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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 durabilitthrough the evolution and application of progressively more refined,
high-resolution analysis toal©ne such tool is theocusedon beam (FIB)that not only offers
special contrasts (e.g., ion channeling) in scanning microsbopg|so allows material removal
and deposition at the nanoscale, thus adding nanomachining to the nanomanipulation an
nanoimaging capabilities of the scanning electron hieatruments.

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

Utilizing advanced FIBSEM techniques, theelationshipbetween thenicrostructue and
residual stresseand their evolutiomuring to loading angrocesingwas elucidatedThe Gaion
FIB-DIC (Digital Image Correlation)nethod, also known as thmicro-ring-core ion milling
techniquewvasemployed tadetermingheresidual stresprofiles at the microscales anecessary
first step to obtainheinsight intothe effect of these stressasthe mechanical propertiesuch
as themonotonic and cyclic strengtfithe result®btainedwere crossvalidatedagainstothernon
destructive méhods such as Xray diffraction (XRD) and laser speckle interferometry.

One of hekey bimetallic systemsnvestigatedn this studywas the bronzestainless steel
(Br-SS) combination,obtainedvia laserpowder bed fusion (LPBF). The microstructure and
residual stress profiles of these systemese characterized throughe combination of electron
backscatter diffraction (EBSndFIB-DIC residual stress evaluationijth in situ SEM tensile
testing. The micromechanical properties of these allagre examined including hardness and
theultimate tensile strength (UTSJhe results obtainelighlight the role of interfacial bonding,
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thermal expansion mismatch, and microstructural defeasterminingthe 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 ferritiemartensitic (RAFM) steebf Rusfertype To suppress the differenae CTE,
new intermediatebrazing layers are beingproposed, such as theduced activatioralloy
48Ti-48Zr-4Be wt %. Multil ayer joint microstructurebase on this brazevas mapped in detail
by EDX and EBSD both before and afte200 thernal cyclesat 300-600 WC. The observations

wererelated to th@pparenjoint shear strengtthat 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 wghperior 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 fundamentz
relationships between their microstructure and micromechanical behavior remains a critical
challenge in materials science, particularly as manufacturing sesbscome more complex and
tailored to specific applications.

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

FIB-SEM has emerged as a powerful tool for examining the microstructure and residual
stresses at a micrometer scale.d@®ynbining FIB milling withDIC techniques, it is possible to
measure local deformation and stress 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 interactions,
phase transitions, and the development of magfects, which are crucial to understanding
material failure mechanisms.

The present PhD thesis project entitf@d FIB-SEM exploration of the microstructure
micromechanics relationship in advanced allbyswas concei ved and exe
experimental and computational studies in which the exploitation of the capabilities offered by
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FIB-SEM microscopy fayed a central enabling role. Out of the large range of studies performed
in the course of the doctoral project, three most remarkable studies were selected in which th
authoroés contribution was the most ctisnwgato f i
illustrate how new instrumental capabilities bring about new quality of insight into the
microstructural and micromechanical phenomena in materials.

A qualitatively new level of understanding the microstructareromechanics relationship
in advanced materials is increasingly demanded in the research and industry context in order t
underpin the mechanical and functional performance of engineering devices based on metalli
alloys, ceramics, polymers and composites etc. and their hybrid cormbg)aprocessed by
existing and emerging fabrication methods, e.g. additive manufacturing (3D printing) by laser
powder bed fusion or wire arc welding.

The instrumental platform at the center of the current exploration is th& HBA ( A d u &
beamo) peithatcombiree®the high resolution (better tham)lscanning electron imaging
with high precision (better than Xim) ion beam milling for surface modification and material
removal. Particular advantages are offered by the high brightness FEG (fislsioamgun)
electron sources in combination with a diverse range of specialized detectors, like electron back
scatter diffraction, energglispersive Xray spectroscopy (EDX), timef-flight secondary ion
mass spectrometers (TEHMS), cathode luminescen@€L) and electron beam induced current
(EBIC) counters, as well as auxiliary equipment such &HN loading rigs (nanoindenters and
miniature universal mechanical testing machines), heaters and nanomanipulators. In combinatior
these detectors and samplesironment 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 tt
course of thermal and mechanical loading.

This thesis presents set ofillustrative examples and practicagalizationsof 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 ¢

number of interrelated issues and steps. Some afethi@l and relatedssues thatequire being

addressdincluded the following

T

design of IRSEM mechanical testers allowing synchronized loading and SEM imaging,
with DIC interpretation for strain evaluation;

sample and specimen design foilSEM mechanical &ting;

surface preparation and patterning for robust application of DIC virtual extensometers;
strain mapping in correlation with structure images to reveal the underlying relationship
between structural features and strain unevenness;

sample surfacpreparation for EBSD studies of the grain structure and phase composition;
surface preparation and patterning for f8BC micro ringcore ion milling technique to
determine the residual stresses at micrometer scale;

selection of the location for micro rirgpre pattern milling;

synchronization of micro rinrgore ion milling and SEM imaging to extract the date for
strain relief curves vs milling depth;

residual stress mapping in correlation with the sample structure to reveal the structure
related residualteess variation.

Satisfactory exploration of these aspects ultimately brings about a new level of

comprehension of the structumgechanical performance interrelation at the micron scale, helping

accelerate the translation from materials science to matenagineering and technology in order

to maximize the beneficial impact ftreeconony.

1.1 Aims and Objectives

The aim of the present studyis to undertake a thorough FBEM exploration of the

microstructuremicromechanics relationship in alloy systems, particularly those derived from
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advanced fabrication techniques such as additive manufacturing, and making use of the

capabilities providethy the focused ion beam for the evaluation of structure and residual stresses.

1)

2)

3)

4)

5)

The principal objectivesof the present Thesis were formulated as follows:

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

Apply DIC analysis for the determination of stresggin curves of miniature tensile
samples inside the SEM, @perform comparative analysis of the results vs conventional
extensometry techniques.

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

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

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

complex mechacal and thermal loading.

1.2 Thesis structure

The following chapters first review the current state of research in the field, outline the

materials and methods used in the study, present the results of microstructural anc

micromechanical analysis, and dliss the implications of these findings for the design and

optimization of advanced alloys.

In the context of the above approa€hapter 2 is devoted to the discussion of the

methodological foundations for the approaches used throughout the study.
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In Chapter 3, EBSD imaging and HSEM mechanical testing are employed in application
to the AFSi-10Mg alloy that is widely used in laser powder additive manufacturing due to the high
demand of light alloy components of complex shape in the aerospace intIBt§EM-based
microanalysis methods are presented for the combined characterization of the composition
microstructure, deformation behavior and residual stresses in metallic alloys, particularly for the
samples obtained by additive manufacturing. Funttoee, the complexity of the residual stress
state composed of maeranese and micrecontributions (Type I, Il and 1ll) could be analyzed
due to the sensitivity of the FIBIC method to micrescale effects, and could also be compared
with the results olatined using other methods of residual stress evaluatioay Miffraction and
the contour method.

Chapter 4 reports the determination of residual stresses usingDFB(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 determination using f8BC micro ringcore ion milling
technique was used for the study of the interface betweemmd&smetals, this time for
multilayered brazed joints between plasfaeing 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 preoesses for advanced alloys, improving the control of residual stresses, and
enhancing the mechanical reliability of critical components. In doing so, this work aims to bridge
the gap between microstructure and material performance, ultimately aidingdevitlepment
of more robust and durable materials for hpghformance applications.

Chapter 6 draws conclusions from the research results presented. In particular, the novelty
of the methodology developed and presented is clearly identified, and this msained are
assessed in this regard. Furthermore, the outlook for research in the chosen area of study a

related fields is presented.
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Chapter 2. Literature Review

The evefincreasing pace ofmaterialsdiscovery and manipulation throughcomputer
driven prediction and search coupled with neural net and artificial intelligence opens up
unprecedented opportunities for the creation of new materials technoldgigsver, even the
most successful and most advanced computational framewoiisages good as their validation
against experimental datawi t hout it , there al ways 4 eéka&ion
predictions that are only similar to the reality but may overstep the boundary of deviation that
separates success from disastn the context of elaboration of the new materials technologies
experimental testing for validation continues to be one of the most expensive steps in terms o
money, time and resource

Researchers have proposed and explored different possible atf@nthesimprovement
of workflow for materials characterization to underpin technological developments. One of the
most promising pathways lies through miniaturized sample testing, for multiple reasons. Firstly,
reports in the literaturel{5] show that maroscopic material properties such as fatigue strength
creep resistance etc. depend on microstructure and micromechanics. Secondly, it is also appare
that microscale materials characterization leads to an overall reduction in cost and labor compare
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 eftirigighput
miniature scalemechanical testing and also outline the outstanding challenges. The authors put
forward an approach for assessing the influence of test fidelity on the rate of progress through th

material technology development cycle (Figure 2.1).
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(a) Expensive, low throughput
A High design relevance
(creep, fatigue, in-situ,

multimodal experiments)

Time / test

_____ sk S« Faﬁgde throughput <
Creep 4 StrUCfure-

\

Fidelity of Test Down-selected
materials

Figure2.1.(a) Automation as a crucial toal increasing the reliability of lower fidelity testing
and making higher fidelity tests more achievalit¢ Advantage of medium fidelity
computations during dowselection of candidate materials. This image was reproduced from
Gianolaet al.(2023)[6]

Such methods dsardnessesting are classed as low fide]ibut suitable foproviding fast
low-cost data during the eartages ofmaterial discovery and selectiorzurther progress,
however, requires higfidelity experiments such aghe tests forcreep, fatigue, and fracture
propertieswhich are mor¢ime- and resourceonsumingn comparison

The presenthesis embraces the paradigm of miniature scale testing and presents example
of the results that can be obtainedthins way to assist the materials technology development

agendaThis is illustrated in Figure 2.2 that shows the placement 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 wacwechamber, showing a miniature
mechanical testing rig 1 kN Deben MicroTé@3tben Ltd., Suffolk, UK)

Electron BackScatter Diffractionis a techniquewidely employedfor the study of
polycrystalmorphology Spatially resolved information can be extetforphasedetermination
grainorientation (micretexture) andsize distribution, as well as strain analysis, Btesent day
instruments achieve thengular precisiometter tharD . forAthe determination of neighboring
grainmisorientation with thespatial resolution of 100 nm.

The physical principle underlying EBSD analysis is the interaction between a focused
bunch ofelectrors with the nearsurfacematerial regions within theamplethat may cause
deflection and scatter of the incident electrdtiastically scattered (i.e. without any energy loss)
diffracted electronproduce strikingKikuchi patterns that can be captured by a suitdelector
andinterpreed using mathematical agthms such as Hough transfotm determinevarious

properties of the crystal being examined
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DIC provides a noitontact means to measure the deformation of a specimen at its surface.
DIC uses imagdased supixel tracking algorithms to obtain displacamenaps from a sequence
of digital imagesDIC interpretation of aroperando(during loading) digital imaginglataset
consists of the followingteps: (1)depositing, creating or discerning on the sample surfaee of
patternsuitablefor tracking, (2) captring a sequence of digitahagesin the course obperando
experimentand (3) analying the sequence oimages toextract evolving displacement maps of
the sample surface.

The ideaof using acircular drill bit geometry forobtaining ringcore cut geometry and
performingminimally invasive evaluatioof thelocal residual stresseems to have first appeared
in the work of Keilin 1992[7]. By introducingthe useof FIB for nanoscale material removalgh
concept wasaken tothefinestscalein the work of Korsunsket al. published in200 [8].

Micro-ring-coreion milling methodologyprovides aighly efficientway of characterizing
theresidualplane stress statd sample surfacat the micre to nanoscaleExperimentaly, the
method consists of causg&ain reliefat sample surface by cutting off material connections using
ion milling and monitoring the relief straiwithin a welldefined micropillar-shapedgauge
volume, using scanning electron beam imaging and DIC amalyhe curve ofstrain reliefvs
depth of ion milling thus obtained is then fitted wah approximating functionlma st e) cu
derivedas a numerical expression that provides a close agreement with the numerical simulatior
results[9].

FIB-DIC is an approach that has matured since its first introduction in 2009, notably
through the large collaborative project caligttessIn the course dhis projecimany laboratories
at European universities and industrial compameshanged same protocols and data to
compare and improve the outcomes of experiments and analysis, sachgt@ consistency of
the approach. This body of work culminated in the publication ofitteement by the National
Physical Laboratory (NPL UK) GR®43enttte d A A good practice guic

stresses using FiIB | GX®].
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The preparation and writing of the present Thesis has relied in many aspects on the use ¢
microanalysis tools, such as EBSD+E@yperandaDIC mapping of strains at the micazde that
evolve under the application of external forces, and[BIB analysis of strain relief during micro
ring-core ion milling for local residual stress evaluation.

