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Abstract 

The ever-growing demand for high-performance materials in the aerospace, automotive, 

and biomedical sectors has driven the development of advanced alloys with superior mechanical 

properties and durability through the evolution and application of progressively more refined, 

high-resolution analysis tools. One such tool is the focused ion beam (FIB) that not only offers 

special contrasts (e.g., ion channeling) in scanning microscopy, but also allows material removal 

and deposition at the nanoscale, thus adding nanomachining to the nanomanipulation and 

nanoimaging capabilities of the scanning electron beam instruments.  

The present thesis is devoted to the systematic use of the focused ion beam - scanning 

electron microscopy combination (FIB-SEM) for the study of the microstructure-micromechanics 

relationships in advanced alloys, including those of aluminum, stainless steels, and bimetallic 

combinations of bronze-stainless steel, manufactured and processed by the techniques such as 

selective laser melting (SLM) and shot peening. 

Utilizing advanced FIB-SEM techniques, the relationship between the microstructure and 

residual stresses and their evolution during to loading and processing was elucidated. The Ga-ion 

FIB-DIC (Digital Image Correlation) method, also known as the micro-ring-core ion milling 

technique was employed to determine the residual stress profiles at the microscale as a necessary 

first step to obtain the insight into the effect of these stresses on the mechanical properties, such 

as the monotonic and cyclic strength. The results obtained were cross validated against other non-

destructive methods, such as X-ray diffraction (XRD) and laser speckle interferometry. 

One of the key bimetallic systems investigated in this study was the bronze-stainless steel 

(Br-SS) combination, obtained via laser powder bed fusion (LPBF). The microstructure and 

residual stress profiles of these systems were characterized through the combination of electron 

backscatter diffraction (EBSD) and FIB-DIC residual stress evaluation, with in situ SEM tensile 

testing. The micromechanical properties of these alloys were examined, including hardness and 

the ultimate tensile strength (UTS). The results obtained highlight the role of interfacial bonding, 
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thermal expansion mismatch, and microstructural defects in determining the material mechanical 

performance. 

Another study of the microstructure-micromechanics relationship of practical importance 

was related to the construction of the DEMO fusion reactor that requires the development of 

reliable technology to obtain high-quality joints between the plasma facing tungsten and reduced-

activation ferritic-martensitic (RAFM) steel of Rusfer type. To suppress the difference in CTE, 

new intermediate brazing layers are being proposed, such as the reduced activation alloy  

48Ti-48Zr-4Be wt. %. Multil ayer joint microstructure based on this braze was mapped in detail 

by EDX and EBSD, both before and after 200 thermal cycles at 300-600 ÜC. The observations 

were related to the apparent joint shear strength that was determined by mechanical testing.  
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Chapter 1. Introduction 

In the rapidly evolving fields of aerospace, automotive, and biomedical engineering, the 

demand for advanced materials with superior mechanical properties, durability, and resilience 

under extreme conditions is ever-growing. Advanced alloys, such as titanium and stainless steel, 

as well as innovative bimetallic combinations like bronze-stainless steel, have gained prominence 

due to their ability to meet these stringent requirements. However, understanding the fundamental 

relationships between their microstructure and micromechanical behavior remains a critical 

challenge in materials science, particularly as manufacturing processes become more complex and 

tailored to specific applications. 

The performance of these alloys is heavily influenced by their microstructure, which 

evolves during manufacturing processes such as selective laser melting, shot peening, and other 

additive manufacturing techniques. These processes induce residual stresses, alter grain 

morphology, and affect the mechanical properties of the alloys in ways that are not always 

predictable. Consequently, a detailed investigation into the microstructure-micromechanics 

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. By combining FIB milling with DIC 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 micro-defects, which are crucial to understanding 

material failure mechanisms. 

The present PhD thesis project entitled ñA FIB-SEM exploration of the microstructure-

micromechanics relationship in advanced alloysò was conceived and executed as a collection of 

experimental and computational studies in which the exploitation of the capabilities offered by 
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FIB-SEM microscopy played a central enabling role. Out of the large range of studies performed 

in the course of the doctoral project, three most remarkable studies were selected in which the 

authorôs contribution was the most significant. The core idea that motivated this selection was to 

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 microstructure-micromechanics relationship 

in advanced materials is increasingly demanded in the research and industry context in order to 

underpin the mechanical and functional performance of engineering devices based on metallic 

alloys, ceramics, polymers and composites etc. and their hybrid combinations, processed by 

existing and emerging fabrication methods, e.g. additive manufacturing (3D printing) by laser 

powder bed fusion or wire arc welding. 

The instrumental platform at the center of the current exploration is the FIB-SEM (ñdual 

beamò) microscope that combines the high resolution (better than 1 nm) scanning electron imaging 

with high precision (better than 10 nm) ion beam milling for surface modification and material 

removal. Particular advantages are offered by the high brightness FEG (field emission gun) 

electron sources in combination with a diverse range of specialized detectors, like electron back-

scatter diffraction, energy-dispersive X-ray spectroscopy (EDX), time-of-flight secondary ion 

mass spectrometers (TOF-SIMS), cathode luminescence (CL) and electron beam induced current 

(EBIC) counters, as well as auxiliary equipment such as in-SEM loading rigs (nanoindenters and 

miniature universal mechanical testing machines), heaters and nanomanipulators. In combination, 

these detectors and sample environment devices provide unprecedented possibilities to design and 

conduct advanced in situ and operando experiments facilitating direct observation, mapping and 

overall combined characterization of the structure and mechanical parameters and properties in the 

course of thermal and mechanical loading.  

