry

models, respectively

Although the numerical model calculates all normal and shear componezg&iofit stress
in the whole body, onlythee o mponent of the results for the
is reliable on the front face of the bottom segment. The results that belong to the upper segment
and other components of the stress are thotaliite less reliable, but may represent a good
predictive approximation. Figurg 14 illustrates x and ycomponents of direct residual stress at
the examined cut surface. Figusel5 shows all components of residual stress along the lines
illustrated in kgure 3.14 The results show that the calculations of the contour method solution
provide a good match with FIBIC evaluations of the-komponent of residual stress in both real
and continuous geometry models, but the quantity and quality of experinmesdglurements
should be increased in order to state that all direct components of residual stress can be calculated
reliably using the present approach. In addition, the comparison between the line plots of the real

and continuous geometry models shows tasidual stresses in the real geometry model lie within
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the elastic region, while they extend far beyond the yield strength of the material in the continuous
geometry model. Accordingly, it can be stated that the real and continuous geometry models
provide similar distributions in the large section of the model that satisfies the requirements of
continuous processing, while they show disagreement in the small area section.

The contour method depends on the elastic response of the material subsequent to non
disturbing EDM sectioning. This relationship allows reconstructing thefeplkane residual stress
component within the section corresponding to the state of the compmefere sectioning. On
the other hand, thec@omponent of residual stress evaluated usingX& microring-core milling
technique belongs to the sectioned surface. On this surface, tbeglahe component of residual
stress is completely relaxed, \whthe x and ycomponents of residual stress obtained from the
contour method correspond to the-geetioning state. It is worth noting that according to laint
al. [47], sectioning involves a relief of iplane residual stresses proportionally to
(139, where 3 is Poissonb6s ratio. Based on the

of sectioning on the XpFIB residual stress evaluation corresponds to% Ifiodification.
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Figure3.14 lllustration of distribution of xx(a,c) and yy(b,d) components of residual stresses

in the real (a,b) and continuous (c,d) geometry models, respectively
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Figure3.15 Line plots of xx (s11), yy (s22), and zz (s33) components of residual stress along the
(a) horizontal (x) and (b) vertical (Yinhes illustrated by the dashed lines on the sectioned surface

in Figure3.16below

The relatively high cooling rate in the tgf-tower and bottorof-basement locations
suggests that fast thermal contraction in respect to the middle regions is bhlatesesile residual
stresses. This provides a wklunded explanation for the mechanical response ofbdog
samples SLM 3Bprinted in different orientations under tension and the beneficial effect of sand
blasting described impB]. Specifically, the saple oriented identically to the bottom of the base of
the double tower specimen was found to possess the lowest strength. This is likely to be linked to
the inherited tensile residual stresses, but it is dramatically improved in terms of ductility after
sandblasting, which is known to introduce compressive residual stresges [4

The middle part of the SLM 3printed sample is relatively thermally insulated; thus, it
cools and shrinks last and, being thermally expanded because of this, inherits compesshial
stresses. Vertical outer surfaces of the heavy basement adjacent to the cut plane seem to be weakly
stressed (small tensile or zero residual stresses), perhaps because of relatively slow cooling due to
the significant thermal mass of the basetpeontrary to the case of tower, where the temperature
gradient is sharp enough to cause intensive heat flow (perhaps even from the basement), fast
cooling, and large tensile residual stresses. This observation, while quite trivial and obvious, is

nevertleless of great practical importance, suggesting that slim-sext®ns and protruding
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elements should be repetitively printed at slower scanning speeds to retain high temperatures as
long as possible. Annealing or shot peening {postessing treatmentge recommended to be

deliberately focused on these locations.

3.3.5. Residual Stress Evolution by Hole Drilling and Laser Speckle Interferometry Method

EDM cutting of the double tower specimen causes the residual stresses to be redistributed
and relievedNevertheless, as discussed above, this effect is relatively moderate in magnitude (in
the order of 10%6) and takes place primarily in the vicinity of the cut.

Figure3.16 demonstrates the locations of the probing holes, with the diameter of Point 1
equalto 2.5 mm, and all other points having diameters of 1.9 mm. The axes are designated at each
probed face, with examples of interferograms with fringes shown for Point 1.3[ablenmarizes
the estimations of residual stresses at six locations wheregringre reliable detected. Four of
the drilled holes revealed no fringes, indicating low magnitude of residual stresses at the probed

locations.
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Figure3.16 Locations of holes for the hole drilling method with the indicated axis

Unfortunately, theize of samples was not appropriate for drilling numerous holes, as would

have been desirable to collect further data for accurate mapping with satisfactory spatial resolution.
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Table3.2 Residual stresses at halit double tower sample faces

Nx Description-of-Locationx o, MPax
1n 120-(0,0p )10
2 Vertical-outer-face-parallel-to-the-cut-planex 118-(0,, )x
10t 129-(0,p )1t
30 Vertical -outer-face-perpendicular-to-the-cut-planex -31-(0,,)n
o Cut-planex A7 (G )n
7n ~17(0pp )10
Ot Bottom-of-the-basex 11-(0yy )=

The"N" in the first column of the table refers to the designation of the hole in the sample.
The arrangement and numbering of these holes are illustrated in Figure 3.16. Despite the fact that
out-of-plane residual stresses (evaluated in the contour metrednot and should not be
equivalent to irplane residual stresses in the same locations, it should be noticed that the middle
of the basement (Points 5 and 7) is stressed in compression. This observation fully corresponds to
the findings of the contour rtieod for outof-plane residual stresses in the same locations. In this
case, it is possible to suggest that the middle of the basement is hydrostatically compressed by
residual stresses due to the late cooling (and thermal expansion) balanced by cam@agsie
contrary, the outer faces are residually stressed in tension, as discussed above.

The components of residual stresses perpendicular to the cut plane (and parallel to the out
of-plane residual stresses measured by the contour method) on thadjacesit to the cut plane
i points 3 and 9 are, however, relatively smaHl(7é +11 MPa), both for vertical and horizontal
bottomof-basement faces, perhaps due to the relaxation caused by EDM cutting. The vertical outer
face parallel to the cut plane afiad from cut plangooints 1, 2, and 10 reveals strong tensile residual
stress, the values of which, along horizontal axis {128 MPa), are close to one third of the yield
strength of this alloy after SLM 3Printing, that is, in the range of 2850 MPa[50]. Residual
stresses along the vertical axis are at least three times smaller, suggesting uneven cooling along

this face.
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3.3.6. Residual Stress Evolution byrXy Diffraction Method

TheroughnessR 1. 9 ®@m Bh.d2 ROm were measured by
the NanoScadD system (TISNCM, Troitsk, Russia) at the outer surface of ddobler as
printed. The penetration depth of ®gi r r adi ati on (ca. 20 em) 1is
therefore, themeasurements are not representativeay diffraction O E[i  method shows
modest compressive residual stress86( -350 MPa) in the polished cut plane, as shown in
Figure3.17. This method measures-ilane residual stresses only and, as is alsoiwgrgrtant,
assumes that all grain subsets (and all grain in a subset) diffracting at diffeneglies are evenly
and equally stressed as those grain subsets having (HKL) planes perpendicular to the cut plane
OE[l  p . Averaging over the lighted arefagm a few tens to a few hundreds of Riypical
for laboratory Xrays) in the middle of cut plane gives no spatial resolution, which potentially can

be improved with dedicated setups utilizing fine focus tubes and advanced sample positioning

systems.
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Figure3.17. Details of Xray measurement of residual stresses at the cut plane: (a) meaguced |
plot for the specimen (highlighted red plane (420) was selected for the next calculations); (b)

G ~O Efi plot
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3.3.7. Residual Stress Evolution by Xe pRBig-Core Drilling Method