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

motivation and justification for the choice of Thesis topic.

2.1 MicrostructureMicromechanics Correlation

The microstructurenicromechanics relationshjplays a pivotal role in determining the
overall performance and durability of metallic and composite materials, especially those fabricatec
via advanced manufacturing techniques such as LPBF. The term microstructure refers to th
distribution, size, orietation, and shape (morphology) of grains, phases, defects (pores, cracks)
and precipitates within a material. Micromechanics is a term describing the mechanical behaviol
at the microscale and includes phenomena such as plastic deformation, dislocaiandyttimb,
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 the local
mechanical bedvior 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 cooling rates, ditemal solidification, and high thermal gradients. The present
section discusses the mechanisms through which the microstructure is formed and how i
influences the micromechanical behavior, focusing on the different aspects of the grain structure

phase thtribution, and defects that correlatieectly with the local mechanical responses.
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2.2 Fundamentals of the MicrostructeMicromechanics Relationship

Microstructure, the arrangement of phases, grains, and defects at the microscopic level
includes key features such as the grain size, shape and orientation, phase distribution, and tl
presence of dislocations and other defects. These characteristatghedfenechanical properties
such as strength, ductility, toughness, and fatigue resistance.

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

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

Grain Boundary Hects: Grain boundaries can act as barriers to dislocation motion,
influencing toughness and yield strength, e.g. throughHhaitPetch relationship

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

affect the stres distribution and evolution during deformation.

2.3 Methodologies for Studying Microstructuvecromechanics Correlation

Recent advancements in the characterization and modelling techniques improved
significantly the capabilities for the study of thecnoistructuremicromechanics relationships.

Key methodologies include:

Focused lon BeamScanning Electron MicroscoplyIB-SEM combines focused ion beam
milling with scanning electron microscopy to provide hrglsolution imaging and analysis of
microstrudures. This technique allows :

1 3D Reconstruction: FIEBEM can create detailed 3D models of microstructures, enabling

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

techniques such &DX andEBSDwith nanoindentation mapping. This enables:

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

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

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

1 Predicting MechanicaBehavior: By incorporating realistic microstructural models into
simulations, researchers can predict how changes in microstructure affect macroscopi
properties.

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

potental failure sites within complex microstructures.

2.4 Influence of Grain Structure on Micromechanical Properties

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

Columnar Grains: These are elongated grains that grow along the bedticirdue to the
temperature gradients during solidification. Columnar grains tend to cause anisotropy in
mechanical properties, where the material exhibits different strengths and stiffness along differen
axes.
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Equiaxed Grains: These grains, which hajgproximately equal dimensions in all
directions, are more desirable for isotropic mechanical properties. Equiaxed grains are ofter
achieved through process optimization or gosicessing techniques like heat treatment.

Smaller grain sizes, especiallyequiaxed forms, contribute to higher strength according
to the HallPetch relationship, which states that smaller grains hinder dislocation movement,
| eading to an increase in the material 6s yiI
materals like aluminum alloys fabricated using LPBF, where fine microstructures can
significantly enhance strength without sacrificing ductility.

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

material stronger but also more prone to intergranular cracking under stress.

2.5 Effect of Phase Distribution on Micromechanics

The distribution of different phases in a material plays a afitiwle in determiningn the
micromechanical properties. In LPBffocessed metals, the rapid solidification process can lead
to the formation of nomquilibrium phases or supersaturated solid solutions. These phases can
either strengthen or weaken the mialedepending 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 mus
be finelydistributed and coherently aligned with the matrix to be effective.

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

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

concentrations that att the micromechanical response under loading.
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In terms of micromechanics, the interaction between dislocations and gqatasel
particles (such as precipitates or intermetallics) is a key mechanism. Particles impede dislocatio
movement, resulting in wkihardening and improving overall strength, but too many brittle phases

can lead to premature failure due to crack propagation.

2.6 Role of Defects and Residual Stresses in Micromechanics

Defects such as pores, cracks, and residual stresses are ith&RBE processes due to
the rapid heating and cooling cycles. These defects play a crucial role in determining the
micromechanical properties of the material.

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

Cracks: Cracks can either form during solidification (hot cracking) or after the gert h
cooled due to residual stresses. Cracks at
ability to withstand mechanical loading.

Residual Stresses: Residual stresses arise due to the thermal gradients during LPBI
Tensile residual stresse®grarticularly harmful as they can exacerbate the propagation of cracks
under applied loading. Residual stresses are known to reduce fatigue life and fracture toughnes
making stresselief treatments necessary in many applications.

Micromechanical analgs of LPBFprocessed 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 brittle failure.
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2.7 Influence bPostProcessing on Microstructuslicromechanics Correlation

Postprocessing treatments such as heat treatment, hot isostatic pressing (HIP), and surfac
treatments can substantially alter the microstructure and improve the micromechanical propertie
of LPBFfabricated parts.

Heat Treatment: Heat treatments are used to refine grain size, reduce residual stresses, a
alter phase distribution. laluminumalloys, heat treatment can dissolve coarse intermetallic
phases and promote the formation of fine miéstes, 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 clost
internal voids, reduce residustresses, and homogenize the microstructure, resulting in superior
mechanical performance.

Surface Treatments: Surface treatments, such as shot peening or laser peening, indu
compressive residual stresses on the surface, improving fatigue life andnsisd crack
initiation.

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

concentrations, and enhancing the matéviadsistancéo crack propagation.

2.8 Importance of MicrostructurBlicromechanics Exploration in Advanced Alloys

Advanced alloys are engineered to exhibit superior mechanical, thermal, and cerrosion
resistant properties. These materials are used indhtighs envinoments such as aerospace,
automotive, and nuclear industries, where mechanical integrity is crucial. The microstructure of
these alloyssomprising grains, phases, and defelitsates their mechanical behavior, including
strength, ductility, and resistant®failure mechanisms such as fatigue and fracture.

Understanding the microstructun@cromechanics relationship in these alloys is key to

improving their performance. Techniques like FSEM provide the detailed resolution needed to
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correlate microstruaral features with micromechanical phenomena such as dislocation
movements, grain boundary sliding, and crack propagation. This makesSHNB an

indispensable tool for studying the performance of advanced alloys.

2.9 Additive Manufacturing

Additive Manufaturing (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 being built. AM offers a
fundametally new approach to the direct fabrication from 3D computer model of components
characterized by complex, near net shape. Unlike subtractive manufacturing that employs materiz
removal to extract an object of desired shape, AM usestaykyer materibaddition according
to an algorithm prescribed by the computer. This common approach can be realized in a variety c
ways some of which are listed for illustration. Stereolithography (SLA) is a process that involves
the solidification of a liquid polymeiresin) by means of photopolymerization. Fused Deposition
Modeling (FDM) of Fused Filament Fabrication (FFF) deposits molten polymer supplied by the
extrusion of thermoplastic filament through a heated nozzle. Selective Laser Sintering (SLS) ol
SelectiveLaser 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 the methodology to the productidrigh
performance components for demanding applications requiring high temperatures and mechanic:
loads.

The versatility of AM means that it is being considered or employed in several industries
such as the aerospace and energy generation. AM technologies enable the production «
geometrically complex parts that have the potential to enhance fuel efficiedg@egormance.

In the biomedical context AM has found applications in the fabrication of customized implants

and prostheses, such as dental pieces made for individual patients that improve the outcomes
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interventions. In the automotive sector, AM hedjgselerate the design cycle while enabling the
creation of custom parts to optimize vehicle performance. In the manufacturing of consumer good
AM has been used to formulate and create personalized products and endeleaama
production, while in the catruction industry largecale 3D printing has helped to design efficient
and sustainable buildings.

AM offers unparalleled freedom in design, as it facilitates the creation of complex fine
structures that were previously considered impossible to fabbgatechining. The efficiency of
material use is a critical advantage, since Hoyelayer material addition ensures that material is
added only where necessary, thus significantly reducing material waste in comparison tc
traditional manufacturing. Anogh defining feature of AM is its suitability for customization that
is particularly valuable and demanded in healthcare and consumer markets.

Despite its many advantages, AM faces significant challenges that require being addressec
Although the range afaterials for AM is gradually expanding, it remains limited compared to
conventional manufacturing. Furthermore, AM production is typically slower and more costly than
traditional machining methods. The surface finish and dimensional accuracy -girédvcel
parts often require improvement by ppsbcessing in order to meet the application requirements.
Additional capital cost of AM include equipment, and specialized material forms such as powder
or wire. Regulatory and certification issues, particularlgritical sectors such as aerospace and
healthcare, also pose barriers to widespread implementation.

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

AM represents a transformative tread in irtdasfabrication that enables unprecedented

levels of customization and efficiency across various industrial sectors.
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2.10 Laser Powder Bed Fusion

Laser Powder Bed Fusion (LPBF), also known as Selective Laser Melting (SLM) or Direct
Metal Laser Sinteng (DMLS), occupies a patrticular place in the arsenal of AM techniques as
perhaps the most advanced and precise AM technique available today. LPBF is capable c
producing complex, higperformance metal components required in the industries that require
ersuring highest material properties in complex geometries. The process involves the sequentic
melting within fine metal powder layers using a kgtwered 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 demanding applications in aerospace, automotive, medical, and energy industrie
that require excellent strengtb-weight ratios, thermalesistance, and corrosion resistance. For
instance, aerospace manufacturers employ LPBF to produce lightweight yet robust component
for jet engines such as compressor and turbine blades, while in the medical context LPBF is use
to fabricate patierspeciic implants with complex geometries that cannot be achieved with
conventional methods.

LPBF allows for the manufacturing of parts with highly complex geometry, including
lattice structures, internal channels, and topologically optimized designs. Thesedeae in
particular demand for industries requiring weight reduction and material efficiency, such as the
aerospace and other transport sectors. LPBF issw##d to ordemand manufacturing, as it helps
reduce lead times and inventory requirementsgily supporting agile supply chains.

LPBF process is inherently enermensive, whilst high thermal gradients induced by
laser melting can give rise to residual stresses and distortion in larger parts. To mitigate thes
effects, process control and p@sbcessing techniques must be employed such as heat treatment,
stress relief, and machining are often required, adding time and cost to the production cycle

Additionally, the cost of fine metal powders and the maintenance of LPBF systems, including

35



stringent requirements for inert gas environments and powder recycling, can be prohibitive for
small scale manufacturers.

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

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

microstructure and micromkeanics of LPBFproduced parts.

2.11 Processnicrostructure relationships

The effectiveness of Laser Powder Bed Fusion (LPBF) AM depends on the understanding
and control over the intricate interplay between process parameters, on the one hand, and tf
reaulting microstructure and residual stress. The peculiarity of LPBF lies in the rapid thermal
processing that results in unique microstructural features affecting the mechanical, thermal, an
functional properties of the fabricated components. Understaadith@ptimizing these process
microstructure relationships is key to achieving the desired material performance in demanding
applications.

The part thermal history during LPBF is a critical factor that determines the resulting
microstructure. The process tharacterized by steep thermal gradients and extremely rapid
cooling rates, often exceeding®1R/s. This typically leads to the formation of figeained
microstructures that enhance strength and hardness but may also introduce significant structur
gradients and residual stresses that decrease ductility. Residual stresses stem from thermal a
deformation transient gradients during heating and cooling cycles inherent in LPBF, causing

thermal expansion and contraction of the material that is also accompanied by inelastic
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deformation and gives rise to inherent strains (eigenstrains) that seneesmitbes of residual
stress, reduce the dimensional accuracy and mechanical reliability of parts, and necessital
additional posprocessingreatmentgannealing, stress relief).

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

Directional heat flow during LPBF leads to columnar grains becoming aligioed 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 therm
gradient patterns and promotes the growth of equiaxed grains to enhance the uniformity ir
mechanical performance.

Repid solidification during LPBF also affects the phase composition, often suppressing
transformations and leading to the formation of metastable phases or supersaturated soli
solutions. For example, in titanium alloys such a8Ali-4V, fast cooling promes the formation
of U and UNj martensite phases that enhance
introducing posbuild heat treatments allows balancing the microstructure, converting martensite
t o a mi xa rudpedses 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
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extreme residual stresses. Minimization of porosity can be achieved by adjusting parameters suc
as hatch spacing, laser power, and scan speed, while transierdl teeasses can be alleviated
through techniques such as preheating of the build plate eppstssing stres®lief annealing.