This thesis presents a set of illustrative examples and practical realizations of advanced 

FIB -SEM techniques that allow the exploration of the microstructure-micromechanics 
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relationship. The design of each experiment of such kind demands careful consideration of a 

number of interrelated issues and steps. Some of the central and related issues that require being 

addressed included the following: 

¶ design of in-SEM mechanical testers allowing synchronized loading and SEM imaging, 

with DIC interpretation for strain evaluation; 

¶ sample and specimen design for in-SEM mechanical testing; 

¶ 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 surface preparation for EBSD studies of the grain structure and phase composition; 

¶ surface preparation and patterning for FIB-DIC micro ring-core ion milling technique to 

determine the residual stresses at micrometer scale; 

¶ selection of the location for micro ring-core pattern milling; 

¶ synchronization of micro ring-core 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 residual stress variation. 

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

comprehension of the structure-mechanical performance interrelation at the micron scale, helping 

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

to maximize the beneficial impact for the economy. 

 

1.1 Aims and Objectives 

The aim of the present study is to undertake a thorough FIB-SEM exploration of the 

microstructure-micromechanics 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 provided by the focused ion beam for the evaluation of structure and residual stresses. 

 The principal objectives of the present Thesis were formulated as follows: 

1) Develop and apply FIB-SEM-based microanalysis methods for the combined 

characterization of the composition, microstructure, deformation behavior and residual 

stresses in metallic alloys, including those obtained by additive manufacturing. 

2) Apply DIC analysis for the determination of stress-strain curves of miniature tensile 

samples inside the SEM, and perform comparative analysis of the results vs conventional 

extensometry techniques. 

3) Apply the improved adaptation of the FIB-DIC micro-ring-core milling technique for the 

determination of Type I+II+III residual stresses and compare the results with other 

experimental techniques: X-ray diffraction and the contour method. 

4) Perform detailed combined microstructural and micromechanical analysis of bimetal 3D-

printed interfaces between immiscible metallic alloys and thus explain the observed mode 

of fracture that determines the limiting strength of this bimetal combination. 

5) Performed detailed combined microstructural and micromechanical analysis of complex 

multi-material brazing joints to aid the task of optimizing its structural integrity under 

complex mechanical and thermal loading. 

 

1.2 Thesis structure 

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

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

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

optimization of advanced alloys. 

In the context of the above approach, Chapter 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 in-SEM mechanical testing are employed in application 

to the Al-Si-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 industry. FIB-SEM-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. Furthermore, the complexity of the residual stress 

state composed of macro-, meso- and micro-contributions (Type I, II and III) could be analyzed 

due to the sensitivity of the FIB-DIC method to micro-scale effects, and could also be compared 

with the results obtained using other methods of residual stress evaluation, X-ray diffraction and 

the contour method. 

Chapter 4 reports the determination of residual stresses using FIB-DIC (in combination 

with EBSD imaging and in-SEM mechanical testing) to investigate the 3D-printing of immiscible 

alloys (stainless steel and bronze), often used in combination in nozzle apparatus. 

In Chapter 5, residual stress determination using FIB-DIC micro ring-core ion milling 

technique was used for the study of the interface between dissimilar metals, this time for 

multilayered brazed joints between plasma-facing refractory metal (tungsten) and radiation-

resistant steel of the Rusfer type.  

The findings from this research will contribute to the broader goal of optimizing 

manufacturing processes for advanced alloys, improving the control of residual stresses, and 

enhancing the mechanical reliability of critical components. In doing so, this work aims to bridge 

the gap between microstructure and material performance, ultimately aiding in the development 

of more robust and durable materials for high-performance applications. 

Chapter 6 draws conclusions from the research results presented. In particular, the novelty 

of the methodology developed and presented is clearly identified, and the results obtained are 

assessed in this regard. Furthermore, the outlook for research in the chosen area of study and 

related fields is presented. 
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Chapter 2. Literature Review 

The ever-increasing pace of materials discovery and manipulation through computer-

driven prediction and search coupled with neural net and artificial intelligence opens up 

unprecedented opportunities for the creation of new materials technologies. However, even the 

most successful and most advanced computational frameworks are only as good as their validation 

against experimental data ï without it, there always remains the danger of obtaining ñlife-likeò 

predictions that are only similar to the reality but may overstep the boundary of deviation that 

separates success from disaster. In the context of elaboration of the new materials technologies, 

experimental testing for validation continues to be one of the most expensive steps in terms of 

money, time and resource. 

Researchers have proposed and explored different possible avenues for the improvement 

of workflow for materials characterization to underpin technological developments. One of the 

most promising pathways lies through miniaturized sample testing, for multiple reasons. Firstly, 

reports in the literature [1-5] show that macroscopic material properties such as fatigue strength, 

creep resistance etc. depend on microstructure and micromechanics. Secondly, it is also apparent 

that microscale materials characterization leads to an overall reduction in cost and labor compared 

to full scale tests that involve expensive facilities, large expenditure of energy and material, the 

use of highly trained specialized staff, etc. 

In Gianola et al. [6], the authors present some progress made in the field of high-throughput 

miniature scale mechanical 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 the 

material technology development cycle (Figure 2.1). 
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Figure 2.1. (a) Automation as a crucial tool in increasing the reliability of lower fidelity testing 

and making higher fidelity tests more achievable. (b) Advantage of medium fidelity 

computations during down-selection of candidate materials. This image was reproduced from 

Gianola et al. (2023) [6] 

 

Such methods as hardness testing are classed as low fidelity, but suitable for providing fast 

low-cost data during the early stages of material discovery and selection. Further progress, 

however, requires high fidelity experiments, such as the tests for creep, fatigue, and fracture 

properties, which are more time- and resource-consuming in comparison.  