Robust application of the FIBIC method of RS evaluation requires the presence of a
sufficient number of irregular surface features to allow tracking of small displacements (down to
subpixel) caused by the strain relief duripasma or Ga ion milling of micrang-cores. In view
of this, a balanced approach can be taken to surface polishing, in that the quality must be sufficient
for reliable EBSD indexation but does not need to be any better. BdLBéepicts the typical
appearance of iomlrilled ring-core holes at the rough and polished surfaces of the cut plane at
different haltcut double tower specimens with the corresponding dependence of relief strain over
depth. It is clearly shown that the quality of surface polighiltowed collecting good EBSD maps
to reveal the dimensional ratio between the grain size anecoirggdiameter. For instance, it is
apparent in Figur&@.18 that the core contains parts of many grains to achieve good averaging
between grain orientatiorier the purpose of estimating Type | RS for engineering purposes that
is comparable with the values returned by other methods. RBdl®enaps residual stresses along
the x axis at six points on the polished cut plane, and the values of evaluptateinesidual
stresses are in satisfactory agreement with the results obtained-fufrpdame residual stresses
(contour method). The stress profile along lineHAH3 corresponds to the change of residual
stresses from strong tensile (exceeding yieldngtre level) at the top of the tower to modest
compressive (about M of vyield #8H4edangphstta)es The
weak tensile residual stresses close to the vertical faces and somewhat stronger compressive
residual stresses in theiddle of the cut plane. All determined residual stresses are summarized in
Table 3.3 The XepFIB ring-core drilling method returns the estimation of residual stresses in
location H6, which contradicts the contour method and requires further deeper investigations.
Considering hat the outer di ameter of ilytrddeweddown® hol ¢
20 em, one can expect that the accessible spa
of60300 em (three ringhole diameter). That i s s

research purposes and practieah gi neer i ng t as ks ;pFIBdriling #lstie0 0 & m
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gap between mechanical drilling with 0.5 mm drills andFE& drilling with maximal rational ring
holes of 20 em di ameters. Economical alepect s

conduction of higkresolution FIB ringcore drilling mapping of residual stresses.
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Figure3.17. Details of XepFIB ring-core drilling measurements of residual stresses at the cut
plane: (a) combined EBSD map wdi()measguteckreli&ul er 6

strains with the fitting curve

Hole “H”
-.:Hl
E i
E |
- :
w .
oH2
_____ ._JI.______
£ -
E !
w i
= |
HS | H3 H4
.................. -’-----------------.....
I : |
£ 6mm 12mm
o Sl
H6 X

Figure3.18 Mapping of residual stresses usingpeB ring-core drilling method
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Table3.3. Residual stresses at faces and cut plane ethatiouble tower specimens

N Oy MPax
Hlx 62.1x
H2x —4.9x
H3x —45.8n
H4x 33.4x
H5x 22.8x
Héx —78.7x1

3.4. Conclusions

Threedimensionally printed Al alloys rapidly fill the portfolio of efficient material
solutions in aerospace, giving a chance for inexpensive fabrication of vseight structural
elements. The optimization of printing parameters allows iagapecifc patterns otolumnar
grains rationally oriented against load directions and, through this, to reitiierparts in simple
and efficient way. EBSD microscopy in combination withRSEM mechanical testing is very
suitable tools for fundamental reseanchthiis field. As expected growing number of reports will
appear in the near future to bridge gaps in the understanding of grain patter formation and
interpretation of anisotropy of elastic modulitireoretically isotropic metals.

Additional phenomenothat ought to beonsidereadoncerns the introducticand presence
of residual stresses within 3inted parts. Residual stresses appearcassequence of the high
temperature gradients and steep cooling rates during sémjdeng that affects the ay ultra
structure (precipitates) and hence flow stress. Thigurn, gives rise to neaniform plastic
deformation and locketh (or frozen in) permaneninelastic strains, often referred to as
eigenstrains that can be thought of as the underlgiiggn of residual stress and, conversely,

distortion.
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The case odluminumalloys is of particular interest due to the near isotropy of dlastic
properties that means that grd@vel deformatioAnduced misfit strains arise onlglue to
anisotropy otrystal plastic activity on the FCC {111} <110> slip systems.

Residual stresses are known to exist over a variety of characteristic lengths aftdrare
classified into the Type | (mace Type Il (micre), and Type Il (nang scales $1,53.
Macroscopt Type | stresses can be evaluated using a number of mechanical setticmngues,
such as the contour method, slitting, blind hole drilling, etc. Mesmicroscale residual stresses
of Type Il are more difficult to quantify, although a range of radthave been developed based
on laboratory Xray and neutron diffraction that allow fdistinguishing between groups of grains
that differ in terms of crystal lattice orientatidiinally, Type Ill residual stresses exist at the intra
granular scale, sthat probing them requiresiitably refined methods, such as mifoous Laue
X-ray diffraction, electron diffraction, or Focused lon Beam methods such asmmigicore FIB
DIC [53-55].

It is important to note that residual stresses may exert an induemdhe overaltle
formationbehaviorof polycrystalline assemblies. Micisrale residual stresses hdeen shown
to obey a statistical distribution that is well approximated by the Gauksiafb6,57. This
observation implies that some material volsmeay find themselvadose to the yield condition,
causing plastic deformation to occur even at the early stageading. This may be understood,
e.g., through the use of Masing mods$][and lead tdhe modification of the apparent modulus
upon loadng.

The ultimate purpose of the analysis of the internal hierarchical residual stress tstate is
factor it into the prediction of material strength and failure, e.g., under the conditifatsyoé
loading, as has been demonstrated feb&Be superallogamples produced bgser powder bed
fusion [B9]. The extension of this approach to different classemetallic alloys remains an

important theme of ongoing research.
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Experimental findings revealed that tensile and compressive residual stresses, ranging
between 4200 MPa (approaching yield stress levels), persist unrelaxed for at least six months
after SLM printing. Despite the vastly different dimensional scales involved, from millimeters for
the contour method to micrometers for Xe pBBC ring-core drilling, all techniques yielded
comparable residual stress values, underscoring the reliability of the integrated approach. Notably,
the microscopic Xe pFHDIC ring-core drilling method provided detailed insights into localized
residual stress distribwins that are not accessible through conventional macroscopic techniques.
This study also investigates the impact of residual stresses on the mechanical performanee of SLM
printed components. It emphasizes how optimized printing parameters can be emplaed a
rational strategy for residual stress management. By adjusting key parameters, such as scanning
speed and laser power, during the printing process, it is possible to control residual stress
distributions, thereby enhancing both mechanical performamtehe service life of 3fprinted
parts.

Together, these findings highlight the importance of understanding and controlling both
grain structure and residual stresses in Shbticated alloys. The ability to integrate
microstructural engineering and resadlstress management offers a pathway to achieving superior
mechanical properties and reliability in advanced structural applications. This chapter aims to
contribute a detailed framework for leveraging these factors in the design and production of high
performance SLM 3Bprinted components.

The residual stresses formed during additive manufacturing are dependent on the model
geometry even under nominally identical-Biinting conditions, albeit in indirect ways associated
with the change of crossection,the presence of supports, and the filling ratio, which strongly
affect the thermal flux conditions and thesmechanical gradient§.he conception of uneven
cooling rates as a principal cause of RS is generally applicable for arbitrary shapes and models.
Specific local values of RS may vary significantly depending on the sample geometry and printing

conditions, which may be large enough to cause cracking.
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The rational design of SLM 3Printed parts is of great importance and must not be limited
to geometryoptimization. In the ultimate perspective, the design of a SLMpBited part
integrates geometrical modeling, thermechanical numerical simulation, molding conditions,
etc. The 3D mapping of RS must hold an important role in rational design for ressistnd
reliability.

As discussed in the main text, a specific geometry was chosen that balances simplicity with
key features relevant to residual stress generation in 3D printing. However, the approach allows for
the exploration of a broader rangesaimple geometries in conjunction with numerical process
modeling, aimed at uncovering fundamental procesgsingcturé property relationships.

The systematic comparative study undertaken in this research provides evidence that multi
scale, multimodal evalation of RS supported by robust computer modeling delivers reliable
mapping of RS distributions at a desirable spatial resolution and satisfactory precision. This
approach can be readily expanded to arbitrary shapes and real engineering parts, ents, @leme
aerospace components, thereby forming a solid basis for future investigations.