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

For hgh-temperature applications, such as those in aerospace and energy sectors, th
microstructure must resist grain coarsening and phase instability, placing additional demands o
material selection and process control. For example, high temperature attbysssickebased
superalloys benefit from fine, stable microstructures, but require tailoreepqastssing to
control ultrastructure composed of the precipitates of the ordered ganmephase that confers
the required strength and creep resistamcthe material.

Further advancements in LPBF include fae process monitoringn situ thermal
management, and hybrid manufacturing approaches. The development of nevbwliiegsgn
for Am and specifically for LPBF is a particularly demanding afe@search aiming to achieve
unprecedented performance and to unlock new applications from lightweight aerospace

components to patiesipecific medical implants.

2.12 Defects
LPBF grown parts are prone to a variety of defects that can compromidentiey and
continuity, mechanical properties, and performance. Understanding these defects and how the
arise is crucial for improving the process and ensuring that the parts meet the required standard:
Porosity is a common type of defect that is char@d 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 fron
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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 reducesrigthsand
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 thar 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 larg
crosssections or complex geometries. Additionally, residual stresses can accumulate in areas o
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 fuise properly with the surrounding layers. This phenomenon is typically caused by an
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 téthoysnmore 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 pow
is too high or the scanning speed is too slow, resulting in excessive line energy density and leadin
to enlarged melt pool. Larger melt pool also leads to mordisigmii 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 ing
ensures good baing 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
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particles fully, or by high scanning speehat 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-tnyifoom
cooling rates or uneven thermal gradients, cause the part to deform as it cools. These deformatio
can result in dimensnal 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, gdiféémential
heating. Warping can often be minimized through careful part orientation on the build platform,
use of support structures, or optimized scanning strategies. In some caspsyqessing steps
such as heat treatment or machining may beiredjto bring the part back within specification.

Surface roughness is another inherent issue with the LPBF process. THeylaer
deposition method leaves a textured surface that can be quite rough, particularly if the proces
parameters are not optized. Factors such as high scan speeds, improper hatch spacing, or poot
powder quality can all contribute to an uneven surface finish. The surface roughness can b
detrimental, especially for parts that require smooth finishes for functionality or aesthsbns,
such as in medical implants or highecision machinery. In these cases, {pvetessing
techniques such as grinding, polishing, or machining are often used to improve the surface quality
However, excessive surface roughness can increasedtdor posprocessing, adding both time
and cost to the overall production process.

Addressing these defects requires a comprehensive understanding of the LPBF process al
its variables. Optimizing process parameters such as laser power, scanningasfdekgyer
thickness is essential to minimize defects and improve part quality. Additionally, using high
quality powder, ensuring uniform powder bed preparation, and employing advanced process

monitoring techniques can significantly reduce the occurrendefetts like porosity, cracking,
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and lack of fusion. Pogirocessing 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, ongoingsearch and development efforts are focused on improving the
precision and reliability of the process, making it increasingly viable for-pegformance

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 -snagéial 3D printing. The
primary complexity lies in the differences in the physical, chemical, and thermal properties of the
two materials that afcts the printing process and the final prodlibe two metals expand and
contract at different rates causing warping, cracking, or delamination if not carefully controlled.
Difference in the melting temperatures, thermal expansion coefficients andccaitgatibility
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
crucial for the mechanical performance of the tadhobject. Pogprocessing, such as heat
treatment and surface finishing, is often necessary to relieve stresses, improve bonding, and refir
the microstructure of the printed part.

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

specialized material properties are essential.
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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 compoundlee peculiarities of this process arise from
the differing physical and chemical properties of the metals being joined, as well as the behavio
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 @fbond 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 witt
different 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 phase ¢
soldering, as atoms 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 bonc
especially if the formation of the compound is excesdtoe.example, in the soldering of copper
totin,coppet i n i ntermetallics such as Cu Sn or
to failure under 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 ar
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 compoundsffBient metals expand and contract at different
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rates during heating and cooling, which can induce stresses at the interface. These stresses ¢
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 cleaeattadrbefore
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 diffieg properties.

2.15 Residual Stresses: origins, classification, influence

Residual stresses in 3D printed metallic objects are internal stresses that remain within th
material after the printing process has been completed and the part hasduededstresses arise
due to the uneven thermal gradients and rapid heating and cooling cycles that occur during th
additive manufacturing process. As the metal is deposited layer by layer and solidifies, the cooling
rates across different regions of thertpvary, leading to contraction and expansion at different
rates. These thermal gradients, combined with the inherent mechanical properties of the materie
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, crackin

and premature failure, particularly when parts are subjected tbamieal or thermal loads. In
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some cases, these stresses can reduce the fatigue life of the part, especially when the stresses
tensile in nature, making the part more prone to fracture. On the other hand, compressive residu
stresses can sometimes iioye fatigue resistance by preventing crack propagation. However,
excessive or uneven residual stresses, regardless of their type, can lead to dimensional inaccurac
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 1), intergranular microstresses (Type II), and intragranular micrt
and nanostresses (Type Ill) [£1280]. Macrostresses are largeale stressethat occur throughout
the entire part and often result from the thermal gradients caused by the rapid heating and coolir
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).

Residual stresses may exert a profound influence on strength, and may reduce th
resistance to fracture and fatigue, as well as improve them depending on the spatial distributior

sign, scale etc. [12835].

2.16 Residual Stresses in joints

Residual stresses in joints with heterogeneous composition and mechanical properties ar
a significant concern in various manufacturing processes, particularly in the welding, soldering,
and additive manufacturing of dissimilanaterials. 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 imaterial properties between the different components of the joint
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introduces specific challenges in terms of residual stress formation, which can affect the integrity
and longterm performance of the joint.

When materials with different mechanical proestare joined, such as metals with
varying hardness, strength, or thermal expansion coefficients, the cooling rates and therme
gradients during the joining process are not uniform across the joint. This can result in unever
contraction and expansion dfet 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 materiz
may undergo more plastic deformation during the cooling phase, while the hardeslmedests
deformation. This difference in behavior creates internal stresses at the interface, which cal
weaken the bond, cause cracking, or induce warping or distortion in the parts.

The formation of residual stresses in heterogeneous joints is alsenicéd by the
presence of intermetallic compounds or phases that form at the interface. These compounds, whic
often result from the reaction between the different materials during heating, can be brittle anc
exacerbate the risk of failure. The distrilmutiand thickness of these intermetallic phases can
influence the 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 mc
susceptible to crack initiation and propagation. The magnitude and distilmftibese residual
stresses depend on various factors, including the joint geometry, the thermal properties of th
materials, the cooling rate, and the posicessing 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 gradie
that lead to stress formation. In some cas@gssrelieving heat treatments or paseld heat

treatments can be applied to reduce residual stresses and relieve internal strains. Proper design
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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 material
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 joint
manufacturers can develop better strategies to ensure the strength, durability, and reliability o
these critical conections, especially in higétress applications such as aerospace, automotive,
and energy sectors. It is in this context that the use cCHBmMiIcro-ring core technique appears
particularly attractive as an experimental tool for the study of resithesises of Type I, Il and

[, 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 produce®BR The investigation
includes microstructural characterization, mechanical testing, and residuabstbsss, 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 seek
to deepen the understanding of LPRBBricaded 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 prominera@nufacturing process for higierformance components
with complex geometries. This transformation has opened doors for the use of metallic material
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 f
advanced instruments like gamiregy 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 extensivel

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

The mechanical properties of Skfdbricated materials are influenced by the interplay
between these microstructural characteristics and the thieistay 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 ir
understanding these properties, ghegmains 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 ciretsad to
inelastic deformation and influence the mechanical integrity of printed parts. Over the past two
decades, residual stress evaluation in Sirivited 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 shape

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 tf
middle of 2000s 11]. At present, this method gives unprecedented dppibies to correlate
structural peculiarities and residual stresses and is clearly relevant-fmir@&d materials. The
FIB-DIC micro-ring-core drilling method requires the use of relatively complex dualSHB/
microscopes and skilled operators, lng tobustness of the measurements has already reached the

pre-standardization stagel?]. There are very few reports of using the FIB foage 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 ver
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
condition that is hard to satisfy with the most popular Ga$H/ microscopes for large and
mediums i ze gr ai ns ( 2ntateralsisuehras/Ai-Mg wigtable alloys. n

Most recent published reports devoted to residual stresses in SkpiirgBd AFSi-Mg
alloy components consider geometries that are eithersowvglified (rectangular blocks) or
overly complex, i.e., containghmultiple features that are difficult to parameterize and draw firm
conclusions from. I n the present study, a s
consists of a larger and a smaller block, representing a change in the horizontabd¢iass
causing a modification of the heat flow and introducing the possibility of local (residual) stress
concentration.

The Adouble towerodo prismatic sampl e she
approach in the expansion of knowledge. This shape eggea step forward from a simple 3D
prismatic element towards parts containing abrupt reductions of sampleseotiss. Protruding
shapes are commonly used in engineering design, especially in casings, guides and fitting parts,
actuators, making suabjects relevant to practical engineering use.

The present Chapteepors a systematic EBSD study of the grain structure irp8inted
RS333 AlMg-Si alloy samples produced using different printing orientateond 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 assembl
orientation is demonstrated with respect to the loagction on the overall mechanical
performance. Additionally, the effect of surface finish quality is also investigategossibility

of grain growth controls also discussethrough accurate tuning of the thermal gradients and

49



associated heat flux. Thrurposeful 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, @hapter 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 microscopioXeplasmafocused ion
beam (Xe pFIBDIC ring-core drilling were systematically applied to characterize residual
stresses tavarying dimensional scales. Conventionaftay diffraction O E[I measurements
were also conducted to complete the msitale characterization framework. This robust
methodological approach underscores the hierarchical nature of residual stresdéd-in S
fabricated materials, bridging macroscopic observations with microscopic insights.

When seen within a broad context, the approach explored in the cstrdpbelongs to
the broad paradigm of optimal design for additive manufacturing. The underlynoghlegis of
this approach is that achieving peak performance of the product produceepboy®iy requires
taking into consideration all relevant aspects, from alloy composition to process parameters tc
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 ValceRM Ltd. (Volgograd,Russia)
was used to SLM print flat delgone samples having gauge zone with the nominal
| engt hl wi dt hT t hi ¢k n e s®snder argoe atnsosphemesusing an EO® M28d 1

SLM printer (EOS GmbH, Maisach, Germany) equipped with a 400 \Wibéblaser. he details
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of printing and posprinting heat treatment procedures and sample geometry are given in
report [H].

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{dlaser 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 gaug
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 ultimate
diamond paste were used for mechanical polishing of the selected samples.

The sad-blasting treatment was carried out using SKith a mesh of +4080 microns.

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

In Figure3.1, the general appearance ofpamted, polished, and se-blasted samples is
illustrated. A substitutional difference of surface appearance is clearly seen and, surprisingly, som
coarsening of surface clusters is present and smashed features appear after sand blasting. It
apparent from Figur@.1 that sandoasting is effective at cleaning the space between coarse
(200500 Om) met al aggl omerates from fine, p a
agglomerates form uneverough 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 surfac
discontinuities to cause the observed embrittlement effect. Overadlblsating without further

surface finishing was found to degrade both sample strength and elongation to f&]lure [1
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Figure3.1. General appearance of@nted, polished, and saitdasted samples

In order to investigated residual stressks,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 1200ms and hatch distance was 0.17 mm at the laser power of 370 W. Base
plate temperature was 35 AC. The | ayer thi
applied to the whole sample without any additional treatment of contours and surfaces. The 10 mr
thick support base (filling ratio 58) was mechanically cut. No pegstinting heat treatment
(aging) was applied to release residual stress. The sample was shelved for 6 months in ambie

conditions and dry atmosphere before any further manipulations.

15 mm

Figure3.2 The appearance of the double tower shape sample in-gmte] 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 MV1200R machine (Mitsubishi Electric Europe B.V., Ratingen, Germany),
which was performed with the slowest cutting speed. This casing is shown in Egurke two
halves of the gecimens were then studied with a number 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 thkama 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 quali
and the morphology, samples must be carefully prepared before investigation. Each sample we
cut out, next embedded in epoxy resin, aotished using standard metallographic techniques.
Polishing was performed using sandpaper in several steps (220, 500, 1000, 2000, and 4000 gr
and then using diamond suspensions (average particles dianetetllm) and col | o
final step ofpolishing was broad beam ion milling performed in a Technoorg Linda SEMPrep2
(Technoorg Linda Co. Ltd., Budape stagetiltHhiten g ar
a final cleaning, the mountedmple was fixed in a metallographic mount hotdesivoid 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 accipthlilae
measurements. The generalwief the prepared surface with correspondimgghness profile is

shown in Figure.4.