The present thesis embraces the paradigm of miniature scale testing and presents examples 

of the results that can be obtained in this way to assist the materials technology development 

agenda. This 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 vacuum chamber, showing a miniature 

mechanical testing rig 1 kN Deben MicroTest (Deben Ltd., Suffolk, UK) 

 

  Electron Back-Scatter Diffraction is a technique widely employed for the study of 

polycrystal morphology. Spatially resolved information can be extracted for phase determination, 

grain orientation (micro-texture) and size distribution, as well as strain analysis, etc. Present day 

instruments achieve the angular precision better than 0.1Á for the determination of neighboring 

grain misorientation, with the spatial resolution of 100 nm. 

The physical principle underlying EBSD analysis is the interaction between a focused 

bunch of electrons with the near-surface material regions within the sample that may cause 

deflection and scatter of the incident electrons. Elastically scattered (i.e. without any energy loss) 

diffracted electrons produce striking Kikuchi patterns that can be captured by a suitable detector 

and interpreted using mathematical algorithms such as Hough transform to determine various 

properties of the crystal being examined. 
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DIC provides a non-contact means to measure the deformation of a specimen at its surface. 

DIC uses image-based sub-pixel tracking algorithms to obtain displacement maps from a sequence 

of digital images. DIC interpretation of an operando (during loading) digital imaging dataset 

consists of the following steps: (1) depositing, creating or discerning on the sample surface of a 

pattern suitable for tracking, (2) capturing a sequence of digital images in the course of operando 

experiment, and (3) analyzing the sequence of images to extract evolving displacement maps of 

the sample surface. 

  The idea of using a circular drill bit geometry for obtaining ring-core cut geometry and 

performing minimally invasive evaluation of the local residual stress seems to have first appeared 

in the work of Keil in 1992 [7]. By introducing the use of FIB for nanoscale material removal this 

concept was taken to the finest scale in the work of Korsunsky et al. published in 2009 [8].  

  Micro-ring-core ion milling methodology provides a highly efficient way of characterizing 

the residual plane stress state at sample surface at the micro- to nanoscale. Experimentally, the 

method consists of cause strain relief at sample surface by cutting off material connections using 

ion milling and monitoring the relief strain within a well-defined micropillar-shaped gauge 

volume, using scanning electron beam imaging and DIC analysis. The curve of strain relief vs 

depth of ion milling thus obtained is then fitted with an approximating function (ñmaster curveò) 

derived as a numerical expression that provides a close agreement with the numerical simulation 

results [9]. 

  FIB-DIC is an approach that has matured since its first introduction in 2009, notably 

through the large collaborative project called iStress. In the course of this project many laboratories 

at European universities and industrial companies exchanged samples, protocols and data to 

compare and improve the outcomes of experiments and analysis, so as to achieve consistency of 

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

Physical Laboratory (NPL UK) GPG-143 entitled ñA good practice guide for measuring residual 

stresses using FIB-DICò [10]. 
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  The preparation and writing of the present Thesis has relied in many aspects on the use of 

microanalysis tools, such as EBSD+EDX, operando DIC mapping of strains at the microscale that 

evolve under the application of external forces, and FIB-DIC analysis of strain relief during micro-

ring-core ion milling for local residual stress evaluation.  

  The systematic application of this combination of techniques and approaches is novel and 

has not as yet been encountered in the national and international literature. This provides the 

motivation and justification for the choice of Thesis topic. 

 

2.1 Microstructure-Micromechanics Correlation 

The microstructure-micromechanics relationship plays a pivotal role in determining the 

overall performance and durability of metallic and composite materials, especially those fabricated 

via advanced manufacturing techniques such as LPBF. The term microstructure refers to the 

distribution, size, orientation, and shape (morphology) of grains, phases, defects (pores, cracks) 

and precipitates within a material. Micromechanics is a term describing the mechanical behavior 

at the microscale and includes phenomena such as plastic deformation, dislocation glide and climb, 

and crack initiation at grain boundaries or interfaces. 

The microstructure-micromechanics correlation essentially explores the effect of 

variations in the material microstructure induced by the process condition affect the local 

mechanical behavior and, ultimately, the macroscopic (bulk) mechanical properties, including 

tensile strength, fatigue resistance, toughness, and hardness. 

Additive Manufacturing (AM) processes (e.g., LPBF) are characterized by the rapid 

heating and cooling rates, directional solidification, and high thermal gradients. The present 

section discusses the mechanisms through which the microstructure is formed and how it 

influences the micromechanical behavior, focusing on the different aspects of the grain structure, 

phase distribution, and defects that correlate directly with the local mechanical responses. 
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2.2 Fundamentals of the Microstructure-Micromechanics 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 the 

presence of dislocations and other defects. These characteristics affect the mechanical 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 micromechanical mechanisms that 

affect strength are: 

Dislocation nucleation, interaction, movement and annihilation: The ease with which 

dislocations can appear, move, tangle and form locks, pile-ups etc. impacts yield strength, 

hardenining and ductility. 

Grain Boundary Effects: Grain boundaries can act as barriers to dislocation motion, 

influencing toughness and yield strength, e.g. through that Hall-Petch relationship. 

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

affect the stress distribution and evolution during deformation. 

 

2.3 Methodologies for Studying Microstructure-Micromechanics Correlation 

Recent advancements in the characterization and modelling techniques improved 

significantly the capabilities for the study of the microstructure-micromechanics relationships. 