The studyappears to be the first to report the results of rsglie and mukmodal RS
evaluation using several independent methods ranging frordesiructive O E[fIl XRD
analysis to macroscopic sectioning to misgale ringcore FIB milling with digital image
correlation analysis. The comparative study showed good agreement across dimensional scales
from tens of micrometers to tens of millimeters. The plasmd&BeDIC method was used to
obtain evaluations within material volumes of
of up to +200 MPa was identified at the top of the upper tower, whilst moderate RS present in the
lower block was compressive in altéctions (hydrostatic) in the middle and tensile at the surface.
The relationship between the cooling rate during@ibting, on the one hand, and the RS that
persist in the sample as a consequence was put forward and justified.

Figure 3.19 shows a compa&on plot of all used methods. The results show that the

calculations of the contour method solution provide a good match witibRIBand hole drilling
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evaluations of the xxomponent of residual stress, but the quantity and quality of experimental
measuements should be increased in order to state that all direct components of residual stress can

be calculated reliably using the present approach.
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Figure3.19 Comparison of all used methods: (a) the locations of the measured points and the
plotting ling superimposed on the contour map of the horizontal stress component reconstructed

by the contour method; (b) residual stress line plot

The presenstudyopens up new avenues toward further systematic studies of RS in 3D
printed parts and components. In particuitagstablishd clear ways to distinguish and evaluate
Type |, I, and Il residual stresses, and identified the approaches most siatadteerimental
assessment of the dependence of these parameters on the fabrication and processing conditions.

In summary residual stresses in SLM 3Winted metal parts appearing as a result of
complex thermal history are frequently discussed in respenaty aspects of their mechanical
performance and operation service life. Although recovery annealing or various surface treatments
(sand blasting, shot peening, etc.) are readily applicable, the efficiency of these measures can hardly
be assessed withowtlevant and robust techniques for routine experimental measurements. The
popular Xray diffraction method, especially in a laboratory, has a number of disadvantages, with

shallow probing and averaging over large lighted areas being the most obvious.of them
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Today, a growing number of experimental investigations are still basedayndiffraction
measurements, which deprives researchers of much valuable information. Sphh&ble Al
Si-Mg alloys seem to the least studied in comparison with printatds stad Ti and Ni alloys.

A comparative residual stress evaluation was deliberately undertaken using a combination
of contour measurements, mechanical drilling with spepkléern interferometry, Xay
diffraction, and XepFIB ring-core drilling with DIC analysis. These destructive and non
destructive methods have spatial resolutions ranging from tens of millimeters for contour
measurements to units of millimeters for spegid¢tern interferometry, and finally, down to 70
micrometers for XeFIB ring-coredrilling. All methods returned estimations of residual stresses
in good agreement in terms of signs and values regardless of dramatically different spatial
resolution.

The surface of SLM 3iprinted parts are residually extended, with stresses havingsvalue
equal to and exceeding yield strength at the locations where the fastest cooling takes place:
protrusions, slim crossections, and supports. The middle parts of large m®ssons are
residually compressed (perhaps hydrostatically), with relatively kve st r e s s ems ooff ak
yield strength.

These findings are believed to provide a rational explanation for the anisotropy in
mechanical responses observed in parts printed with different orientations relative to the fast

scanning and growth directions.
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Chapter 4. Micro-Scale Residual Stress and Deformation Analysis in Bimetal
Bronze-Stainless Steel Samples Produced by Laser Powder Bed Fusion

Technology

This chapter investigates miesgcale residual stresses and deformation phenomena in
bimetallic bronzestainless steel samples fabricated RBF. The study utilizes advanced
characterization techniques to analyze the microstructural features and istir@sstidns at the
material interface. By examining the effects of thermal gradients and material heterogeneity, the
chapter aims to elucidate the mechanisms driving residual stress accumulation and deformation in
bimetal LPBF samples. The findings proicritical insights into optimizing mulmaterial

additive manufacturing processes and enhancing the structural integrity of bimetal components.

4.1 Introduction

Design for optimal performance frequently requires integrating different materials within a
single structural or functional element to perform complex tasks. Applications such as electric
motor rotors and stators, grid connectors and relay arms, chemical vessels, rocket nozzles, and
others require the combination of disparate properties, eg). ehectric and thermal conductivity,
which are characteristic for pure metals or Cu and Al alloys, with high strength typical, e.qg., for
alloyed steels. Bimetallic hybrids of intrinsically different metals and alloys represent an obvious
solution that ispevertheless, not entirely straightforward to implement.

Traditionally hot and cold roll bonding of metal plates, tubes, and sl&&tsr[explosive
welding/cladding 1] were applied to produce large bulk bimetallic parts on a large industrial
scale.

Additive manufacturing technologies laser engineered net shaping, selective laser
melting, direct energy deposition, or muMire arc or electron beam additive manufacturing, as
well as other$ offer the ability to fabricate complex and/or miniatunaméiallic net shape parts in

a single process.
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These perspective routes to bimetallic part fabrication have attracted the attention of the scientific
and technological community, with the number of reports on additively manufactured bimetals
published annuly in highly ranked journals growing rapidly from2Lin 20102015 to 2625 in
20202021, according to Scopus databasg. [

On the other hand, reliable joining of immiscible metals like Fe and Cu (and their alloys)
remains an engineering challenge, sitteedevelopment of robust joining technologies requires a
degree of control over the interfacial bonding between immiscible metals that arises under the
conditions far removed from the equilibrium state, e.g., using severe plastic deforng&tion [
mecharcal alloying using high energy millings4], shot peeningg5], explosive welding 6],
friction welding [67] or rapid cooling/quenching from melt§§]. Laser, electron beam or arc
assisted additive manufacturing (3D printing) technologies belong tabe of norequilibrium
manufacturing approaches due to the presence of rapid heating and cooling that may involve
melting and solidification events. A large number of factors needs to be considered to ensure strong
bonding of immiscible metals throughetloptimization of printing conditions: the local cooling
rate(s), vector map of the heat flux, grain growth conditions, secondary heating from neighboring
layers, homogenization, 4@ystallization and recovery phenomena, thermal expansion and
shrinkage msmatch, and, eventually, the formation of residual stress.

Numerous recent report$472] addressed various aspects of the interfacial bonding
characteristics of Gbase (bronze) to Hease (steels) bimetallic materials fabricated by additive
manufacturig technologies.

The residual stresses are caused primarily by the mismatch between thee rthierendl 6 s
properties (conductivity, heat capacity and thermal expansion coefficients) and mechanical
properties (temperatudependent flow stress and hardening). The present report introduces the
results of the characterization and testing campaign ukeerfar the bronzstainless steel (Br

SS) bimetallic selective laser melting samples. The findings and their interpretation are discussed
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in detail, aiming to explain the origins of the observed nucleation and growth of cracks within the
brass boundary yer in the vicinity of the BiSS interface.

In the present study, the FIBIC micro-ring-core method was applied for the micrometer
scale evaluation of the residual stresses inherited from the complex tirexchanical history of
SLM printing. In the liteature, these residual stresses are traditionally ascribed to the mismatch of
the thermal expansion coefficient and thermal conductivity. The direct measurement of local
residual stresses presented hereafter appears to be the first reported instancereghen di
experimental assessment of the postulated RS was undertaken. In thegtuelseiné results are
presented of systematic investigations of SLM@ihted tin bronze to stainless steel bimetal joint
using an arsenal of techniquesurface topographgnalysis, multiple magnification SEM imaging,
EDX and EBSD mapping, ##EM mechanical testing in combination with DIC analysis of the
strains arising during situtension, and microing-core FIBDIC evaluation of residual stresses.
The sample region stunding the bimetal interface was found to be somewhat less ductile and
less strong than the single metal counterparts. Nevertheless, it showed satisfactory ductility and
acceptable strength. Final fracture was located close to the interface withionke part of the
sample. The mechanical performance and fracture behavior are discussed for additively
manufactured samples containing bimetallic joints. The approaches are proposed to create stronger
bimetal parts through engineering control of the pmgptsequence and pattern in the vicinity of

bimetal interface.