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

o

w

(um)

EBSI trace

I

(=]

Po—
500 g

Roughness:
<&

0 1 2 3 4 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 iI5BM Tescan Vega8Tescan Orsay Holding, Brno, Czech
Republic) using an Oxford InstrumentdordlysNano EBSD detector (Oxford Instruments
NanoAnalysis and Asylum Research, Highy ¢ o mb e, UK) . Me a s u’mwithn g @

step size 1 em, kKcaodbkarcuarentl®nA. vol tage 20

3.2.3. Nanoindentation

The nanoindentation test was performed for each orientation of polished spethatens
were called the cross secti ont H{ipekmpend, call la
side (parallel tohimak me gsa,u gkdndsshriacerpdctinm fpayalld 1
to main gauge axis, | engnihd wivas h1 0 1 Btbd20Gnent t
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em amnsd e 75 em al o ndyectibnh Ehe igderdatiom pagametenst were the
following: depthic ont r o | mod e, penetration depth 1.5
unloading.

The postprocessing technique was carried out according to the typical Olive?lzard
methodology [6]. However, the achieved results showed high elastic modulus values (~100 GPa)
and hardness (~2 GPa). Itis wkln own t hat Ol i v edoes aat consi@len the r 0
i mpact of MAheapso (sur pl usroumbtheendenta Thdoeefthee r
E/H values for highly ductile materials may differ frahmse obtained with a tensile testing
machine or a microindentation test. Inthiscéise,i ghl y ducti |l ed roughl
(more than ~20) and refers to a sniradlex of hardeimg.

In order to improve this model and to obtain reasonable values, there are at least twc
approaches. The first one connects the discrepancy with the presence of plastiometien
unloading curve odluminum The authors corrected this phenomenath therepeated 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 chosermased on the workf-indentation

correction. The reduced elastic modulus was calculated via the formula

Il t t—1to (31)

Here Weand W, are the elastic (recoverable) and plastic {removerable) work of indentation,
respectively, determined from integration of the loading and unloading cuifiesind k are
dimensionless constants that describe the indenter geometrignandnd Sare the maximum

indentation force and contact area, respectively. Since parameféht Wmnax, and S can be taken
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from the experimental data (indentation curves), the reduced elastic modwhas Betermined.

The material elastic modulus was recalcuaecording to the formula

- — — (3.2)

whereE | 3 are elastic modulus and Poissonos

Ei, i a the indenter parameters (device passport data).

The relationship between hardness attliced elastic modulus was expressedlarly to

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

0 —fi—1+t0 (3.3)

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

the influence of specific tip shape.

3.2.4. Tensile Test

In-SEM mechanical testing is a growing experimental technique baséd tu and
operandoprinciples. A Deben Microtest-KEN testing stage (Deben UK Ltd., Woolpit, Ukijas
accommodated by the chamber of a Tescan Vega 3 SEM and connected withapdwer
information cable to a computeontrolled operation block using a plug inserted thraugh
flange plug. This facilitates the operation of the testing stagesyimahronizeghe mechanical
loading (tension at permanent crosshead speed of 0.2 mm/min) waitgthisition 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 f]. Digital image correlation (DIC) analysis was applied to retrieve the data
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on true straing the region of interest: ~8% of the gauge zone. The DIC algorithm searches for
thecorresponding pairs of pixel subsets (arrays contauhigitalizedintensity values) to finthe
best match in two digital images. When ttenterpositions of corresponding pixslbsets are
identified, the displacement and strains (after the differ@mtiaof displacements) can be
calculated. The opesource Matlakbased software Ncorr v.1.2.2(] wasutilized toanalyzethe
datasets of acquired SEM images and to calculate average vatiisglatement 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 usec
to acquire volumetric profilometry data (surface point positions). This procedure was used to
generate a digital geometry image (dibttain) of the double tower sample as a cloud of points
before and after EDM cutting along the red line shown in Fi§uie. The scanner parameters
were the following: working distance 260 mm, 3D resolution 0.05 mm, scanning resolution 18

Om. 3D niavedand aier HDWI cutting are shown in Figurg. 3

30 mm

Figure 35. The appearance of double tower shaped sample as 3D models: (a) before and (b) afte
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 Igmmg partial differential
equations (PDEs), was used to formulate and solve the continuum mechanics problem using tt
refined set of scanned digital data (cloud
geometry. This was the first applicatioh FEniCS for the contour method reconstruction of
residual stresses, conducted at the MBéam Laboratory for Engineering Microscopy
(MBLEM). The experimental data was processed using the method described in the previous stud
by the authors of [21] fothe determination of otdf-plane surface displacements as a result of
stress relaxation induced by ndisturbing EDM sectioning. Following the contour method
approach, the reverse of surface displacements was assigned as the displacement bound:
condiions of the numerical model geometry on the surface that corresponds to the EDM cuit.

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 Bafiemvever,
the sample geometry <considered in the pres
composed of larger and smaller area segments. This property of the part, along with the complexit
of the SLM 3D printing process, means that the sitnatmlonger corresponds to the continuously
processed body assumption. Nevertheless, a numerical model was developed and applied that u:
real geometry to reconstruct the residual stresses within the sectioned half of the sample. Parti
validation of theapproach was sought by comparison with local residual stress evaluation using
FIB-DIC micro-ring-core milling methodZ23]. For the purpose of comparison, another numerical
model was used for a continuously processed (plane strain) body of extrusiothfarger 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 diarjetDrilling removes a certain
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amount of stressed material and, as a result, causes elastic strain redistribution of the typical ord
of magnitude ~18. Holes a few millimeters in diameter generate displacements of several
micrometers that can be measured with sufficient accuracy. Electronic laser gadtde
interferometry technique applied for this purpose visualizes the interference fringe sattern
generated by iplane displacements. The corresponding interferograms were recorded by two
symmetrical side detectors (digital cameras) when a diode laser of wavelength 532 nm wa:
directed at the surface containing the drilled hole. The phase shiftdretiaetwo 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 Figur8.6. The umber of fringes is linearly related with the diameter increment or
decrement. These quantities are related by
il lumination | ight wavelength and 2edmsiP4. t he
Drilling was conducted on the cut plane as well as on the outer faces of dneheift double

tower specimens using a drill bit diameter of-2.9 mm. The drilling depth was set equal to the
drill bit diameter. The values of the hole diameterement 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 maximpiane
principal regdual stress component is in the order 8b65The approach is thought to be valid for

residual stress values that do not exceeth@fi the material yield stress.

Figure 3.6. (a) General view of vertical outer face of the titiidouble tower perperdilar to

the sectioning plane with the drill hole, anccjexperimentally obtained interfererfciege
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patterns obtained as a result of 1.9 mm diameter hole drilling: (b) the horizeptahan
displacement component and (c) the verticgdlanedisplacement 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 & Ehe
method is widely applied and reported in the literature. Laborxtany sources with Cu cathodes
generate ~8 keV characteristic radiation that probes the shallow subsurface layers to the maximu
depth of ~20 em for Al all oys. I n this situ
the case of SLM 3printed parts without posprinting surface treatment. The typical pdgak
trough measure of roughness is believed to be comparable with the average size of the powd
parti cl es 25 iTherefore, the dut plana of[a half of the double tower samples wa
ground using a sequence of sandpapers in several steps corresponding to 220, 500, 1000, 20t
and 4000 grit, respectively. This was followed by polishing using diamond suspensions with an
average particle diameterdl O m, and f i ni s lcawith aniavehage article o i
diameter of 60 nm. The appearance of the cut surface after grinding and polishing is illustrated ir
Figure3.7a. It should be noted that surface finishing by grinding and polishing may cause the re
distributing of existing resigal stresses and may introduce new ones in thesoeface layers.
However, provided good practice procedures are followed, the estimate for the thickness of the
affected sulsurface layer corresponds to a few (typically, three) diameters of the firsdlitig
silica particles 26]. This is much shallower than the penetration depth of Cu irradiation, so the
values of residual stress obtained with the help -y diffraction can be taken as a relevant
measure of the prexisting state of the samples.

A Bruker D8 Advance (Bruker AXS Inc., Madison, WI, USA) diffractometer equipped
with a Cu cathode tube (Mvavelength of 0.154 nm) in the line collimation mode was used in
combination with a special tailkonade goniometedike sample cradle that allowed ometijing

mode forO E[i analysis. The cradle was designed and madi@irse out of polylactide polymer
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(PLA)by FFF 3Dpr i nting using a conventional FDM |
(iso) and G4 (side) tilting to reach G val
Figure3.7b. Digital X-ray diffraction spectra were processed usirgpnventional procedure that
included fitting and subtracting the background, the strippingsqddéks, approximation of the

peak profile with a Gaussian function, calculationgid r om t he 2d posi ti ol

and finally, the least squarditting of the- —— p vs OE[i dependence with a linear

function and the determination of the residual stress component from the fitted slope s using th

X-ray ElasticConstant (XEC) of the material using

” W00 i (34)
Heresis the slope of the linear fitted line to the dependence of elastic strain fragndiffraction

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 goniometde 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 ofstvapgd trench
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in a FIB-SEM system. The strains are evaluated by means of digitgkio@relation algorithms
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 seri:
ion milling. As a rule, the full deptbf the ring trench drilled with ions lies in the range < ¢ore
diameters in order to guarantee the complete relaxation of residual stresses in the core zone. T
value of the complete relief strain is used to calculate the residual stresses ptesemma@ctore
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@@ti@ptimal density of surface
features must persist at the top surfdeeng 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 ar2dlysmnjpared to
the conventional Ga FIB. A significargason for the lower usage of Xe pFHEM instruments
for residual stress measurements concerns the higher cost of X&gMBnicroscopes in terms
of purchase, maintenance, and consumables. On the other hand, the higher plasma FIB millin
currents offershte opportunity to drill larger rings with typical diameters in the rangé 200 € m
in reasonable time. This offers the possibility of filling the spatial resolution gap between the Ga
FIB-DICmethod (2 0 e m) and mech-88006aEtEmirilling (50(«
The presnt study made use of Xe pFIBC micro-ring-core drilling to match the large
average grain size in the material (>20 ¢&m)
many or at least several grair®9]. 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. Thédwag eac arfnes0 0d $i0r0g nGénx, 1 0 2
corresponding to the scanning step of 0.5 C
Xe pFIB FEGSEM Hdios 5 microscope (FEI, Thermo Fisher Scientific Inc, Agawam,
MA, USA) was used for pFHDIC 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 electrc
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beam arrent of 3.2 nA. Optimal voltage and current parameters of ion milling were empirically
adjusted through trigdnderror to the optimal setting of 30 kV voltage and 200 nA ion current.
The tilt stage angl e-caddiame?eAof®v a®dm uasnedd ,t hwei tchu
of 100 Om. Datasets of 38 images per mil
corresponding to the step of 2 Om and the f
overall milling 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 synchronou
SEM i maging due to the | ow visi bi flitiregwreddof t h
ion milling, due to the high surface asperities caused by EDM cutting. On the other hand, sufficient
density of contrasting surface features within the-ogage were found after silica finishing and
thus provided satisfactory contrast fobust DIC analysis, which was therefore used for pFIB
DIC evaluation. Opesource MATLAB-based software iStres3(] was applied to evaluate the
strain values in the range 4002 using image datasets of up to 60 images for the-aimg

diameterso¥ 0 & m.

3.3. Results and Discussion

3.3.1. Grain Pattern Appearance in-Binted RS333 Alloy

As represented in Figure®8-3.10, EBSD microscopy qualitatively reveatee main
motives of the grain pattern appearance in@ibted RS333 alloy dependingn the printing
orientation. It seems that grains have almost random crystallog@pmtation against principal
axes of a sample (no or weak texture), but the sizeagpetts of grains are obviously correlated
with printing the orientatioih 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 directionln the planes parallel to the growth direction, elongated columnar grain®tar

singleelements of grain pattemoundlike regions (spots) containing very small equiaxial grains

63



and pores are likely evenly and randomly represented in these planes, being intestioven
columnar grains. These spots are also readily noticeablleeaplane normal to thgrowth

direction.

Material Supports

001

111

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

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 directianwever, these and other characteristics
of grain patterns (such as size, aspect ratio, and crystallographic orientation statistics) requir:
thorough quantitative analysis on larger datasets to validate the conceptual models proposed fe
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 plan
perpendiculard growth direction. This is supposed to be directlgted to specific remelting and
solidification conditions: the longest exposure time diffdised heat flow from pin supports.