Key methodologies include: 

Focused Ion Beam - Scanning Electron Microscopy. FIB-SEM combines focused ion beam 

milling with scanning electron microscopy to provide high-resolution imaging and analysis of 

microstructures. This technique allows : 

¶ 3D Reconstruction: FIB-SEM can create detailed 3D models of microstructures, enabling 

insights into spatial relationships between different phases and defects. 
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¶ In Situ Mechanical Testing: By integrating mechanical testing capabilities within  

FIB-SEM, researchers can observe deformation mechanisms in real-time. 

Correlative Mechanical Microscopy. This approach combines various analytical 

techniques such as EDX and EBSD with nanoindentation mapping. This enables: 

¶ Simultaneous Measurement: Researchers can measure mechanical properties while 

characterizing microstructural features, providing direct correlations between structure and 

performance. 

¶ Grain Anisotropy Analysis: Understanding how grain orientation affects mechanical 

properties is facilitated through this integrated approach. 

Finite Element Analysis (FEA). Numerical simulations using FEA allow for the modeling 

of stress-strain behavior based on actual microstructural data. This method helps in: 

¶ Predicting Mechanical Behavior: By incorporating realistic microstructural models into 

simulations, researchers can predict how changes in microstructure affect macroscopic 

properties. 

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

potential failure sites within complex microstructures. 

 

2.4 Influence of Grain Structure on Micromechanical Properties 

One of the most significant aspects of microstructure that affects micromechanics is the 

grain size and orientation. In LPBF processes, the grain structure tends to develop based on thermal 

gradients and the rate of solidification during processing. The most common microstructural 

features in LPBF-fabricated parts include: 

Columnar Grains: These are elongated grains that grow along the build direction due to the 

temperature gradients during solidification. Columnar grains tend to cause anisotropy in 

mechanical properties, where the material exhibits different strengths and stiffness along different 

axes. 
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Equiaxed Grains: These grains, which have approximately equal dimensions in all 

directions, are more desirable for isotropic mechanical properties. Equiaxed grains are often 

achieved through process optimization or post-processing techniques like heat treatment. 

Smaller grain sizes, especially in equiaxed forms, contribute to higher strength according 

to the Hall-Petch relationship, which states that smaller grains hinder dislocation movement, 

leading to an increase in the materialôs yield strength. This phenomenon is particularly evident in 

materials 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 grain boundary 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 critical role in determiningn the 

micromechanical properties. In LPBF-processed metals, the rapid solidification process can lead 

to the formation of non-equilibrium phases or supersaturated solid solutions. These phases can 

either strengthen or weaken the material, depending on their nature, size, and distribution. 

Precipitates: In precipitation-hardened alloys, precipitates act as obstacles to dislocation 

movement, significantly increasing yield strength and hardness. However, these precipitates must 

be finely distributed and coherently aligned with the matrix to be effective. 

Intermetallic Phases: The formation of brittle intermetallic phases, often observed in 

bimetallic systems or alloys containing elements like copper, nickel, or zinc, can degrade 

mechanical performance by acting as crack initiation sites. 

Solidification Segregation: Uneven distribution of alloying elements due to rapid 

solidification can result in areas with different mechanical properties, leading to localized stress 

concentrations that affect the micromechanical response under loading. 
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In terms of micromechanics, the interaction between dislocations and second-phase 

particles (such as precipitates or intermetallics) is a key mechanism. Particles impede dislocation 

movement, resulting in work hardening and improving overall strength, but too many brittle phases 

can lead to 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 inherent to LPBF 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 entrapment 

during the LPBF process, leads to stress concentrations under loading. These pores can act as 

nucleation sites for microcracks, reducing fatigue resistance and tensile strength. 

Cracks: Cracks can either form during solidification (hot cracking) or after the part has 

cooled due to residual stresses. Cracks at the microscale level severely compromise the materialôs 

ability to withstand mechanical loading. 

Residual Stresses: Residual stresses arise due to the thermal gradients during LPBF. 

Tensile residual stresses are particularly harmful as they can exacerbate the propagation of cracks 

under applied loading. Residual stresses are known to reduce fatigue life and fracture toughness, 

making stress-relief treatments necessary in many applications. 

Micromechanical analyses of LPBF-processed 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 of Post-Processing on Microstructure-Micromechanics Correlation 

Post-processing treatments such as heat treatment, hot isostatic pressing (HIP), and surface 

treatments can substantially alter the microstructure and improve the micromechanical properties 

of LPBF-fabricated parts. 

Heat Treatment: Heat treatments are used to refine grain size, reduce residual stresses, and 

alter phase distribution. In aluminum alloys, heat treatment can dissolve coarse intermetallic 

phases and promote the formation of fine precipitates, enhancing strength and ductility. 

Hot Isostatic Pressing: HIP is often employed to eliminate porosity in LPBF components, 

improving density and fatigue resistance. By applying both heat and pressure, HIP can close 

internal voids, reduce residual stresses, and homogenize the microstructure, resulting in superior 

mechanical performance. 

Surface Treatments: Surface treatments, such as shot peening or laser peening, induce 

compressive residual stresses on the surface, improving fatigue life and resistance to crack 

initiation. 

By modifying the microstructure, post-processing treatments directly influence 

micromechanics, particularly by improving dislocation movement, reducing defect-induced stress 

concentrations, and enhancing the materialôs resistance to crack propagation. 

 

2.8 Importance of Microstructure-Micromechanics Exploration in Advanced Alloys 

Advanced alloys are engineered to exhibit superior mechanical, thermal, and corrosion-

resistant properties. These materials are used in high-stress environments such as aerospace, 

automotive, and nuclear industries, where mechanical integrity is crucial. The microstructure of 

these alloys-comprising grains, phases, and defects-dictates their mechanical behavior, including 

strength, ductility, and resistance to failure mechanisms such as fatigue and fracture. 