4.2 Materials and Methods

4.2.1 O6Wheel 6 Sample Fabricati on

A thin flat bimetallic 6wheel 8 sampl es we
average particle diameter4® 0 € m f he cinculanrign. Tin bronze powder for LPBF with

the average particle diameter-@00 ¢ MPRV-Br© X0 (Polema Inc., Tula, Russian Federation)
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was used to fabricate the wheel Aspokeso. L F
demonstrationofane8D printermo del (LCC fiLaser Apparaturao,
The salient di mensions and tdaeeslowrenmFglré app

4.1. The printing parameters and technological regimes employed listed below ultimately resulted
in the relatively high surface roughness characterized by the remaining unmolten powder particles,
along with pores, cavities and splashe

1 Printing on thestainlesssteelplatform;

1 Continuouswave fiber | aser with & = 1070 nm;

T Fusion | ayer thickness 50 & m;

1 Laser power 85 W for stainless steel and 80 W for bronze;

1 Scan speed 300 mm/s for stainless steel and 350 mm/s for bronze;

1 No postprocessing heat treatment.

=15mm
=27mm
=68 mm
=80 mm

Figure4l. Bi metallic 6wheel 86 sampl enregpm@ar ance:
bottom view, (c) O6wheel &6 sampl e di
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4.2.2 Characterization and Testing

Scanning electron microscopes supplied by Tescan Orsay Holdings (Brno, Czech Republic)
were used for sample imaging aindsitu mechanical testing: Tescan SEM Vega3 equipped with
secondary electrons (SE) and backscattered electrons (BSE) detectors faocalchsamd
microstructure analysis, Tescan SEM Lyra3 withF3 equipped with EDX and EBSD detectors
for residual stress evaluation. Dbgne shaped specimens were intentionally designed for tensile
testing in order to probe the stainless steel (S1), br¢82¢ and bimetal (S3) response,
respectively. The locations and dimensions of the miniature specimens are depicted id.Eigure
Moreover, an additional rectangular sample S4 with the dimensions] 204 mm
(widthl lengtH thickness) located at the bmmssteel interface was extracted for the purposes of
conducting EDX and EBSD analysis, and to carry out residual stress evaluation usiDtCFIB

micro-ring-core drilling.
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Figure4.2. T-shaped sector of the bimetallic wheel with the indication of (ajis@® locations,

and (b) dogbone shaped sample dimensions

The 1kN Deben MicroTest universal testing stage (Deben UK Ltd., Woolpit, UK) was
integrated with VEGA3 SEM to perform synchronized deformation testing and visualization of the
specimen tensile tests. Namely, the sts#smin curve was recorded simultaneoustyd a
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synchronously with the acquisition of higésolution images for subsequent digital image
correlation analysis to evaluate true strain distributi@3k [The images captured were processed
with the help of the opesource Matlakbased Ncorr v. 1.2 sevare described in7d]. Dedicated

grips were designed and fabricated at the FabLab facility (Skoltech, Moscow, Russia) capable to

accommodate and firmly hold miniature specimens during testing as shown in&8jure

Figure4.3. (a) The 3D model of theespoke grips compatible with the 1kN Deben MicroTest
stage for iIRSEM tensile testing and (b) the appearance of miniature samples in SEM

Interface

HSM@Skoltech

Figure4.4. Appearance of the bimetallic specimen S4

The rectangular bimetal sample S4 was carefully prepared for EBSD investigation by means

of long (over 48 h) broad ion beam milling performed using Linda SEMPrep2 (TechnoOrg Linda
96



Co. Ltd. , Budapest, Hungary) usilteogs t8 avéidvthea c c e |
possibility of introducing additional residual stresses due to mechanical grinding and polishing.
The samples were mounted onto a metallographic holder with conductive carbon tape to avoid
image drift during the scanning process. Hppearance of the bimetallic sample with clearly
visible interface and material discontinuities is illustrated in Figute

The chemical element distribution in the vicinity of the bresignless steel interface was
visualized using Oxford Instrumenit§timMax 100 detector (Oxford Instruments NanoAnalysis,
High Wycombe, UK). The microstructure (grain orientation distribution/texture and size/shape)
was visualized using Oxford Instruments NordlysNano EBSD detector (Oxford Instruments
NanoAnalysis and Adum Research, High Wycombe, UK). The scanned areas wet&50® O m
in size and were mapped with the step size o
beam current 10 nA.

The Korsunsky focused ion beam rogre milling method75] was used fothe evaluation
of residual stresses. The most suitable ion milling regimes were found and optimized empirically
for the specific FIBSEM equipment in accordance with the general good practice
recommendationgp]. The optimized regime for FH®IC micro-ring-core milling was as follows:
30 kV, 4 nA, incremental step ion milling time 30 s, total ion beam milling time per location 15
min.

The iStress DIC softwar&¥] applied to the image sequences acquired during focused ion
beam micrering-core milling alows the detection of strains in the*01 G range occurring as a
result of unloading of core region from residual stresses present within the region of interest prior
to intervention. It is worth noting that sample preparation for EBSD studies reguaestionally
smooth surface that removes contrasting features needed for robust DIC. Therefore, additional
contrasting pattern (fAFibonacci spariodiclfeatwesr 0) w
as illustrated in Figurd5. The innerand oute di ameters of the ring v

respectively. Each +rdiempd hwda hadt elgaudal orn.o0l 8 hemri
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Figure4.5. Demonstration of FIB drilling of rings for residual stresses evaluation: (a) the mask
used foretching to obtain noperiodic contrast features at sample surface, and (b) first and (c)

|l ast i mage Al ay e rSEM micraricgaoredngllthg dur i ng FI B

4.3 Results and Discussion

4.3.1 Surface structure analysis

A typical appearance of a SLM 3f@rinted part surface is demonstrated in Figluefor a
range of magnifications. Incommensurate chessbhoard scanning patterns are clearly seen, and the
two-wall bronzestainless steel interface was formed due to the connection between contour
perimeter scanfn the bronze andtainlesssteelregions. Surface defects including unmolten
powder particles, pores, cavities and splashes are visible in both neighboring zones. These defects
appear to be more prominently represented in the bronze zone, suggestBigMizD-printing
parameters were not fully optimized for this latter material due to its lower laser absorbance and
higher thermal conductivity. Both these factors predetermine local heating to perhaps lower

temperatures that impedes full fusion and goadigle bonding.
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Figure4.6. The appearance of a bimetallic part from top view in the vicinity of the interface

between bronze (on the left) and stainless steel (on the right) at different magnifications

Approximately 60mm long zigzag crack was detected within gtainlesssteelzone. Its
narrow and sharp tip appears to be arrested at them&0ick contour wall, while the most widely
open segment is situated precisely at the interface. This suggests the scenacio gérazeation
under the influence of tensile stress (at the interface) followed by growth instaihkesssteel
region where further propagation was prevented by the prevalent compressive stress in the direction
across the crack opening. The bottom siilsample S4 illustrated in Figure4 contains many
rough defect$ pores and insufficient fusion appear to propagate to the depth of at least hundreds
of micrometers in both bronze asihinlesssteelparts. The former has more defects than the latter,
and the interface between the bronze and stainless steel can be expected to be somewhat weak due
the small number of bridging bonds between the counterparts. The defects are the most detrimental
for thin parts 1|i ke t he dthahspeeidl desigham ptheologicald e r
measures need to be developed and applied in order to create soundly bonded thin parts. The intense
heat flow directed towards the printing support reduces the local temperature and tends to promote
sintering with réatively short diffusion paths rather than melting with betterlikg meandering

interlocking between dissimilar materials due to the Marangoni effect. This weak interface at the
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bottom side of the sample may be associated with the most likely anticipe&gion of fracture.
Therefore, the bottom side of the sample was chosen-8IEM observation of mechanical testing

to assure the visualization of stress concentration and the onset of fracture, as described below.