Average values of grain dimensions for different printing orientations are presented in
Table3.1. Even qualitative analysis of the grain patterns for different printing orientations gives
opportunities to suggest that at least plasticity and fratteinevior 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 contras
for the XZ and XY pinting 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 ratic

of grains for different specimen orientatson

zX Xz XY
Length, Width, Aspect Length, Width, Aspect Length, Width, Aspect
um um Ratio um pum Ratio um um Ratio
Surface 197+£193 74455 25+£13 193+185 75+£56 25+£12 2234171 127£91 18%05
Side 208+179 76x52 25+12 115+£72 71+41 16+£04 138+£118 64+£36 21+09

Cross-section 157 £9.1 94+48 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 flthe in
directions, forming an angle of about°4%ith the tension axis. Thui,is suggestdthatdifferent
orientations of the main axes of columnar grains wetpect to the shear bapthne may take
place. Therefore, the yield strength that correlates (in accordance wiettieHall law) with
the mean crystallitsize in the plane of shear band is expected tsttomgly dependent on the
orientation of columar grains, i.e., printing orientation. For teienplicity, an estimateof the

average size of grain geometrical projection to the shear@aneis usedoy the formula

0 0 0 (35)

Here the average values of diameter D are taken at the surface and Hsectiossof the sampled

region, respectively.

The values taken from Tabl&1 return theestimates for the average values of grain

dimension projections to shear band pled®) as 17 . 3, 18. 3, and, 19.

respectively. This directly assumes that strength should scale down for ZX, X2XY¥gnd

respectively.

3.3.2. Nanoindentation of 3Brinted R&3 33 Al Il oy: Youngsd® Modu

Aluminum in contrast with some other FCC metals such as nickel is almost elastically

isotropic. Therefore, the presence of texture in thespr@ided Al alloy samples shouttbt affect
the overall elastibehavior

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

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

for the estimates of Youngos niedverbgesaluesisaim d
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good accordance with previous rep@4]f namely for the XY, XZ, and ZXrinting orientations,
the values 050.8GPg 62.5GPg and 64.2 GPwere foundrespectively. The measur¥do u n g 6 s
modulus and hardness parameters after the nanoindentation test are repnedégted 3.11.
The scan directi on de ongtfordhe side Brelrfage ptanes, svitere the o w
grains are elongated. |t i smodutusmehsuredantthe plane t h
perpendicular to the main axis of the dmgne samplgauge (crossection), parallel to narrow
(side), and wid (surface) faces of the gaugene vary only slightly, showing almost no
statistically significant distribution along tigeowth direction.

The dependence of the elastic moduli on printing orientation is discussediterttare
[35]. 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) ntayse experientally observed
orientational dependenc e futher fuMdamentgl desearchondthusl u

field with relevant methods: high resolution TEMpm probe tomography, etc.

68



O Side ZX Side XZ Side XY

- (a)

y =0.1458x +63.9

®
a
(0]
(0]

-y
& o)
ol e & O
S p O S
3 I8 Serg TP WG
365 |a@EE s S T S e e ke m H ey = R e S
= __--ij-a.-"': =Q=o~CaL"™ b
2 Nay = ~ W@ ) ¥ 8
@ 55 =sa0)
o @
45
& Scan Direction

O Cross-section ZX Cross-section XZ Cross-section XY

) (b)

™
o
\
c7>
(=]

—
a
® 75
— X +
]
3
3 65 Qﬁ }C%i%
s ‘---h““’-"‘--~~t~u_
L
@ 55
a b
1 Qs
Ry e el
35 - i
Scan Direction
OSurface ZX Surface XZ Surface XY
95
(c)
85 8
TR »
a o ©O
o5 & y =0.1548x + 62.7
Z B3 P
%es © i85 B °
= Lfggj;.\r)r &
L NHEEE b
855 i
w
45 W CReE S8R0
35
Scan Direction
Figure3.11

O Side ZX

@

[=2]

w

@

Hardness( GPa)

(=
@

[ 5
__.__-n

o
(]

03

Cross-section XZ O Cross-section ZX

18

16

(d)

y =0.0016x + 0.85

——— . -

-..Q}.__.-.y.--.—-c,--
,-Lmre—-""‘“

Mu

(e)

Side XZ

(0]

O

O o,
_C..J-a-s-vG—gO--

Side XY

6]
O
-r----&—-—-

a
C

Scan Direction

=0.0012x + 0.92

OSurface ZX

—
&13
o
~z O
211
2 OQ'<p
s -
] RN
T 08 OO\
06 e
-
03
18
16
—_
1
gl o
O
~z 2
13
o
c
2
]
I

o . e e b e e

Cross-section XY

- g
e o b . e e %, g e e

Scan Direction

Surface XZ

[ Surface XY

y =0.0024x + 0.89

Scan Direction

Y o un g 6 s-c) e dandhesssf egtimatesderived from OliveiPharr

nanoindentation tests) in 3@inted RS333 Al alloy

I n contrast t o

obvi

ous

or

ent ati on

an

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

S

significance level 0.05 in all studied samples at many of studied planes (cross section for ZX ant

XZ, side for ZX, and surface for ZX).

I n contrast t o

obvi

ous

or

ent ati on

an

hardness is almost constantaf@and 0.8 GPa) and isotropic and it has normal distribution with

69

S



significance level 0.05 in all studied samples at many of studied planes (cross section for ZX anc
XZ, side for ZX, and surface for ZX).

Berkovich hardness values of about-0.8 GPa can besed for rough estimations tife
yield strength36], 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 strenigs of artificially aged 6061 and 6156 wrougliibys are at maximum
280 and 380 MPa, respectively) but not perfectly correspongB-mrinted RS333 Al alloy.In
Ref. [37], it wasrecently show that the yieldstrength at 0.26 of strain derived frontension
stressstrain curve for 3Bprinted RS333 alloys varies for different printing orientations and
reaches only 81 MPa, 132 MPa, d@fD MPa for the XY, XZ, and ZX samples, respectivély.
can besupposd that the discrepandyetween values of yielstrength 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
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 ¢ontrast
tension, compression modes of plastic deformation tend to densify porous matesfatsy 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 Bd2éor the
samples as 3printed 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, formented 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 niwdtle. Yield and tensile strength show practically
the same dependence on printimggntations, which correlates with the results of nanointienta
testing.

The same general mechanical response for all printing orientations studied is inherited afte
mechanical polishing, bringing tensile strength characteristics and ductiBgntewhat higher
values but reduci ng Y ogthnTgié factsupmodsiuhe observationdthaty i
surface layers may significantly affect mechanical resp@inses thermal history, heat fluxes, and
perhaps grain pattern are substantially differenthat surface and in the core of didinted
samples. In Ref38], the residuals of supportsicrocracks, and traces of unmolten powder were
reported as typical surface features.

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

The presence of tensile residual stresses in the superficial layer would egghagent 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 defecteo¢maicks, topological
discontinuities, and other imperfections), and, on the other hand, it tends to be queiticlzed
number of consequences, e.g., oversaturation of solid solutions, natural agisma#iad grains.

Thus, a slim 3Bprinted article cabe considered a hybrid material witronger 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 zoneeariial

stress ralistribution.
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These results demonstrate that manipulations 3B#printing orientation and relatively
simple and commonly applied mechanical methods of surface treatment give wide range o
opportunities for the fine tuning of mechanical response in structural elements of aerospace
constructions to purposefully credtgh demanding parts by design.

The variation in the mechanical response of SLM@BDtedobjectsat different printing
orientations has been widely reported elsewh8®e4f]. 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 interes
inside the piece, the design and position of support, and many other aspects. Local time
temperature variation (primary heating and secondafyeating events in the elementary
volumes) governs a number of phenomena: (1) the completeness of homogenization in the liqui
phase, (2) the distribution of elements between the liquid and solid pradebe 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 (agingpd(6) residual stress formation and its spatial distribution.
Therefore, the complete interpretation of experimental observations of mechanical respons:
becomes overwhelmingly complex and requires mngiirumental 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 atpleet
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), ttare 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 th
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 off@inting [41]. These aspects will be addressed

in further reports. Many practical issues, however, rest unanswered. As has been demonstrate
the columnar grains tend to be strictly aligned in growth direction; howewers f patemns a i s
often appear in some directioas well. The formation of these structures is to be thoroughly
quantitatively studied and digitally modelled on a mphiysics platform that should create both
fundamental theory of property moderation at SLM-@ihting and a practical tool (pleig to

CAD software) for the optimization of CAM printing code.

3.3.4. Residual Stress Evaluation by the Contour Method

Calcul ations of the I|inear el astic nume
modul us and Poi ssono6s r &B8,regpectiely, inh &aceordanael withehe o
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 theadled continuously processed body. To rationalize
these assumptions based on a firm theoretical footing it is bestddhsfithe object finds itself
in the state of plane eigenstrain. This means that the permanent inelastic strains that act as t
sources of residual stress are distributed within a prismatic body of extrusion as a function of the
transverse coordinatesly. As a consequence, each transverse @esgon 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 roetall
alloy components, in order to map the-otHplane displacements (deplanation) and apply them to
a numerical model as a boundary condition with the opposite sigacteate the oubdf-plane
stress distribution as a contour map. Although some thealreinc practical limitations of this
approach can be identified, the method has been shown to be successful and was validated

comparison with independent measurements, e.g., by neutron diffraction [43]. Another important
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aspect of the contour method cems the reconstruction ofplane 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., byddalnusing the eigenstrain
approach [45]. In the discussion below, the conventional contour method treatment based on th
continuously processed body (plane eigenstrain) assumption is compared and contrasted with tt
use of the real component geometry for residual stress recdimstruc

Figure 3.13@,9 show the zcomponent of residual stresses obtained for the real and
continuously processed geometry models, respectively, calculated using the displacements defing
as boundary conditions on the EBEdvt front face of the model locatat the positive z side. The
displacements induced in the body are illustrated in Figur&p,d). On the other hand, residual
stresses vanish with increasing depth along theiz in the main body in a way characteristic of
the contour methodp]. The calculations that belong to the main body are consistent with the
continuously processed body assumption. The stress magnitudes within the smaller area segme
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 understandit
of the mathematical implications of this difference lie outside the scope of the present study anc

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 componersichfat
stress in the whole body, only thezo mponent of the results for
geometry is reliable on the front face of the bottom segment. The results that belong to the uppe
segment and other components of the stress are thtmugbtless reliable, but may represent a
good predictive approximation. FiguB14 illustrates x and ycomponents of direct residual
stress at the examined cut surface. Figui®shows all components of residual stress along the
lines illustrated in Fgure 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 experimental
measurements should be increased in order to state that all direct components of residual stre
can be calculated reliably using the present approach. In addition, the comparison between the lir

plots of the real and continuous geometry models showsetidtial stresses in the real geometry
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model lie within 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 provasimilar 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 nol

disturbing EDM sectioning. This relationship allows reconstructing thefepiane residual stress

component within the section corresponding to the state of the comgmefere sectioning. On

the other hand, the-eomponent of residual stress evaluated usingpXI® microring-core

milling technique belongs to the sectioned surface. On this surface, tbemahe component of

residual stress is completely relaxed, ivlthe x and ycomponents of residual stress obtained

from the contour method correspond to the geetioning state. It is worth noting that according

to Lunt et al. [47], sectioning involves a relief of iplane residual stresses proportionally to

(139, where 3 is Poissonds ratio. Based on t

of sectioning on the XpFIB residual stress evaluation corresponds to%Ifodification.
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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 (Yihes illustrated by the dashed lines on the sectioned surface

in Figure3.16below

The relatively high cooling rate in the tof-tower and bottorof-basement locations
suggests that fast thermal contraction in respect to the middle regions is bdignieatsile
residual stresses. This provides a vielinded explanation for the mechanical response of dog
bone samples SLM 3Printed in different orientations under tension and the beneficial effect of
sandblasting described idB]. 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 k&
linked to the inherited tensile residual stresses, but it is dramatically improved in terms of ductility
after andblasting, which is known to introduce compressive residual stre3es [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 compsgkial
stresses. Vertical outer surfaces of the heavy basement adjacent to the cut plane seem to be wes
stressed (small tensile or zero residual stresses), perhaps because of relatively slow cooling due
the significant thermal mass of the basemeontrary to the case of tower, where the temperature
gradient is sharp enough to cause intensive heat flow (perhaps even from the basement), fa
cooling, and large tensile residual stresses. This observation, while quite trivial and obvious, is

nevertleless of great practical importance, suggesting that slim-sea$®ns and protruding
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elements should be repetitively printed at slower scanning speeds to retain high temperatures
long as possible. Annealing or shot peening jpostessing treatmentse 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 redistribute
and relievedNevertheless, as discussed above, this effect is relatively moderate in magnitude (ir
the order of 1@%) 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 eac
probed face, with examples of interferograms with fringes shown for Point 1. Bable
summarizes the estimations of residual stresses at six locations whess fiege 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, thesize of samples was not appropriate for drilling numerous holes, as
would have been desirable to collect further data for accurate mapping with satisfactory spatia

resolution.
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Table3.2 Residual stresses at halit double tower sample faces