Understanding the microstructure-micromechanics relationship in these alloys is key to 

improving their performance. Techniques like FIB-SEM provide the detailed resolution needed to 
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correlate microstructural features with micromechanical phenomena such as dislocation 

movements, grain boundary sliding, and crack propagation. This makes FIB-SEM an 

indispensable tool for studying the performance of advanced alloys. 

 

2.9 Additive Manufacturing 

Additive Manufacturing (AM), also widely referred to as 3D printing, differs from 

conventional subtractive manufacturing in several important respects, primarily through the 

systematic use of phase change to add material to the workpiece being built. AM offers a 

fundamentally new approach to the direct fabrication from 3D computer model of components 

characterized by complex, near net shape. Unlike subtractive manufacturing that employs material 

removal to extract an object of desired shape, AM uses layer-by-layer material addition according 

to an algorithm prescribed by the computer. This common approach can be realized in a variety of 

ways some of which are listed for illustration. Stereolithography (SLA) is a process that involves 

the solidification of a liquid polymer (resin) 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) or 

Selective Laser Melting (SLM) are processes that fuse powdered materials using the energy of 

laser beam. Further techniques of AM with metals include direct metal laser sintering (DMLS) and 

electron beam melting (EBM) further extend the methodology to the production of high-

performance components for demanding applications requiring high temperatures and mechanical 

loads. 

The versatility of AM means that it is being considered or employed in several industries 

such as the aerospace and energy generation. AM technologies enable the production of 

geometrically complex parts that have the potential to enhance fuel efficiency and performance. 

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

and prostheses, such as dental pieces made for individual patients that improve the outcomes of 
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interventions. In the automotive sector, AM helps accelerate the design cycle while enabling the 

creation of custom parts to optimize vehicle performance. In the manufacturing of consumer goods 

AM has been used to formulate and create personalized products and enable on-demand 

production, while in the construction industry large-scale 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 fabricate by machining. The efficiency of 

material use is a critical advantage, since layer-by-layer material addition ensures that material is 

added only where necessary, thus significantly reducing material waste in comparison to 

traditional manufacturing.  Another 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 addressed. 

Although the range of materials 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 of AM-produced 

parts often require improvement by post-processing 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, particularly in critical 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 Industry 4.0 aspects 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 industrial fabrication 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 Sintering (DMLS), occupies a particular place in the arsenal of AM techniques as 

perhaps the most advanced and precise AM technique available today. LPBF is capable of 

producing complex, high-performance metal components required in the industries that require 

ensuring highest material properties in complex geometries. The process involves the sequential 

melting within fine metal powder layers using a high-powered 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 industries 

that require excellent strength-to-weight ratios, thermal resistance, and corrosion resistance. For 

instance, aerospace manufacturers employ LPBF to produce lightweight yet robust components 

for jet engines such as compressor and turbine blades, while in the medical context LPBF is used 

to fabricate patient-specific 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. These features are in 

particular demand for industries requiring weight reduction and material efficiency, such as the 

aerospace and other transport sectors. LPBF is well-suited to on-demand manufacturing, as it helps 

reduce lead times and inventory requirements, thereby supporting agile supply chains. 

LPBF process is inherently energy-intensive, whilst high thermal gradients induced by 

laser melting can give rise to residual stresses and distortion in larger parts. To mitigate these 

effects, process control and post-processing 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 
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stringent requirements for inert gas environments and powder recycling, can be prohibitive for 

small scale manufacturers. 

Advances in laser technology, scanning strategies, and real-time monitoring are enhancing 

process stability and part quality. The development of hybrid systems that combine LPBF with 

subtractive manufacturing techniques and innovations in multi-material printing are further 

broadening the scope of LPBF applications. Moreover, efforts to improve powder formulations 

and recycling methods are reducing material costs and environmental impacts. 

Laser Powder Bed Fusion (LPBF) remains a benchmark for precision and performance in 

AM. Particular attention in the present thesis is devoted to advancing the understanding of the 

microstructure and micromechanics of LPBF-produced parts. 

  

2.11 Process-microstructure 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 the 

resulting microstructure and residual stress. The peculiarity of LPBF lies in the rapid thermal 

processing that results in unique microstructural features affecting the mechanical, thermal, and 

functional properties of the fabricated components. Understanding and optimizing these process-

microstructure relationships is key to achieving the desired material performance in demanding 

applications. 

The part thermal history during LPBF is a critical factor that determines the resulting 

microstructure. The process is characterized by steep thermal gradients and extremely rapid 

cooling rates, often exceeding 106 K/s. This typically leads to the formation of fine-grained 

microstructures that enhance strength and hardness but may also introduce significant structural 

gradients and residual stresses that decrease ductility. Residual stresses stem from thermal and 

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 



37 

 

deformation and gives rise to inherent strains (eigenstrains) that serve as the sources of residual 

stress, reduce the dimensional accuracy and mechanical reliability of parts, and necessitate 

additional post-processing treatments (annealing, stress relief). 

The laser power and scanning speed directly impact the melt pool behavior, govern the 

grain growth and the evolution of phase content. Excessive laser energy or low scan speed may 

result in keyhole formation due to overheating that leads to porosity and ductility reduction. 

Conversely, insufficient laser energy or excessively rapid scanning produces lack of fusion defects 

between layers, also weakening the part. Careful selection of optimal parameter combinations is 

required to obtain reliable properties. 

Directional heat flow during LPBF leads to columnar grains becoming aligned along 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 application of advanced scanning strategies, such 

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

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

mechanical performance. 