4.3.2 Microstructure and chemigamposition in the vicinity of bimetal interface

Figure4.7 demonstrates the EDX and EBSD maps of the vicinity of bimetal interface at
low magnification. Almost no signs of fusion can be reliably detected, although some bright spots
on the EDS maps sugdesdegree of mechanical intermixing between powders at the fabrication
stage. Carbon impurities are present in the space between spheroidal pactwiées and pores.
EBSD maps reveal finer grains in the bronze and coarser grainsstathiesssteel parts of the
sample, reflecting different thermal conditions for crystallization. No significant preferred
orientation (texture) was found. That, however, could be expected for the sample section observed,
since preferential heat flow occurs in the diren towards the printing bed that results in the
growth of columnar grains that appear equiaxed and randomly oriented when imaged in the cross
sectional plane as in Figude’. Moreover, detailed elemental composition and grain parameters

for bronze andtainlesssteelregions are shown in Tabldsl and4.2

Table4.1 Bronze andstainlesssteelelemental compositions

Bronze, wt% Stainless Steel, W&o
Cu 85.04 N O. 0.53 N 0.0
Fe 0.33 N 0.0 65.96 N O.
Cr - 13.35 N O.
Ni 2.15 N 0.0 11.69N 0. 02
Sn 11.35 N O. -
Co - 2.92 N 0.0
Mo - 2.04 N 0.0
Nb - 0.63 N 0.0
Mn - 0.77 N 0.0
Al 0.67 N 0.0 0.57 N 0.0
Si - 0.64 N 0.0
P 0.19 N 0.0 -
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Table4.2 The main parameters for bronze atginlesssteelgrains

Length, Width, Peri met Ar e a?
Bronze 806N 4. § 489N 2.7 2098N 15, 2849N 49 .
Stainless Stee 1364N 11 . 758N 6. 4 3745N 40| 9355N 229
MOS,° FEA,° Aspect ratio GOS *®
Bronze 140N 1.3 9543N 50, 168N 0.4 061N 0. ¢
Stainless Stee 1.73N 1. § 9447N 48 ., 187N 0. ¢ 066N 0. ¢

Notes: MOST Maximum Orientation Spread; FEA Fitted Ellipse Angle; GOS Grain

Orientation Spread.
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Figure4.7. (ab) Elemental content and-gbcrystallographic orientatiomaps of bimetal bronze
stainless steel interface (low magnification). The green box with name region of interests (ROI)
on Figure4.7(a) indicates the region at higher magnification chosen for EDX and EBSD maps

illustrated in Figire 4.8
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Figure 48. The elemental and structural information about the bimetal bisiazdess steel
interface taken at higher magnification: (a) forward scattered electrons r@gEl@ments

distribution and composition map, (d) inverse pole figure map, and (e)raafer

At higher magnification the details of fusion interface become visible and the evidence of
intimate interlocking emerges at the scale oh#®in the form of bronze protuberances entering
discontinuities (gaps) within the steel bulk regions. It is also clearly seen that the bronze crystals

within the neadinterface band of ~16m width appear to be much finer (smaller tham@ than

thoseatgeat er di stances from the i nter fimaTakingwi t h
into account the difference in the melting p
(above 1500 AC), one <can suggesgenchinghHrant met)he ¢ «
prevailed for the 100m boundary | ayer region
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and prevent grain growth in bronze. On the other hand, this process may facilitate grain growth in
steel due to the heat transfer from b@mhen the latent heat fusion is released.

No intermetallic compound particles were detected in the vicinity of the interface by EBSD
indexing. On the other hand, the limitations of the EBSD indexing procedure mean that no
systematic search could be conducted as structures with similar crystal tgpe (e.g., FCC)
cannot be distinguished readily. Relatively weak chemical interaction is expected in the bimetal
pairs CuFe, CuCr and CuNi, but furtherhigh resolution TEM studies are likely to be useful in

revealing additional detail at the nandnescale and finer

4.3.3 Mechanical testing and fracture behavior

Stressstrain curves are presented in Figdr® and reflect the complex nature of the
mechanical response of SLM 3inted parts. One can distinguish the relatively long toe region
(till approximately 0.4% of strain) where the stiffness appears low, followed by the middle region
of higher and stable stiffness and, finally, the short yield region that leads to abrupt fracture. The
elastic modulus values calculated from the ststsn data are shown in Tabde3which presents
the estimates of specimen stiffness for the toe and middle regions along with the values of the
ultimate tensile strength (UTS) and elongationrupture. The overall behavior could be reported
as brittle, sincelongationto-rupture values were small for all specimens studied.

Stanless Stoel b) Bimeotal Bronze

1000 180

a)

800

600

Stress, MPa
Stress, MPa

400

200

0 02 04 06 08 1 12 “
Strain, % Strain, %

Figure4.9. The stresstrain curves of the specimens made from (a) stainless steel (S1), (b)
bronze (S2), and (c) bimetal (S3)
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Table4.3 Sample properties determined from tensik@eriments

Sticf;frllazss, Ultimate T&r;ile Strength Elongationto-rupture, %
S1 (stainless steel) 103 850 1.2
S2 (bronze) 28 150 0.8
S3 (bimetal) 22 105 0.7

Sample settling in the grips can be excluded as the possible reason for the appearance of the
6toe regionbo, since strain evaluation was pe
reading of linear variable differential transformer (LVDT) sensprother gauge, but instead
captures the material deformation within the field of vikws believel that the first two stages of
the mechanical response can be described in reference to two distinct mechanisms, namely:

a. The bending of weak bridges besvepowder particles (caused by sintering) that leads to

them aligning along tension axis;

b. Conventional elastiplastic deformation of a porous structure with properly oriented
interconnections between blocks.

It can be surmised that the first mechanism is mainly manifested in the toe region showing
low stiffness. In contrast, the second mechanism dominates in the middle region demonstrating
higher stiffness and strength, but still appears to be less stiff cednfwathe bulk counterparts due
to significant porosity. The appearance of fracture surfaces is given in BigOreMuch higher
integrity and signs of plastic flow and fracture (smoother areas) are characteristicstairitess
steelspecimen. Fracte surfaces of the bronze and bimetallic (also at the bronze side) specimen
reveal numer ous spherical particl esnmpaswealinmol t
as cavities and pores between | argemawtd r oun
relatively smooth surface. Tearing appears to be localized at rough sites at the surface of a few
gl obules suggesting that these were the | ocat

fracture.
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Figure4.10. The appearance bfcture surfaces obtained after tensile testing for (a) stainless
steel (S1), (b) bronze (S2), and (c) bimetal (S3)
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The low integrity of the studied SLM 3printed samples readily explains the reduced
values of elastic moduli, ultimate tensile strengtd alongatiorto-rupture compared to the bulk
counterparts. Due to the internal porosity, the effective &esBon is significantly reduced
compared the nominal cross section used in the calculation of stresses and related characteristics.
On the otherhand, the ultimate tensile strength for stainless steel specimen appears to be
exceptionally high suggesting strong that 3D printing promoted internal hardening processes that
are otherwise difficult to activate for austenitic stainless steels. Despijgdbence of many
printing defects and a degree of brittleness, the overall engineering performance of the bimetallic
part studied can be judged satisfactory due to a reasonable match in terms of the elastic modulus
and ultimate tensile strength. The ovkenaechanical properties are comparable with many other
metallic materials, such as bulk magnesium alloysTiNind NiZr-Nb alloys, and many porous
metals. The optimization of the printing design and parameters is likely to allow further
improvement oftie overall integrity through reducing the occurrence of roughness and defects at
sample bottom. It is remarkable to find that the interface between theoretically immiscible metals
was not found to be a critical strendtimiting feature. Further discussios givenbelow of the

spatially resolved nature of bimetal sample mechanical response in the vicinity of the interface.

4.3.4 Stress localization and residual stresses in the vicinity of the bimetal interface

The synchronization of mechanical testinghaiigital image acquisition and DIC pest
processing makes it possible to visualize the strain distribution and its localization, as exemplified
in Figure 4.11 and seen from the video clips provided as Supplementary Information. The
localization of stratwas detected at the distance of abou
of strain corresponding to 0.3 % which suggests satisfactory mechanical resistance of the bimetal
material despite the high density of porosity/discontinuity defects as desabbed. The final
fracture takes place on the side of the bronze material, indicating that the interface remains strong

enough to withstand external loading. This implies the existence of a bonding or bridging
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mechanism that established a good connectitdwdsn immiscible metals, e.g., via mechanical
interlocking of asperities. The understanding of the sign and value of stresses along and

perpendicularly to the interface surface is crucial to verify a hypothesis on the nature of interface

strength.

Stamless Steel

. Rupture zone
- -

—41

Interface

Rupture zone

?«;;3‘?2 "?r‘.