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

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 th
out-of-plane residual stresses (evaluated in the contour metmedhcta 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
the findings of the contour ntedd 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
residual stresses due to the late cooling (and thermal expansion) balanced by com@redbmn
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 ou
of-plane residual stresses measured by the contour method) on thadjacesit to the cut plane
I points 3 and 9 are, however, relatively smali(7é +11 MPa), both for vertical and horizontal
bottomof-basement faces, perhaps due to the relaxation caused by EDM cutting. The vertica
outer face parallel to the cut plane dadfrom cut plangooints 1, 2, and 10 reveals strong tensile
residual stress, the values of which, along horizontal axis1288VIPa), are close to one third of
the yield strength of this alloy after SLM 3@inting, that is, in the range of 2850 MPa[50].
Residual stresses along the vertical axis are at least three times smaller, suggesting uneven cooli

along this face.
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3.3.6. Residual Stress Evolution byray Diffraction Method

TheroughnessR 1.9 Gm ahd2ROmMm were measured b
of the NanoScadD system (TISNCM, Troitsk, Russia) at the outer surface of ddgobler as
printed. The penetration depth of ®wi r r adi ati on (ca. 20 em) 1is
therefore, themeasurements are not representativeay diffraction O E[l  method shows
modest compressive residual stress@e€ -350 MPa) in the polished cut plane, as shown in
Figure3.17. This method measuresjane residual stresses only and, as is alsoirggrtant,
assumes that all grain subsets (and all grain in a subset) diffracting at diffenegles are evenly
and equally stressed as those grain subsets having (HKL) planes perpendicular to the cut plar

OE[l  p . Averaging over the lighted arefagm a few tens to a few hundreds of Auypical

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) measured
I~2d pl ot for the specimen (highlighted red
( bk~@E( 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 duriplasma 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 sufficier
for reliable EBSD indexation but does not need to be any better. di8depicts the typical
appearance of iowrilled ring-core holes at the rough and polished surfaces of the cut plane at
different halfcut double tower specimens with the corresponding dependence of relief strain over
depth. It is clearly shown that the quality of surface polghiiowed collecting good EBSD maps
to reveal the dimensional ratio between the grain size anetoirggdiameter. For instance, it is
apparent in Figur8.18& that the core contains parts of many grains to achieve good averaging
between grain orientatiorisr the purpose of estimating Type | RS for engineering purposes that
is comparable with the values returned by other methods. Rdl@eaps residual stresses along
the x axis at six points on the polished cut plane, and the values of evaluptactinesidual
stresses are in satisfactory agreement with the results obtained-tdrpdane residual stresses
(contour method). The stress profile along lineHAH3 corresponds to the change of residual
stresses from strong tensile (exceeding yieldngtie level) at the top of the tower to modest
compressive (about M of yield -$3-Hidenprstnajes T
weak tensile residual stresses close to the vertical faces and somewhat stronger compressi
residual stresses in th@ddle 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 t he outer diameter of ilyredueeddawntg h ¢
20 &m, one can expect that the accessible
rangeof6B00 em (three ringhole diameter). That

scientific research purposes and practeca gi neer i ng t as k s-pFIBdiillingc e 1
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fills the gap between mechanical drilling with 0.5 mm drills andF@& drilling with maximal
rational ring holes of 20 em diameters. Eco

before he conduction of higinesolution 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()imeasguteckreli&ul e
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Figure3.18 Mapping of residual stresses usingpteB ring-core drilling method
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Table3.3 Residual stresses at faces and cut plane etbhatlouble tower specimens

Nx Orrs MPax
Hlx 62.1x
H2x —4.9x
H3x —45.8x
H4x 33.4x
H5x 22.8x
Heéx —78.7x

3.4. Conclusions

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

Additional phenomenothat ought to beonsidereadoncerns the introductiand presence
of residual stresses within 3rinted parts. Residual stresses appearcassequence of the high
temperature gradients and steep cooling rates during sauoifieng that affects the all/ ultra
structure (precipitates) and hence flow stress. Thigunm, 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 underlgriggn of residual stress and, conversely,

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

Residual stresses are known to exist over a variety of characteristic lengths aftenare
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 setécmingues,
such as the contour method, slitting, blind hole drilling, etc. M&smicroscale residual stresses
of Type Il are more difficult to quantify, although a range of radfhave been developed based
on laboratory Xray and neutron diffraction that allow fdistinguishing between groups of grains
that differ in terms of crystal lattice orientatidfinally, Type Il 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 asnnigitore FIB
DIC [53-55].

It is important to note that residual stresses may exert an infuemdhe overalbe-
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 themselvedose 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 modsffj[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 condititatgyoé
loading, as has been demonstrated feb&ie superallogamples produced bgser powder bed
fusion [B9]. The extension of this approach to different classemetiallic alloys remains an

important theme of ongoing research.
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Experimental findings revealed that tensile and compressive residual stresses, rangin
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 pfBEC ring-coredrilling, all techniques yielded
comparable residual stress values, underscoring the reliability of the integrated approach. Notabl
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 SLN\
printed components. It emphasizes how optimized printing parameters can be emplayed a
rational strategy for residual stress management. By adjusting key parameters, such as scanni
speed and laser power, during the printing process, it is possible to control residual stres:
distributions, thereby enhancing both mechanical performamtéha service life of 3fprinted
parts.

Together, these findings highlight the importance of understanding and controlling both
grain structure and residual stresses in $hbticated alloys. The ability to integrate
microstructural engineering and resadlatress management offers a pathway to achieving superior
mechanical properties and reliability in advanced structural applications. This chapter aims tc
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 mode
geometry even under nominally identical-BEinting 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 gradient3.he conception of uneven
cooling rates as a principal cause of RS is generally applicable for arbitrary shapes and model
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 regsistnd
reliability.

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

The systematic comparative study undertaken in this research provides evidence that multi
scale, multimodal evaliation 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, exs,@leme
aerospace components, thereby forming a solid basis for future investigations.

The studyappears to be the first to report the results of rsgiile and mukmodal RS
evaluation using several independent methods ranging frondesiructive O E[l XRD
analysis to macroscopic sectioning to misoale ringcore FIB milling with digital image
correlation analysis. The comparative study showed good agreement across dimensional scals
from tens of micrometers to tens of millimeters. The plasm#&BeDIC method was used to
obtain evaluations within material vol umes
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 alfections (hydrostatic) in the middle and tensile at the surface.
The relationship between the cooling rate during@inting, 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 comp&on plot of all used methods. The results show that the

calculations of the contour method solution provide a good match witbFIBand hole drilling
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evaluations of the xcomponent of residual stress, but the quantity and quality of experimental

measuements should be increased in order to state that all direct components of residual stres

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 reconstructec

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 particuitaestablishd clear ways to distinguish and evaluate

Type |, Il, and Il residual stresses, and identified the approaches most sfatatperimental

assessment of the dependence of these parameters on the fabrication and processing condition:

In summary residual stresses in SLM 3Winted metal parts appearing as a result of

complex thermal history are frequently discussed in respeuatty aspects of their mechanical

performance and operation service life. Although recovery annealing or various surface treatment

(sand blasting, shot peening, etc.) are readily applicable, the efficiency of these measures ce

hardly be assessed withoatevant 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 based-@y X
diffraction measurements, which deprives researchers of much valuable information. SLM 3D
printable AFSi-Mg alloys seem to the least studied in comparison with printaldis sted Ti and
Ni alloys.

A comparative residual stress evaluation was deliberately undertaken using a combinatior
of contour measurements, mechanical drilling with spepktéern 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 spegidétern interferometry, and finally, down to 70
micrometers for X@FIB ring-coredrilling. All methods returned estimations of residual stresses
in good agreement in terms of signs and values regardless of dramatically different spatia
resolution.

The surface of SLM 3Bprinted 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 -s@stsons are
residually compressed (perhaps hydrostatically), with relatively kve st r e s s ems oof f
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 fas

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 miescale residual stresses and deformation phenomena in
bimetallic bronzestainless steel samples fabricated RBF. The study utilizes advanced
characterization techniques to analyze the microstructural features and istréastidns 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
bimetal LPBF samples. The findings proidritical insights into optimizing muitnaterial

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

4.1 Introduction

Design for optimal performance frequently requires integrating different materials within
asingle 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, ar
others require the combination of disparate properties, egd.ekectric and thermal conductivity,
which are characteristic for pure metals or Cu and Al alloys, with high strength typical, e.g., for
alloyed steels. Bimetallic hybrids of intrinsically different metals and alloys represent an obvious
solution that isnevertheless, not entirely straightforward to implement.

Traditionally hot and cold roll bonding of metal plates, tubes, and sl&&}isr[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 mulire arc or electron beam additive manufacturing, as
well as other$ offer the ability to fabricate complex and/or miniatureeétallic net shape parts

in a single process.
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These perspective routes to bimetallic part fabrication have attracted the attention of the scientifit
and technological community, with the number of reports on additively manufactured bimetals
published anndby in highly ranked journals growing rapidly from2Llin 20102015 to 2625 in
20202021, according to Scopus datab&#. [

On the other hand, reliable joining of immiscible metals like Fe and Cu (and their alloys)
remains an engineering challenge, sititeedevelopment of robust joining technologies requires
a degree of control over the interfacial bonding between immiscible metals that arises under th
conditions far removed from the equilibrium state, e.g., using severe plastic deforréafion [
mecharcal alloying using high energy millings#], shot peeningg5], explosive welding 6],
friction welding [67] or rapid cooling/quenching from melt6g]. Laser, electron beam or arc
assisted additive manufacturing (3D printing) technologies belong tda$e& of norequilibrium
manufacturing approaches due to the presence of rapid heating and cooling that may involv:
melting and solidification events. A large number of factors needs to be considered to ensure stron
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€%72] 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 rthiermal 6 s
properties (conductivity, heat capacity and thermal expansion coefficients) and mechanical
properties (temperatwadependent 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 discusse
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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 {trexchanical 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 thegbuels#¢ime results are
presented of systematic investigations of SLM@@ihted tin bronze to stainless steel bimetal joint
using an arsenal of techniquéssurface topographwnalysis, multiple magnification SEM
imaging, EDX and EBSD mapping,-BEM mechanical testing in combination with DIC analysis
of the strains arising during situ tension, and microing-core FIBDIC evaluation of residual
stresses. The sample regionreunding the bimetal interface was found to be somewhat less
ductile and less strong than the single metal counterparts. Nevertheless, it showed satisfacto!
ductility and acceptable strength. Final fracture was located close to the interface withamiee br
part of the sample. The mechanical performance and fracture behavior are discussed for additive
manufactured samples containing bimetallic joints. The approaches are proposed to create strong
bimetal parts through engineering control of the pmoptsequence 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 Owheel d sampl es
average particle diameter48® 0 ¢ m f he circulanrign. Tin bronze powder for LPBF with
the average particle diameterr@800 ¢ MPRV-Br@X0(Polema Inc., Tula, Russian Federation)

was used to fabricate the wheel Aspokeso.
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demonstration of a ne8D printermo d e | (LCC nLaser Apparatur

Russia).