Rapid solidification during LPBF also affects the phase composition, often suppressing 

transformations and leading to the formation of metastable phases or supersaturated solid 

solutions. For example, in titanium alloys such as Ti-6Al-4V, fast cooling promotes the formation 

of Ŭ and Ŭǋ martensite phases that enhance strength but reduce ductility. Tailoring cooling rates or 

introducing post-build heat treatments allows balancing the microstructure, converting martensite 

to a mixture of Ŭ- and ɓ-phases for improved combination of strength, toughness and fatigue 

resistance.  

Process-induced defects are another important aspect of LPBF microstructure, and are 

discussed in further detail below. Presently it is worth noting that even when LPBF produces high-

density parts, defects such as pores, lack-of-fusion, and cracks may still be present, e.g. due to 



38 

 

extreme residual stresses. Minimization of porosity can be achieved by adjusting parameters such 

as hatch spacing, laser power, and scan speed, while transient thermal stresses can be alleviated 

through techniques such as preheating of the build plate or post-processing stress-relief annealing. 

The presence of defects not only reduces the mechanical performance, but can also impair other 

properties, such as corrosion resistance in materials like stainless steel, or magnetic properties in 

soft magnetic alloys, such as Fe-6.5% Si. Hot isostatic pressing (HIP) are often used to close 

porosity and homogenize the microstructure, enhancing both strength and durability. 

For high-temperature applications, such as those in aerospace and energy sectors, the 

microstructure must resist grain coarsening and phase instability, placing additional demands on 

material selection and process control. For example, high temperature alloys such as nickel-based 

superalloys benefit from fine, stable microstructures, but require tailored post-processing to 

control ultrastructure composed of the precipitates of the ordered gamma-prime phase that confers 

the required strength and creep resistance on the material. 

Further advancements in LPBF include real-time process monitoring, in situ thermal 

management, and hybrid manufacturing approaches. The development of new alloys-by-design 

for Am and specifically for LPBF is a particularly demanding area of research aiming to achieve 

unprecedented performance and to unlock new applications from lightweight aerospace 

components to patient-specific medical implants. 

  

2.12 Defects 

LPBF grown parts are prone to a variety of defects that can compromise the density and 

continuity, mechanical properties, and performance. Understanding these defects and how they 

arise is crucial for improving the process and ensuring that the parts meet the required standards. 

Porosity is a common type of defect that is characterized by the presence of voids or gas-

filled pockets within the material, which may have formed as a result of incomplete melting, gas 

entrapment, or evaporation. Porosity can occur due to insufficient or excessive energy input from 
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the laser, powder agglomeration, 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 reduces the strength and 

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 thermal stresses generated by rapid heating and cooling 

cycles inherent in the LPBF process. During cooling the material undergoes contraction, 

generating internal stresses that can lead to the formation of cracks, particularly in parts with large 

cross-sections or complex geometries. Additionally, residual stresses can accumulate in areas of 

the part where the temperature gradients are particularly steep. 

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

that fail to fuse properly with the surrounding layers. This phenomenon is typically caused by an 

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 titanium alloys, more prone 

to forming droplets. Balling not only leads to a poor surface finish but also causes local weakening 

of the part. When surface quality is critical, e.g. for medical implants or precision tooling, balling 

can render a part unfit for use. 

Overheating and excessive melt pool size are defects that can occur when the laser power 

is too high or the scanning speed is too slow, resulting in excessive line energy density and leading 

to enlarged melt pool. Larger melt pool also leads to more significant thermal stresses, contributing 

to warping or cracking. The key to avoiding overheating is careful control over laser parameters, 

particularly the power, scan speed, and their ratio, as well as hatch spacing, so that the energy input 

ensures good bonding 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 speeds that 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 issues when building larger or more complex parts 

using LPBF. Warping occurs when internal stresses within the material, caused by non-uniform 

cooling rates or uneven thermal gradients, cause the part to deform as it cools. These deformations 

can result in dimensional 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, causing differential 

heating. Warping can often be minimized through careful part orientation on the build platform, 

use of support structures, or optimized scanning strategies. In some cases, post-processing steps 

such as heat treatment or machining may be required to bring the part back within specification. 

Surface roughness is another inherent issue with the LPBF process. The layer-by-layer 

deposition method leaves a textured surface that can be quite rough, particularly if the process 

parameters are not optimized. Factors such as high scan speeds, improper hatch spacing, or poor 

powder quality can all contribute to an uneven surface finish. The surface roughness can be 

detrimental, especially for parts that require smooth finishes for functionality or aesthetic reasons, 

such as in medical implants or high-precision machinery. In these cases, post-processing 

techniques such as grinding, polishing, or machining are often used to improve the surface quality. 

However, excessive surface roughness can increase the need for post-processing, adding both time 

and cost to the overall production process. 

Addressing these defects requires a comprehensive understanding of the LPBF process and 

its variables. Optimizing process parameters such as laser power, scanning speed, and layer 

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 occurrence of defects like porosity, cracking, 
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and lack of fusion. Post-processing 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, ongoing research and development efforts are focused on improving the 

precision and reliability of the process, making it increasingly viable for high-performance 

industrial applications. 

  

2.13 Bimetal combinations 

3D printing of bimetals involves the use of two different metals in a single print and 

introduces a set of unique challenges compared to traditional single-material 3D printing. The 

primary complexity lies in the differences in the physical, chemical, and thermal properties of the 

two materials that affects the printing process and the final product. The 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 and alloy compatibility 

require careful control to ensure that the two materials can bond effectively without forming 

undesirable phases or defects. Achieving a strong and consistent interface between the metals is 

crucial for the mechanical performance of the printed object. Post-processing, such as heat 

treatment and surface finishing, is often necessary to relieve stresses, improve bonding, and refine 

the microstructure of the printed part.  