500 um 500 um

Figure4.11. (a) The SEM image of the bimetal specimen (S3) after tension with the indicated
rupture zone (yellow) and interface (light lilac), (b) the SEM image with the overlaid DIC strain
map along the horizontal-&xis, and (c) composition map of Cuddfe elements for stainless

steel (right) part that shows rupture zone and interface

More than twenty rings were milled using FIB at the positions shown in HdLl2@). The
estimates of stress were calculated from the measured unloading strainsthakirajues of
Youngdés modulus and Poisson coefficient for

directions of fast electron beam scannitgand slow electron beam scannidy dre not rationally
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oriented with respect to the line of intezéa the projections of the global stress componasasd

» ®on the locakwandubaxes were computed to obtgig\jnd,, JN\js illustrated in Figuré.12(b).
Tensile stresses of ~320 MPa were detected &
(bronze side), sharply dropping to-200MPRa cl oc¢
the 180 em distance. The i ntothe ruputezdnerevaealedi®0 t o
EDX and DIC analysis. Moderate tensile stres
stainlesssteelside near the interface, and in the zone that corresponded to the subsequent rupture
zone on the bronze side, as shawrkigure4.12(c). The rupture location within bronze can be
explained considering the combination of the following aspects:

1 The lower strength of bronze compared to stainless steel;

f The localization of tensile stress within the band lying-128 0  Gwmthefinterface;

1 The variation of microstructure of bronze that reveals grain refinement within the band
lying 1201 80 Om from the interface that causes
localization of damage and fracture in this region.

The obsered distribution of the residual stresses can be traced to the printing sequence that

involves the deposition of O6rimdéd of bronze a
3D printing. Subsequent deposition of the bronze hatching placsvaiumes of molten bronze

next to the rim that promotes rapid cooling through the high thermal conductivity bronze material,

thus promoting grain refinement. The resulting microstructure is illustrated in Big2fd-e).
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Figure4.12. (ab) The location of milled rings near interface with the respected coordinate
systems: (a) general view, (b) zoomed viewe)d he results of FIDIC residual stress analysis

and respect EBSD maps
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The origins of mechanical bonding between cogyaeed mateals such as bronze and
stainless steel are the subject of active debate in the literature.t@bomic scale investigations
of Cu diffusion within ironbased materials were conducted using TEM and atom probe
tomography (APT)T§]. It has been revealedat Cu tends to form precipitates and diffuse to grain

boundaries and interfaces. The presence of connected Cu regions creates an extremely fine

6scall opbé interpenetrating boundary between d
strengtiof t his i nterface exceeds that of bul k br
interface.

4.4 Conclusions

Laser powder bed fusion 3printing as a technology intrinsically generates a complex
thermal history for a voxel of printetbmponentOne can imagine that a certain volume of alloy
experiences full range of events characteristic for cast ingot as cooling at a certain rate,
solidification, liquation and precipitation, grain nucleation and directed growth, repetitional
secondary heating wth may promote homogenization, recrystallization, annealing or artificial
aging. These events may unfold at different degree depending on local conditions of cooling,
thermal gradients and heat fluxes. Creation of alloysitu or fusion of immiscible nals
introduce even more complexity making fundamental research in this field a very challenging task.
Therefore, the development of technologies based on SLNbrBifing of immiscible metals
requires the use of advanced characterization and testingdeelnand the optimization of
printing parameters becomes crucial to guarantee good quality of components having big mismatch
of laser absorbance, solidification temperatures, shrinkage, heat capacity, density, thermal
conductivity and linear expansion cbeent in case of stainless steel and bronze. The use of
different laser sources may be needed what is not always technologically applicable or technically

viable.Thestructure characteristics, mechanical performance at tension and fracture of ateady ne
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shapecomponentvere studied bimetallic stainless stedlronze wheel fabricated during trials of

an original SLM 3Dprinter. It was found that despite of noticeable amount of rough printing
defects such as undermelting (diffusion sintering), cavindgares both stainless steel and bronze
parts and, what is the most important, their interface show acceptable integrity and mechanical
durability. Mechanical performance is characterized by specific type of-strags curve with
initial stage of low 8ffness, middle stage of higher stiffness (elastic moduli are of about half of
that of bulk material), good ultimate strength (hundreds of MPa) and low ductility of about 1 %.
This is thefirst result fordirect measurement of stresses at the interfadaraits vicinity. This

leads to the proposé pathways towards further improvement of bimetal joint strengths through
simple modifications of the SLM printing procedurkss believel that the deliberate increase of
interface entanglement by means ofal selection of printing patterns (creation of zigzag or

meander motifs) will additionally reinfor¢beinterface zone.
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Chapter 5. Brazing Tungsten/Tantalum/RAFM Steel Joint for DEMO by Fully
Reduced Activation Brazing Alloy 48T+48Zr-4Be

Thischapter presents the development and characterization of a brazing process for joining
tungsten, tantalum, and Reduced Activation FerNtartensitic (RAFM) steel, aimed at
applications in the DEMO fusion reactor. The DEMO (Demonstration Power Plamt) fiesictor
is a proposed nuclear fusion facility that serves as the next step after ITER (International
Thermonuclear Experimental Reactor) in the global effort to develop sustainable fusion energy.
DEMO aims to demonstrate the feasibility of producingteigity from fusion on a commercial
scale, integrating advanced technologies such as tritium breedingeffig@ncy power
conversion, and lorterm operation of plasmfacing materials. Its design emphasizes reliability,
safety, and scalability, pavirige way for future fusion power plants to provide clean and abundant
energy. The study utilizes a novel, fully reduced activation brazing alloy -4&ari4Be) to
achieve robust joints with minimal radioactive-poducts. Detailed microstructural anabysi
mechanical testing, and assessment of joint integrity are conducted to evaluate the performance of
the brazed samples. The chapter discusses the effects of process parameters on joint quality and

explores the potential for scalable applications in fusgezhnology components.

5.1. Introduction

The DEMO fusion reactor is the next step towards an industrial thermonuclear power plant;
projects of DEMO have been developed worldwide 3% DEMO will focus on the production
of electricity. It musdemonstrate technological stability, safe power generation and reliable plant
maintenance. When designing such a plant, it is necessary to consider not only the physical
requirements, but also the technical and technological constraints. Operating paramizEO
will be tougher than for ITER, so tungsten will be the Plasma Facing Material (PFM) for the First

Wall, and Reduced Activation Ferritic Martensitic (RAFM) steel, such as R@&feolf Eurofer
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[85], will be the construction material. Because of this fact, one urgent issue should be solved
before constructiah the production of a strorjgint between tungsten and steel. However, direct
connection is tough to achieve because of the big difference in coefficients of thermal expansion
(CTE): (10.51 2 . 3'§K''fobsteel and (48 . 0 J®K'tfor tungsten. A significant difference
causesdrge residual stresses during cooling, and as a result can lead to the destruction of the joint
[86,87. Usually, intermediate layers are used to suppress a mismatch o88[TEN[DEMO, in
order to relieve these stresses, it is proposed to us8INK/[[90], Ti [91], Cu [92], and Ta §3].
Nevertheless, it is necessary to select a reliable manufacturing technology. Several methods
have been proposed: brazing with powder all®4, [galvanic layers95] and amorphous foils
[97], or solidstate technologies for diffusidionding [%,97]. Brazing is considered to be the most
reliable technology, because it does not cause creep of the materials which are to be joined, and the
cost is lower compared with hot isostatic pressing et al. According to ITER experience, it is also
important to use a technology which allows local repair of damaged components during production
[98]. However, until now no fully reduced activation brazing alloy has been used, or the strength
of the joint was low 99]. Instead, scientists use nickdlOp101] or copper 102104 brazing
alloys, although these materials do not fully satisfy the requirement of reduced actiVation.
address this problem, a fully reduced activation composition of-484i4Be (wt.%) is being
explored. This alloy has previdysbeen successfully employed for brazing a-pelsivating
tungsten alloy [19].
Another advantage of brazing is the possibility of carrying out a simultaneous production
process and the heat treatment of the materials to be joined. If a RAFM stesd is asheat
treated state, a high joining temperature leadd-ddransition during joining, so the steel is not
martensitic anymorel6]. This means that the joiningtemp at ur e i s | i mited t
the propertiesofheditr eat ed RAFM st eels significanAly de
Not to spoil the steelsd microstructure dur.i

simultaneously witlthe heat treatment of the steels.
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In addition, it is very important to study mechanical strength, the exact microstructure of
the brazed joints, and its changes under working conditions to assess the influence of the
technological process, and the compositof the intermediate layers and filler alloys. The
information obtained will be useful for the further optimization of the technology. All in all, a good
joint for DEMO satisfies the requirement of reduced activation, can withstand heat loads and
thermaycling during operation, and the manufacturing process does not spoil the microstructure

of the materials to be joined.