The salient di mensions and the over all a

4.1. The printing parameters and technological regimes employeddedted ultimately resulted

in the relatively high surface roughness characterized by the remaining unmolten powder particles

along with pores, cavities and splashes:

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;
9 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
Figure4.l . Bi metallic 6dwheel 6 withpaopnhednr regpm@)ar anc

bottom view, (c) Owheel &8 sampl e
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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 andsitu mechanical testingTescan SEM Vega3
equipped with secondary electrons (SE) and backscattered electrons (BSE) detectors for chemic
and microstructure analysis, Tescan SEM Lyra3 withFBaequipped with EDX and EBSD
detectors for residual stress evaluation. Iboge shapedpecimens were intentionally designed
for tensile testing in order to probe the stainless steel (S1), bronze (S2), and bimetal (S3) respons
respectively. The locations and dimensions of the miniature specimens are depicted id.Eigure
Moreover, an adtonal rectangular sample S4 with the dimensions 6214.5 mm
(widthl lengtH thickness) located at the brorgieel interface was extracted for the purposes of
conducting EDX and EBSD analysis, and to carry out residual stress evaluation usiDfCFIB

micro-ring-core drilling.

b) T Il
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Figure4.2. T-shaped sector of the bimetallic wheel with the indication of (a) specimen 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 stséssn curve was recorded simultaneoustyl a
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synchronously with the acquisition of higésolution images for subsequent digital image
correlation analysis to evaluate true strain distributi@8s [The images captured were processed
with the help of the opesource Matlakbased Ncorr v. 1.2 sevare described in7{]. Dedicated

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

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

YA
T 7 i e

Figure4.3. (a) The 3D model of theespoke grips compatible with the 1kN Deben MicroTest

stage for IRSEM tensile testing and (b) the appearance of miniature samples in SEM

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
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Linda Co. Ltd. , Budapest, Hungary) itssasmg 8
avoid the possibility of introducing additional residual stresses due to mechanical grinding and
polishing. The samples were mounted onto a metallographic holder with conductive carbon tap:
to avoid image drift during the scanning process. dpygearance of the bimetallic sample with
clearly visible interface and material discontinuities is illustrated in Figdre

The chemical element distribution in the vicinity of the brestanless steel interface was
visualized using Oxford Instrumerit§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
beam current 10 nA.

The Korsunsky focused ion beam rogre milling method 15 was used fo the
evaluation of residual stresses. The most suitable ion milling regimes were found and optimizec
empirically for the specific FIESEM equipment in accordance with the general good practice
recommendations7p]. The optimized regime for FHDIC microring-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@7] applied to the image sequences acquired during focused ion
beam micrering-core milling alows the detection of strains in the*01 & range occurring as
a result of unloading of core region from residual stresses present within the region of interest prio
to intervention. It is worth noting that sample preparation for EBSD studies reexaggstionally
smooth surface that removes contrasting features needed for robust DIC. Therefore, additions
contrasting pattern (fAFibonacci S u ngefiodiov e r ©
features, as illustrated in Figu4. The innerandoute di amet ers of the ri

em, respectively. Eacdepithgtwas egoahédt.ontt
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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 micraicgaoredngllthg dur i ng F

4.3 Results and Discussion

4.3.1 Surface structure analysis

A typical appearance of a SLM 3finted part surface is demonstrated in Figuéefor a
range of magnifications. Incommensurate chessboard scanning patterns are clearly seen, and t
two-wall bronzestainless steel interface was formed due to the connection between contour
perimeter scang the bronze andtainlesssteel regions. Surface defects including unmolten
powder particles, pores, cavities and splashes are visible in both neighboring zones. These defec
appear to be more prominently represented in the bronze zone, suggest8igvt&d-printing
parameters were not fully optimized for this latter material due to its lower laser absorbance anc
higher thermal conductivity. Both these factors predetermine local heating to perhaps lower

temperatures that impedes full fusion and goadigde 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 ghainlesssteelzone. Its
narrow and sharp tip appears to be arrested at themdBick contour wall, while the most widely
open segment is situated precisely at the interface. This suggests the scenatlogdrezeation
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 th
direction across the crack opening. The bottomaidample S4 illustrated in Figude4 contains
many rough defects pores and insufficient fusion appear to propagate to the depth of at least
hundreds of micrometers in both bronze atainlesssteelparts. The former has more defects
than the latterand the interface between the bronze and stainless steel can be expected to b
somewhat weak due the small number of bridging bonds between the counterparts. The defec
are the most detrimental for thin otharspesial | i k
design and technological measures need to be developed and applied in order to create sounc
bonded thin parts. The intense heat flow directed towards the printing support reduces the loce
temperature and tends to promote sintering wittikely short diffusion paths rather than melting

with better ziplike meandering interlocking between dissimilar materials due to the Marangoni
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effect. This weak interface at the bottom side of the sample may be associated with the most likel
anticipatel location of fracture. Therefore, the bottom side of the sample was choseiStKin
observation of mechanical testing to assure the visualization of stress concentration and the ons

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 pastielgss and pores.
EBSD maps reveal finer grains in the bronze and coarser grainsstathiessstes| 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 observe
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 cros:
sectional plane as in Figude7. Moreover, detailed elemental composition and grain parameters

for bronze andtainlesssteelregions are shown in Tabldsl and4.2

Table4.1l Bronze andtainlesssteelelemental 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 0
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 atainlesssteelgrains

Length, Width, Peri met Ar e a?
Bronze 806N 4. ¢ 48N 2.7 209N 15, 2849N 49.
Stainless Stee 13.64N 11, 758N 6.4 3745N 40| 9355N 229
MOS,° FEA,° Aspect ratio GOS *®
Bronze 140N 1.3 9543 50, 168N 0.4 061N 0. §
Stainless Stee  1.73N 1. § 9447N 48, 187N 0. ¢ 066N 0. ¢

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

Orientation Spread.

Stainless Steel

Bronze
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Figure4.7. (ab) Elemental content and-fbcrystallographic orientatiomaps of bimetal
bronzestainless steel interface (low magnification). The green box with name region of interests
(ROI) on Figured.7(a) indicates the region at higher magnification chosen for EDX and EBSD
maps illustrated in Figre 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@el@ments

distribution and composition map, (d) inverse pole figure map, and (e)r&afer

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

within the neatinterface band of ~16m width appear to be much finer (smaller thamm® than

thoseatgeat er di stances from the interimTakngwi t
into account the difference in the melting
(above 1500 AC), one can s ugg esenching frant melt) h e
prevailed for the 100m boundary | ayer regio
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and prevent grain growth in bronze. On the other hand, this process may facilitate grain growth ir
steel due to the heat transfer from bmzhen 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 tgte (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 stetisn data are shown in Table3which presents
the estimates of specimen stiffness for the toe and middle regions along with the values of th
ultimate tensile strength (UTS) and elongatiosrupture. The overall behavior could be reported
as brittle, sincelongationto-rupture values were small for all specimens studied.

a) - Stanless Steel b) - Bmetal Bronze
800
600

400

Stress, MPa

200

0 <
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

Sti(f;frllazss, Ultimate T'ar;saile 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
the 6toe regiond, since strain evaluation \
the reading of linear variable differential transformer (LVDT) semsather gauge, but instead
captures the material deformation within the field of viévis believed 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 be®vepowder 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 demonstratins
higher stiffness and strength, but still appears to be less stiff cechfmthe bulk counterparts
due to significant porosity. The appearance of fracture surfaces is given in FiQiréluch
higher integrity and signs of plastic flow and fracture (smoother areas) are characteristic for the
stainlesssteelspecimen. Fracte surfaces of the bronze and bimetallic (also at the bronze side)
speci men reveal numerous spherical particl e
mm) as wel | as cavities and pores between |
nmm) with relatively smooth surface. Tearing appears to be localized at rough sites at the surface c
a few globules suggesting that these were t

before fracture.
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Figure4.10. The appearance &facture 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 strengtl alongatiorto-rupture compared to the bulk
counterparts. Due to the internal porosity, the effective esesson is significantly reduced
compared the nominal cross section used in the calculation of stresses and related characteristit
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 tha
are otherwise difficult to activate for austenitic stainless steels. Despifgabence 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 modul
and ultimate tensile strength. The oVienaechanical 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 strenditmiting 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 testinghadgigital image acquisition and DIC pest
processing makes it possible to visualize the strain distribution and its localization, as exemplifiec
in Figure 4.11 and seen from the video clips provided as Supplementary Information. The
localization of strawas det ected at the distance of ab
of strain corresponding to 0.3 % which suggests satisfactory mechanical resistance of the bimet:
material despite the high density of porosity/discontinuity defects as desalibed. The final
fracture takes place on the side of the bronze material, indicating that the interface remains stror

enough to withstand external loading. This implies the existence of a bonding or bridging

109



mechanism that established a good connectibwdas immiscible metals, e.g., via mechanical
interlocking of asperities. The understanding of the sign and value of stresses along anc

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

strength.

."v':'?"fw 5* R A e
! Bronze 'r (M X F Stamless Steel

Interface

Rupture zone

500 pm 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-Axis, 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 FHgi2é).
The estimates of stress were calculated from the measured unloading strainthéaladges of
Youngds modulus and Poisson coefficient fo

directions of fast electron beam scanning &nd slow electron beam scanning @re not
110



rationally oriented with respect to the line of intedathe projections of the global stress
components wand, »on the locabbandwbaxes were computed to obtgidNjnd, Njs illustrated
inFigure412( b) . Tensile stresses of ~320 MPa wer
the interface (bronze side), sharply droppi
270 MPa at the 180 em distance. Ttdr the rupture e r v
zone revealed by EDX and DIC analysis. Mode
found on thestainlesssteel side near the interface, and in the zone that corresponded to the
subsequent rupture zone on the bronze side, as simofxigure 4.12(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  Gmmthefinterface;

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

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

involves the deposition of oO6rimd of bronze
3D printing. Subsequent deposition of the bronze hatching pla@dsvatumes 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 Edacd-e).
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Figure4.12. (a-b) The location of milled rings near interface with the respected coordinate
systems: (a) general view, (b) zoomed viewe)d he results of FEDIC residual stress analysis

and respect EBSD maps
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The origins of mechanical bonding between cogyzesed mateals such as bronze and
stainless steel are the subject of active debate in the literature.tblatemic scale investigations
of Cu diffusion within ironbased materials were conducted using TEM and atom probe
tomography (APT)T8]. 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 fir
06scall opbé interpenetrating boundary betweer
thestrengtlo f t hi s interface exceeds that of bulk

the interface.

4.4 Conclusions

Laser powder bed fusion 3printing as a technology intrinsically generates a complex
thermal history for a voxel of printe;dbmponentOne 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 wéh 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 allioysitu or fusion of immiscible mals
introduce even more complexity making fundamental research in this field a very challenging task.
Therefore, the development of technologies based on SLNrBifing of immiscible metals
requires the use of advanced characterization and testinggeebnand the optimization of
printing parameters becomes crucial to guarantee good quality of components having bic
mismatch of laser absorbance, solidification temperatures, shrinkage, heat capacity, density
thermal conductivity and linear expansion d¢oa#nt in case of stainless steel and bronze. The use
of different laser sources may be needed what is not always technologically applicable or

technically viableThe structure characteristics, mechanical performance at tension and fracture
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of a ready neshapecomponentvere studied bimetallic stainless stedlronze wheel fabricated
during trials of an original SLM 3fprinter. It was found that despite of noticeable amount of
rough printing defects such as undermelting (diffusion sintering), cavittep@es both stainless
steel and bronze parts and, what is the most important, their interface show acceptable integrit
and mechanical durability. Mechanical performance is characterized by specific type of stress
strain curve with initial stage of lowiness, 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 interfaderaits
vicinity. This leads to the propose pathways towards further improvement of bimetal joint
strengths through simple modifications of the SLM printing procedlirés.believed that the
deliberate increase of interface entanglement by meansiaiabselection of printing patterns

(creation of zigzag or meander motifs) will additionally reinfdiesinterface zone.

114



Chapter 5. Brazing Tungsten/Tantalum/RAFM Steel Joint for DEMO by
Fully Reduced Activation Brazing Alloy 48Ti-48Zr-4Be

Thischapter presents the development and characterization of a brazing process for joining
tungsten, tantalum, and Reduced Activation Ferhtartensitic (RAFM) steel, aimed at
applications in the DEMO fusion reactor. The DEMO (Demonstration Power Plait) 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 producingteigty from fusion on a commercial
scale, integrating advanced technologies such as tritium breedingeffigigncy power
conversion, and lonterm operation of plasmiacing materials. Its design emphasizes reliability,
safety, and scalability, pavirtige way for future fusion power plants to provide clean and abundant
energy. The study utilizes a novel, fully reduced activation brazing alloy -4&84it4Be) to
achieve robust joints with minimal radioactive-jpgoducts. Detailed microstructural anagysi
mechanical testing, and assessment of joint integrity are conducted to evaluate the performance
the brazed samples. The chapter discusses the effects of process parameters on joint quality &

explores the potential for scalable applications in fusgeghnology 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 839 DEMO will focus on the production
of electricity. It mustlemonstrate technological stability, safe power generation and reliable plant
maintenance. When designing such a plant, it is necessary to consider not only the physice
requirements, but also the technical and technological constraints. Operating paremid/10
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 solvec
before constructiad 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 expansiol
(CTE): (10.51 2 . 3'§K''fobsteel and (4B . 0 J®K'1f0r tungsten. A significant difference
causesdrge residual stresses during cooling, and as a result can lead to the destruction of the joit
[86,87. Usually, intermediate layers are used to suppress a mismatch oB8[TEn[DEMO, in

order to relieve these stresses, it is proposed to us@INW[[90], Ti [91], Cu [92], and Ta §3].