Despite these challenges, bimetallic 3D printing offers significant advantages by enabling 

the creation of parts with tailored properties, such as combining strength with corrosion resistance 

or providing wear resistance in specific regions. This versatility makes bimetallic 3D printing 

highly valuable in industries such as aerospace, 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 of the joint. Soldering may lead to the formation 

of new phases, particularly intermetallic compounds.  The peculiarities of this process arise from 

the differing physical and chemical properties of the metals being joined, as well as the behavior 

of the materials 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 of a bond 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 with 

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 of 

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 bond, 

especially if the formation of the compound is excessive. For example, in the soldering of copper 

to tin, copper-tin intermetallics such as Cu Sn  or Cu Sn may form, and their brittleness can lead 

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 and 

the longer the heating time, the more likely it is that intermetallic compounds will form. The 

thickness of these intermetallic layers is critical; while thin layers 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 compounds. Different metals expand and contract at different 
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rates during heating and cooling, which can induce stresses at the interface. These stresses can 

affect the integrity of the solder joint and exacerbate the formation of brittle intermetallic phases. 

Another challenge 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 cleaned or treated before 

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 smoothly. The 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 formation of 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 differing properties. 

  

2.15 Residual Stresses: origins, classification, influence 

Residual stresses in 3D printed metallic objects are internal stresses that remain within the 

material after the printing process has been completed and the part has cooled. These stresses arise 

due to the uneven thermal gradients and rapid heating and cooling cycles that occur during the 

additive manufacturing process. As the metal is deposited layer by layer and solidifies, the cooling 

rates across different regions of the part vary, leading to contraction and expansion at different 

rates. These thermal gradients, combined with the inherent mechanical properties of the material, 

can result in significant internal stresses that impact the part's structural integrity [128-135]. 

Residual stresses play a crucial role in the performance and reliability of 3D printed 

metallic parts. If not managed properly they can cause issues such as warping, distortion, cracking, 

and premature failure, particularly when parts are subjected to mechanical or thermal loads. In 
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some cases, these stresses can reduce the fatigue life of the part, especially when the stresses are 

tensile in nature, making the part more prone to fracture. On the other hand, compressive residual 

stresses can sometimes improve fatigue resistance by preventing crack propagation. However, 

excessive or uneven residual stresses, regardless of their type, can lead to dimensional inaccuracies 

and surface degradation, particularly in complex geometries or large parts. 

The classification of residual stresses in 3D printed metallic parts typically includes three 

main types: macrostresses (Type I), intergranular microstresses (Type II), and intragranular micro 

and nanostresses (Type III) [128-130]. Macrostresses are large-scale stresses that occur throughout 

the entire part and often result from the thermal gradients caused by the rapid heating and cooling 

during printing. Microstresses, on the other hand, occur at a more localized level within the 

microstructure of the material and are typically 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, dislocation 

glide and climb, vacancy diffusion). 

Residual stresses may exert a profound influence on strength, and may reduce the 

resistance to fracture and fatigue, as well as improve them depending on the spatial distribution, 

sign, scale etc. [128-135]. 

  

2.16 Residual Stresses in joints 

Residual stresses in joints with heterogeneous composition and mechanical properties are 

a significant concern in various manufacturing processes, particularly in the welding, soldering, 

and additive manufacturing of dissimilar materials. These joints involve the connection of 

materials with different chemical compositions, thermal properties, and mechanical 

characteristics, leading to complex interactions during the heating, cooling, and solidification 

phases. The variation in material properties between the different components of the joint 
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introduces specific challenges in terms of residual stress formation, which can affect the integrity 

and long-term performance of the joint. 

When materials with different mechanical properties are joined, such as metals with 

varying hardness, strength, or thermal expansion coefficients, the cooling rates and thermal 

gradients during the joining process are not uniform across the joint. This can result in uneven 

contraction and expansion of the materials, leading to the development of residual stresses at the 

interface. For example, in a joint between a hard material and a softer material, the softer material 

may undergo more plastic deformation during the cooling phase, while the harder material resists 

deformation. This difference in behavior creates internal stresses at the interface, which can 

weaken the bond, cause cracking, or induce warping or distortion in the parts. 

The formation of residual stresses in heterogeneous joints is also influenced by the 

presence of intermetallic compounds or phases that form at the interface. These compounds, which 

often result from the reaction between the different materials during heating, can be brittle and 

exacerbate the risk of failure. The distribution and 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 more 

susceptible to crack initiation and propagation. The magnitude and distribution of these residual 

stresses depend on various factors, including the joint geometry, the thermal properties of the 

materials, the cooling rate, and the post-processing methods used. 

To mitigate the effects of residual stresses in joints with heterogeneous composition and 

mechanical properties, several strategies can be employed. Optimizing the welding or joining 

parameters, such as heat input, cooling rates, and preheating, can help reduce the thermal gradients 

that lead to stress formation. In some cases, stress-relieving heat treatments or post-weld heat 

treatments can be applied to reduce residual stresses and relieve internal strains. Proper design of 
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the joint, including selecting materials with more compatible thermal expansion coefficients or 

designing the joint to minimize stress concentrations, can also help mitigate the risks. Additionally, 

the use of interlayer materials or buffer layers with properties that better match the base materials 

can reduce the formation of brittle intermetallic compounds and improve the overall performance 

of the joint. 