5.2. Materials and Methods
5.2.1. Materials
In this work the following materials were used:
1 ITER-grade tungsten (W);
1 RAFM RusferEK-181 (Rusfer) steel with g&roduced (FL2Cr2W-V-TaB, wt. %)
(more information is presented elsewhedr@q);
1 pure tantalum (Ta)la was utilized as a compensating interlayer, as previous studies have
demonstrated its effectiveness in reduatrgsses between tungsten (W) and si{
1 48Ti-48Zr-4Be wt. % (TiZeBe) STEMET 1412 brazing alloy rapidly solidified into a
ribbon of 70em thickness by applying spinning technology.
The following joint was manufactured: Rusfer/TiZr4Be/Ta/TiZr4Be/W.
STEMET brazing alloys are widely used in the nuclear, air and automotive indusiQes [
115. TiZr4Be alloy has a good glass forming ability (GFA) produced by melt spinhi), and
a high GFA makes it possible to produce flexible foil by this spintecgnology. The alloy has
an amorphous state with a limited crystalline phase. The liquidus temperature of the alloy is close
to 840 AC. The brazing alloy MMAs been invest.
Figure 5.1 shows the schematic view of the specimens in mm, for microstructural
observation (a) and for shear tests (b).
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Figure 5.1. Schematic view of a brazed specimen (dimensions in mm): (a) the sample for

microstructural observation; (b) the shear test sample

5.2.2. Methods

Brazing was conducted in a vacuum furnace under a pressure of less mamtg. The

specimensvere fixed by a 200 g load that corresponded to 0.4 MPa. The gap between the base

materials corresponded to the thickness of the brazing dlkeybrazing process was utilized to

achieve the thermal heat treatment of the steefl 1 0 0
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AT@is indicates that the brazing processs performed simultaneously with the heat

of the steel.

The microstructure was investigated on the cemsgions of the brazed samples by MTI

MM500T metallographic microscope (MTI Corporation, USA) and JEOL-BSVOLV scanning

electron microscope with energy dispersive spectroscopy INGXCX (Jeol, Japan). Ettron

beam scattered diffraction analysis and dfigh-resolution photos were obtained by means of
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SEM TESCAN CLARA (Tescan, The Czech Republic) equipped with EBSD Oxford Instruments
Nordlys Nano and EDS Oxford Instruments Ultim MAX 100 (Oxford InstmitsieUK).

The specimens were prepared using a common metallographic procedure. For
metallographic microscopy the samples were etched with 20 %eHNO % HF + 60 % glycerol
solution, and the etching time wasX to identify the structure of the brazedus and 20 s to
identify the steelds microstructure. Before E
Linda SEMPrep2 (Technoorg, Hungary).

Microhardness HY: (load 0.9807 H, holding time 15 s) in the cross section of a brazed
seam was meased by Vickers FMB00 (FutureTech, Japan) equipment. Shear strength was
measured by a Quasar50 (Galdabini, Switzerland) universal testing machine with 1 mm/min
crosshead speed. The scheme of the shear test used is presented eléé@hdiee[shear test
was selected to ensure that the joint would fail along the dé#m.tensile test had been chosen,

a failure could have occurred in the tungsten, because of its brittleness.

Thermocycling tests are very important while developing brazing processasseghase
transformation or a joint degradation can ocd20d,12]. In this study, the thermocycling test was
conducted in an evacuated quartz ampoule under a dynamic vacpem@f mmHg; to suppress
oxygen concentration, titanium getter was alseritesl into the ampoule. Samples were inserted
into the ampoule and a thermocouple was as close as the sdmffiesstudy, thermocycling was
conducted under conditions closer to actual operating scenarios. Given that the working
temperature of RAFMstée i s | i mited to 550 AC, the joint
possibility of higher operating temperaturdfie ampoule was heated up in a tube furnace, and
after achieving 600 AC the ampule wadChull ed
temperature of 300 AC was selected to appr oxi
During shut down, the First Wall will be cooled down to the coolant tempera2@e Figure 5.2
shows the schematic image of the thermocycling regioer samples were subjected to the test,

and integrity of the samples was observed every 50 cycles.
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Thermocycling mode
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Figure 5.2. Thermal cycling history

In Section 5.2.2FEA of a specimemnvas conductedio optimize its geometry for further
investigationBrazed joints W/Ta/Rusfavas calculatetty means of FEA in ANSYS Workbench
18. 2. The mechanical and physical prPmiesstanmneés
ratio, yield strength, tangent modulus, stresain curves, and coefficient of thermal expansion,

were taken fromJ23. Figure 5.3 shows the resulting dimensions of the joints.
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15 mm
J5 mm
17 mm
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Figure 5.3. The dimensions of the first (a) and second (b) djairgs for thermocycling tests
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Figure 5.4 shows the generated mesh. The element size in the tantalum layer and near both

contact regions is 0.01 mm. The element size in the tungsten and Rusfer layers is 0.05 mm.

symmetry axis
symmetry axis

L

X

I~

(a) (b)

Figure5.4. The mesh of the first (@nd second (b) models. Only the right halves of the

symmetric assemblies are depicted

The process of cooling the assemblies frti@joining temperature of 1108 to room

temperature of 22C was modelled according fgure5.5 thatshows the boundagonditions for

modeling.

w w

g Thermal condition: % Thermal condition:

g Ta  cooling the whole assembly 2 Ta cooling the whole assembly

g from 1100 °C to 22 °C £ from 1100 °C to 22 °C
Rusfer

L Zero dxs;tlacemen( s
x in'Y direction L Ze:: sxze:zgzg;em

(a) (b)

Figure 55. The boundary conditions for the first (a) and second (b) FEA models
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5.3. Results and Discussion

5.3.1. Microstructural Analysis

Figure5.6shows the micrograph of the wholejagied sampleTheimage in the area close
to the fillet region of the sampieas obtainedNo cracks or poresere observed. Rusfer/Ta seam
can be divided into the following zones: (1) martensite grains, (2) ferritic grains, (3) interaction
zone with sharp phases, (4) interaction zone with elongated grains, (5) pure tantalum. The thickness
of the layer increaseadoser to the fillet, becauseiigure a 50 Om ferri tic |
the central z one o flnthkis Sectiom wptieal imas bfithe cemiral srea2od O m.
the joint are presented, showing a thickness of approximatey@®0 Om acr oss di f f e
This indicates that the ferritic layer formed during brazing with TiZr4Be is significantly thinner
compared to that observed withuta sed br azing all oys, where rej
[11] and appr ox l2daheda/\y se8ndvias dategor[zed into the following zones:
(1) pure tantalum, (2) mechanical mixture, (3) thick dark layer, and (4) pure tungsten. Additionally,
a thin grain boundary depletion of pure tungsten was observed near the ‘B#NZbrazed seam,

as indicated by an arrow in Figure 5.6.

Rusfer Ta

Figure5.6. Ful I view of Rusfer/ Ta/W joint brazed |
3 h brazing mode

EBSD and EDS analyzesvere usedto investigate the seams more precisely.

Rusfer/TiZtBe/ Ta seams 0 anal y $i7sbackscattpredéestremimhagedb | n F
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EBSD phase map;EDS maps. Because EDS analysis fails to reliably determine the concentration
of light elements (Be, B, H), Be distributiamas not presenEBSD analysis revealed thtte
Rusfer/TiZuBe/Ta seam consists of bEe, ZrC,TaBe, ZrFe and bceTa phases. The same
microstructure was observed it2f], but no accurate investigation was made there. A ZrC phase
formed in the Fcc/ZrFe interface,no further appearance of it was observed, and the thickness
of the phase varied betweerd20 O aBe in Tha form of sharp needles formed within ZrFes

amount varies in the seam, which can be related to the different gaps between base mategials durin
brazing. The ZrFegphase itself also dissolves Ti, Cr, Elongated grains after Zrk-are bceTa

phases. According to EDS maps, strong interaction among the brazing alloy, steel and tantalum
occurred. Iron was fully distributed within the interactiagdr as well as titanium and zirconium.