Nevertheless, it is necessary to select a reliable manufacturing technology. Several method
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, ar
the cost is lower compared with hot isostatic pressing et al. According to ITER experience, it is
also mportant to use a technology which allows local repair of damaged components during
production P8]. However, until now no fully reduced activation brazing alloy has been used, or
the strength of the joint was l0®9). Instead, scientists use nick&DD,101] or copper 102-104]
brazing alloys, although these materials do not fully satisfy the requirement of reduced activation
To address this problem, a fully reduced activation composition of4&4i4Be (wt.%) is being
explored. This alloy has previdysbeen successfully employed for brazing a-paksivating
tungsten alloy [18].

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 stesl is asheat
treated state, a high joining temperature leadd-ddransition during joining, so the steel is not
martensitic anymorelpP6]. This means that the joiningteep at ur e i s | i mited
the propertiesofhedatr eat ed RAFM steels significanitly
Not to spoil the steelsd microstructure du

simultaneously withhe 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 th
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 anc
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 gsroduced (F&L2Cr2W-V-TaB, wt. %)
(more information is presented elsewhet@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 s {
1 48Ti-48Zr-4Be wt. % (TiZuBe) 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 indukties [
115. TiZr4Be alloy has a good glass forming ability (GFA) produced by melt spinhir), and
a high GFA makes it possible to produce flexible foil by this spintesgnology. The alloy has
an amorphous state with a limited crystalline phase. The liquidus temperature of the alloy is clos
to 840 AC. The brazing alloy MMAs been inves
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 lessttmam#g. The
specimensvere fixed by a 200 g load that corresponded to 0.4 MPa. The gap between the bas
materials corresponded to the thickness of the brazing dlleybrazing process was utilized to
achieve the thermal heat treatment of thesteell 1 0 0 A C, 111& heatingfraéte)(VhA C
for the first step 40 AC/min, cooling rate
= 10 AT&is indicates that the brazing process performed simultaneously with the heat
treatment of the steel.

The microstructure was investigated on the cgesgions of the brazed samples by MTI
MMS500T metallographic microscope (MTI Corporation, USA) and JEOL-BBWOLV scanning
electron microscope with energy dispersive spectroscopy INGXCX (Jeol, Japan). Ettron

beam scattered diffraction analysis and diftigh-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 Instnits,eUK).

The specimens were prepared using a common metallographic procedure. For
metallographic microscopy the samples were etched with 20 %sHNRO % HF + 60 % glycerol
solution, and the etching time was8 5 to identify the structure of the brazedus and 20 s to
identify the steel 6s mi crostructur e. Bef ol
Technoorg 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 elté@h&lre[shear test
was selected to ensure that the joint would fail along the détm.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 processasse@hase
transformation or a joint degradation can ocdf(,12]. In this study, the thermocycling test
was conducted in an evacuated quartz ampoule under a dynamic vacpenl@f mmHg; to
suppress oxygen concentration, titanium getter was alededsinto the ampoule. Samples were
inserted into the ampoule and a thermocouple was as close as the samptées.study,
thermocycling was conducted under conditions closer to actual operating scenarios. Given that th
working temperature of RAFMstee i s | i mited to 550 AC, the |j
for the possibility of higher operating temperatuiidse ampoule was heated up in a tube furnace,
and after achieving 600 AC the ampul eAG@kas
temperature of 300 AC was selected to apprc
During shut down, the First Wall will be cooled down to the coolant temperd@2@e Figure 5.2
shows the schematic image of the thermocycling redgioer samples were subjected to the test,

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

In Section 5.2.2FEA of a specimemas conductedb optimize its geometry for further
investigationBrazed joints W/Ta/Rusfavas calculatetdy means of FEA in ANSYS Workbench
18. 2. The mechanical and physi cal p rPoopiesrstoinet
ratio, yield strength, tangent modulus, stregain curves, and coefficient of thermal expansion,

were taken fromJ23. Figure 5.3 shows the resulting dimensions of the joints.
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Figure 5.3. The dimensions of the first (a) and second (bgtramts for thermocycling tests

Figure 5.4 shows the generated mesh. The element size in the tantalum layer and near bo

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

symmetry axis

symmetry axis

x

I

(@) (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 fittimjoining temperature of 1108 to room
temperature of 22C was modelled according feigure5.5 thatshows the boundargonditions

for modeling.

% Thermal condition: £ Thermal condition:
E Ta  cooling the whole assembly z Ta cooling the whole assembly
£ from 1100 °C to 22 °C g from 1100 °C to 22 °C
Rusfer
g * Rusfer
L Zero displacement
x in'Y direction L Ze:rz: 312?::23;%(

@) (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

Figure 5.6 shows the micrograph of the whole-jaged sampleThe image in the area
close to the fillet region of the sampi@s 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 tantalun
The thickness of the layer increasdsser to the fillet, becausefigure6 a 50 Om f er
formed, but in the cent r dnthisSectoa, oglidal inzess of thenp | €
central area of the joint are presented, showing a thickness of approxima®l9 200m acr
different samples. This indicates that the ferritic layer formed during brazing with TiZr4Be is
significantly thinner compared to that observed withf@sed brazing alloys, where reported
thicknesseslliveanad2@app6wmx 24 ahedd/VW se@ronds ctegorized
into the following zones: (1) pure tantalum, (2) mechanical mixture, (3) thick dark layer, and (4)
pure tungsten. Additionallyg thin grain boundary depletion of pure tungsten was observed near

the Ta/TiZyBe/W brazed seam, as indicated by an arrow in Figure 5.6.

Rusfer Ta

Figure5.6. Full view of Rusfer/ Tal/W joint brazec

3 h brazing mode
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EBSD and EDS analyzesvere usedto investigate the seams more precisely.
Rusfer/TiZkBe/ Ta seams 6 anal y $.isbackscattpredectrennmagech i n
EBSD phase map;EDS maps. Because EDS analysis fails to reliably determine the concentration
of light elements (Be, B, H), Be distributiomas not presenEBSD analysis revealed thtite
Rusfer/TiZuBe/Ta seam consists of bEe, ZrC,TaxBe, ZrFe and bceTa phases. The same
microstructure was observed it25, but no accurate investigation was made there. A ZrC phase
formed in the Fdcc/ZrFe interface,no further appearance of it was observed, and the thickness
of the phase varied betweeri20 O aBe in Theform of sharp needles formed within ZrFes
amount varies in the seam, which can be related to the different gaps between base mategials duri
brazing. The ZrEgphase itself also dissolves Ti, Cr, Edongated grains after Zrfare bceTa
phases. According to EDS maps, strong interaction among the brazing alloy, steel and tantalur
occurred. Iron was fully distributed within the interactiagdr as well as titanium and zirconium.

In addition, tantalum was distributed within the interaction layer.

(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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Figure58 hows t he Ta/ WbaksctteredeleatnoreirhageEBSD phase
map, c¢g-EDS mapsEBSD analysis revealeithat the Ta/TiZBe/W seam consists of bda,
TaBe, tetragonalla (b-Ta), a solid solution based on BE; and ZrC. Formation of ZrC can be
related to the mixing of the melts between Rusfer/Ta and Ta/W seams throughout a fillet regior
[125 that occurs due to high wettability of the brazing alloy. The same morphology of e Ta
phase was observed while brazing Ta to barbide [126. Ta and W dissolved in the brazing
alloy melt, which is required for a firm brazed joint. The-icbased layer dissolved Zr, Ta, and
W, which also confirms good interaction. A magnified image of this zone is preserieire
5.9; the image was taken by ukhagh resolution SEM regime. Approximate position of the image

Is shown inFigure 5.&.

. 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 outlinedHhmy rectangle in Figure 8a in the
Ta/TiZr4Be/W seam

Fine bright grains and few dendrites formed on the background efib&y EBSD
analysis the grains were seen to be BacClear images of the Kikuchi lines were obtained only
when scanning phases larg  t h a rThigfineSmic@structure was likely to be formed during
cooling the joint ATadecayatchrdir® tofEphbse diagrtF[Such f T

a fine-grained microstructure was not observed during the brazing of {Ge Walloy [117].

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

tests and microhardness measurements.
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Shear Strength TestShear strengthvas determinednly for asjoined samples. Figure
5.10(a) shows the stresdisplacement curves of the tested samples. All samples failed along the
Rusfer/TiZzvBe/ Ta seam. Average shear strength 1is
MPa, whereas the highest isO1®IPa. The test scheme should be improved, because the relative
error of 15% is believed to be hight was calculated earlier that a minimum required shear
strength for W/steel joint in Water Cooled Lithium Lead blanket is 180 NBa though some
attenpts can be made to improve the strength of the joint. Figafgb) shows the SEM image
in secondary electrons of Rusfer/TiBe/Ta seam after the shear test. The failure occurred
throughout the TAe phase. Existence of Ta2Be phase profiles on thedaluface (pointed with
arrows in Figures.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
reduction of the brazing alloy melt while ugithinner foil. The Ta/TiZr4Be/W seam remained
unbroken after the test; hence, it is not necessary to prevent interaction of the melts from Rusfe

and W to prevent ZrC phase formation.

200 T T T T ¥ T ' T

180
| Se— <600 = 127420 MPa

she:

160 —
140
120

100 ~

c. MPa

80
60

40 -

0.5 06

Figure5.10. The results of shear strength test: (a) sttesgdacement curve3 he different
curves correspond to different test samplesRusfer/TiZiBe/Ta failure zone (secondary

electrons)
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Thernmal cycling Four different samples were subjected to varying numbers of
thermocycles: apined, 50, 100, and 20fycles.Degradation of the joint accumulated in the fillet
region and mostly between tungsten and tantalum which is shown in Figure 5.11. Some cracks ar
detachments are observ@dhe 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. Figishbvis 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 tt
same width and 1348 MPa when the tantalum layer is wider. This means that the geometry witl

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

w W
Tb 4 T
T, s
~ Rusfer Rusfer
100 pm

i
o PPV

Rusfer

(d)
Figure5.11. Optical image of the fillet region of the samples after thermocycling between 300
6 0 0 Uasjpoined, &)50 thermocycles, ()00 thermocycles, (P00 thermocycles
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Figure5.12. Contouplots 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 further. Figure
5.13 shows Rusfer/TiZr4Be/Ta seam. Microhardness in the layer 8306 HVO0.1 which
corresponds to therroeated Rusferd8], even when thermocycling microhardness dnest
decrease, t hough the temperature hi ghésr t |
microstructure. After the thermocycling, loss of martensite structure in layer 1 occurred. The scope
of this work was aimed at brazing rather than at the steatsbstiucture, so the stewhs not
studied in detail

Microhardness of ferritic grains in zone 2 is close to 170 HV0.1 in all cases frioned
to 200 thermecycled sample. No further growth of ferritic grains occurred. Ferritization and
further carbidd or mati on can be expected I f the ope
the ferritic | ayer forms during di f9%lusion b

Interaction layer 3 is quite hard: microhardness almost reaches 800 HVO0.1 anatdoes 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 n

further dissolution of other components was observed.
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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
the Rusfer/TiZsBe/Ta joint. The microhardness of tantalum in layer 1 i8asly the same as in
the Rusfer/TizxBe/Ta seam. The mechanical mixture obased solid solution with TBe phase
is close to 700 HVO0.1, which should be related to the beryllide phase, because the third layer i
softer and more characterized by 3@ HVO0.1. This spread of values can be related to the
complex microstructure of this layer, as presented in Fi§e The microhardness of pure
tungsten is-420 HVO0.1. The microhardness in this joint is higher than for the joints with vanadium
interlayer @ad amorphous Gbased brazing alloy, where the microhardness in the interaction zone
lies in the range between 200 HVO0.1 [L0J. Thermocycling did not lead to any change in the

microhardness qualitative and quantitative profile.

100 pm 100 pm

100 pm i85 5 - 100 pm

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

200 thermocycles
129



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

Comparing with Rusfer/V/W joints obtained using-Tiu[111] and CuGe [104] rapidly
solidified into foil brazing alloysmicrohardness values in the Rusfer/TiZrBe/Ta/TiZrBe/W joint
were higher.

EDS analysiswas carried out forthe phases forming the seams to check if the
thermocycling affects the phase composition. SEM images of {ioenasl and 200 thermoycled
seams ar@resented in Figurb.15 (Rusfer/Ta) and Figurg16 (Ta/W). Tableb.1 presents the

guantitative analysis of the points.
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