In addition, tantalum was distributed within the interaction layer.

. bee - Fe
. ZrC
B Z:Fe:
B bee-Ta
Il Ta,Be

(b)

Figure5.7. SEM analysis of Rusfer/ TifBe/Ta seam: (a) backscattered electron image; (b)

EBSD phase map; (c) EDS distribution maps
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Figure5.88 hows t he Ta/ W-ba&kseatesrd eleatmoraimagesBSH phase
map, e¢g-EDS mapsEBSD analysis revealetthat the Ta/TizBe/W seam consists of bda,
TaBe, tetragonalla (B-Ta), a solid solution based on bt and ZrC. Formation of ZrC can be
related to the mixing of the melts between Rusfer/Ta and Ta/W seams throughout a fillet region
[125 that occurs due to high wettability of the brazing alloy. The same morphology ofiBe Ta
phase was observed while brazing Ta to bentmde [126. Ta and W dissolved in the brazing
alloy melt, which is required for a firm brazed joint. The-Btcbased layer dissolved Zr, Ta, and
W, which also confirms good interaction. A magnified image of this zone is preserfelie
5.9; the image was taken by ukhégh resolution SEM regime. Approximate position of the image

is shown inFigure 5.8.

. bee-Ta . ZC
B 1a.Bc

Il bee-Ti

[ tetragonal-Ta
B bee-w

(c)
Figure 5.8. SEM analysis of Ta/TiZr4Be/W seam: (a) backscattered electron image; (b) EBSD

phase map; (c) EDS distribution maps
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Figure 5.9. Magnified image of the zone outlinedhsy/ rectangle in Figure 8a in the
Ta/TiZr4Be/W seam

Fine bright grains and few dendrites formed on the background efTib&y EBSD
analysis the grains were seen to beBacClear images of the Kikuchi lines were obtained only
when scanning phases larg t h a riThi©finesmicfstructure was likely to be formed during
cooling the joint {Tadesayatcbr@ifytoAh€ phhse disgrdddeSuoh f T i

a finegrained microstructure was not observed during the brazing of {G8e Walloy [117].

5.3.2. Mechanical Characterization
This section presents the results of mechanical tests that included shear tests, thermocycling

tests and microhardness measurements.
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Shear Strength TestShear strengthwas determineanly for asjoined samples. Figure
5.10(a) shows the stresdisplacement curves of the tested samples. All samples failed along the
Rusfer/TiZvBe/ Ta seam. Average shear strength is 1.
MPa, whereas the highest isOLBIPa. The test scheme should be improved, because the relative
error of 15% is believed to be higlt.wascalculated earlier that a minimum required shear strength
for W/steel joint in Water Cooled Lithium Lead blanket is 180 M®H, [though some attepts
can be made to improve the strength of the joint. Figli&b) shows the SEM image in secondary
electrons of Rusfer/TiZzBe/Ta seam after the shear test. The failure occurred throughoutBes Ta
phase. Existence of Ta2Be phase profiles on the éagurface (pointed with arrows in Figure
5.10b) and a crack propagated throughBEasupport this assumption. Hence, the dense of this
phase should be reduced to improve the shear strength. This can be made by reduction of the
brazing alloy melt while usmthinner foil. The Ta/TiZr4Be/W seam remained unbroken after the
test; hence, it is not necessary to prevent interaction of the melts from Rusfer and W to prevent ZrC

phase formation.

200 T T T T Y T X T

180
I —2 <0, =127+20 MPa

shex

160

e S i e SSE W

140
120

100

o, MPa

80
60

40 4

0.6

(@) (b)

Figure5.10. The results of shear strength test: (a) sttesgdacement curve3he different
curves correspond to different test sampllesRusfer/TiZiBe/Ta failure zone (secondary

electrons)
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Thernal cycling Four different samples were subjected to varying numbers of
thermocycles: apined, 50, 100, and 20y cles.Degradation of the joint accumulated in the fillet
region and mostly between tungsten and tantalum which is shown in Figure 5.11. Some cracks and
detachments are observdthe geometry of a sample is likely to influence the resistance against
themocycling. It was calculated that the stress in the fillet region could be reduced by using a
tantalum interlayer the same width as the tungsten and steel. FigRshbwis the results of the
FEA calculations. Maximum equivalent von Mises stress is |ddatéhe tungsten layer near the
edge of the W/Ta contact region in both cases. Its value is 858 MPa when all three layers have the
same width and 1348 MPa when the tantalum layer is wider. This means that the geometry with

tantalum of the same width asigsten and steel reduces the stress by 40 %.

W W
~ Rusfer ‘Rusfer
100 pm

Figure5.11. Optical image of the fillet region of the samples after thermocycling between 300
6 0 0 Uasjoined, &)50 thermocycles, ()00 thermocycles, (P00 thermocycles
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-
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Figure5.12. Contoumplots of the equivalent von Mises stress distributions after cooling the first

(a) and second (b) assemblies. Only the right halves of the symmetric assemblies are depicted.

Magnified and etched images with microhardness profiles are presented furtherSHigure
shows Rusfer/TiZr4Be/Ta seam. Microhardness in the layer308 HV0.1 which corresponds
to thermeotreated Rusferd8], even when thermocycling microhardness duatsdecrease, though
the temperature higher than SsSnicrodn@tume. dfeathei v e |
thermocycling, loss of martensite structure in layer 1 occurred. The scope of this work was aimed
at brazing rather than at the steelgnmstructure, so the steghs not studied in detalil
Microhardness of ferritic grains in zone 2 is close to 170 HV0.1 in all cases frruimed
to 200 thermecycled sample. No further growth of ferritic grains occurred. Ferritization and further
carbidef or mati on can be expected i f the operation
| ayer forms during diffusion b®hding at a ter
Interaction layer 3 is quite hard: microhardness almost reaches 800 HV0.1 andtdoes n
decrease after thermocycling. Microhardness of the layer 4 lies between the third and fifth layer.
Pure tantalum characterized with 100 HV0.1 and did not harden after 200 thermocycles, hence no

further dissolution of other components was observed.

128



Figure5.14 shows the microstructure of the Ta/TiZr4Be/W brazed joint with the micro
hardness profiles. The thickness of the seam did not vary from sample to sample as was seen in the
Rusfer/TiZuBe/Ta joint. The microhardness of tantalum in layer 1 isalsly the same as in the
Rusfer/TiZuBe/Ta seam. The mechanical mixture ofb@ised solid solution with FBe phase is
close to 700 HVO0.1, which should be related to the beryllide phase, because the third layer is softer
and more characterized by 3600HVO0.1. This spread of values can be related to the complex
microstructure of this layer, as presented in FiguBeThe microhardness of pure tungsterdiga0
HVO0.1. The microhardness in this joint is higher than for the joints with vanadium intertayer a
amorphous Cidbased brazing alloy, where the microhardness in the interaction zone lies in the
range between 168000 HVO0.1 [L0Q. Thermocycling did not lead to any change in the

microhardness qualitative and quantitative profile.

100 pm J 100 pm
X £ " A SN

100 pm 3 100 pm

Figure5.13. Opticalimage with microhardness profiles of Rusfer/LB&/Ta seam after
thermocyclingoetween 30& 0 0 : (dyasjoined, (b)50 thermocycles, (00 thermocycles, (d)

200 thermocycles
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Figure5.14. Optical image with microhardness profiles of Ta/JB&/\W seam after
thermocyclingoetween 30&% 0 0 : (d)aSjoined, (b)50 thermocycles, ()00 thermocycles, (d)
200 thermocycles

Comparing with Rusfer/V/W joints obtained using-Tu[11]1] and CuGe [104] rapidly
solidified into foil brazing alloysmicrohardness values in the Rusfer/TiZrBe/Ta/TiZrBe/W joint

were higher.

EDS analysisvas carried out fahe phases forming the seams to check if the thermocycling
affects the phase composition. SEM images of thiasd and 200 thermoycled seams are
presented in Figurg.15 (Rusfer/Ta) and Figur16 (Ta/W). Tablé.1 presents the quantitative

analysis of the points.
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