By understanding the sources and behavior of residual stresses in heterogeneous joints, 

manufacturers can develop better strategies to ensure the strength, durability, and reliability of 

these critical connections, especially in high-stress applications such as aerospace, automotive, 

and energy sectors. It is in this context that the use of FIB-DIC micro-ring core technique appears 

particularly attractive as an experimental tool for the study of residual stresses of Type I, II and 

III, in combination with advanced interpretation techniques. 

 

 

  



47 

 

Chapter 3. On the Grain Microstructure ï Mechanical Properties ï 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 produced via LPBF. The investigation 

includes microstructural characterization, mechanical testing, and residual stress analysis, aiming 

to provide insights into the effects of process parameters on part performance. By correlating 

microstructural features with mechanical behavior and residual stress distributions, the study seeks 

to deepen the understanding of LPBF-fabricated aluminum alloys, offering pathways for 

optimizing process control and material properties. 

 

3.1. Introduction 

Selective laser melting 3D-printing, introduced in the early 2000s as a rapid prototyping 

technique, has evolved into a prominent manufacturing process for high-performance components 

with complex geometries. This transformation has opened doors for the use of metallic materials 

like titanium (Ti), nickel (Ni), and aluminum (Al) alloys in critical applications, particularly in 

aerospace engineering, where weight optimization is paramount. Examples include the fabrication 

of gas turbine engine components, fuselage structures, and even thermoregulatory casings for 

advanced instruments like gamma-ray detectors on satellites. The flexibility and 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, such as laser 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 extensively 

explored the relationships between processing parameters and the resulting mechanical and 
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functional properties, particularly for Al alloys. Microstructural elements such as elongated 

columnar grains and equiaxed crystallites emerge as dominant structural features, with their size, 

aspect ratio, and orientation being dictated by local solidification conditions. 

The mechanical properties of SLM-fabricated materials are influenced by the interplay 

between these microstructural characteristics and the thermal history during printing. Factors such 

as the principal growth direction and scanning path significantly affect elastic moduli, yield 

strength, and anisotropic deformation behavior. However, despite the advancements in 

understanding these properties, there remains 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, residual stresses, a critical aspect of SLM-fabricated materials, arise from the 

steep thermal gradients and rapid cooling rates inherent in the process. These stresses can lead to 

inelastic deformation and influence the mechanical integrity of printed parts. Over the past two 

decades, residual stress evaluation in SLM-printed metals has become a focal area of research, 

with numerous studies employing techniques like X-ray 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 shapes. 

The FIB-DIC micro-ring-core drilling method is the extension of the hole drilling method 

towards the microscopic dimensional scale. The method has been a developing project since the 

middle of 2000s [11]. At present, this method gives unprecedented opportunities to correlate 

structural peculiarities and residual stresses and is clearly relevant for 3D-printed materials. The 

FIB-DIC micro-ring-core drilling method requires the use of relatively complex dual FIB-SEM 

microscopes and skilled operators, but the robustness of the measurements has already reached the 

pre-standardization stage [12]. There are very few reports of using the FIB ring-core drilling 



49 

 

method to measure residual stresses in SLM 3D-printed materials [13] and no reports on SLM  

3D-printed Al -alloys were found in the literature to date. One of the reasons is believed to be the 

scale factor; the correspondence of the drilled ring diameter and average grain size is very 

important for the FIB ring-core drilling method. In order to probe Type I stresses (equivalent to 

engineering scale residual stresses), the diameter of a ring must be set to several grain sizes, a 

condition that is hard to satisfy with the most popular Ga FIB-SEM microscopes for large and 

medium-size grains (20 ɛm and bigger) in materials such as Al-Si-Mg printable alloys. 

Most recent published reports devoted to residual stresses in SLM 3D-printed Al-Si-Mg 

alloy components consider geometries that are either over-simplified (rectangular blocks) or 

overly complex, i.e., containing multiple features that are difficult to parameterize and draw firm 

conclusions from. In the present study, a simple ñdouble towerò sample geometry was chosen that 

consists of a larger and a smaller block, representing a change in the horizontal cross-section 

causing a modification of the heat flow and introducing the possibility of local (residual) stress 

concentration. 

The ñdouble towerò prismatic sample shape is a good example of an ñincrementalò 

approach in the expansion of knowledge. This shape represents a step forward from a simple 3D 

prismatic element towards parts containing abrupt reductions of sample cross-section. Protruding 

shapes are commonly used in engineering design, especially in casings, guides and fitting parts, or 

actuators, making such objects relevant to practical engineering use. 

The present Chapter reports a systematic EBSD study of the grain structure in 3D-printed 

RS-333 Al-Mg-Si alloy samples produced using different printing orientation and the 

establishment of a correlation with the results of mechanical property characterization using in-

SEM tensile mechanical testing and nanoindentation. The strong influence of the grain assembly 

orientation is demonstrated with respect to the load direction on the overall mechanical 

performance. Additionally, the effect of surface finish quality is also investigated. The possibility 

of grain growth control is also discussed through accurate tuning of the thermal gradients and 
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associated heat flux. The purposeful 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 design to deliver 

optimal mechanical performance. 

Complementing the analysis of grain structure, this Chapter delves into the evaluation of 

residual stresses in 3D-printed RS-300 alloy samples, employing a comprehensive comparative 

study of destructive and non-destructive techniques. Methods such as the contour method, hole 

drilling coupled with laser speckle interferometry, and microscopic Xe-ion plasma-focused ion 

beam (Xe pFIB)-DIC ring-core drilling were systematically applied to characterize residual 

stresses at varying dimensional scales. Conventional X-ray diffraction ÓÉÎ‪  measurements 

were also conducted to complete the multi-scale characterization framework. This robust 

methodological approach underscores the hierarchical nature of residual stresses in SLM-

fabricated materials, bridging macroscopic observations with microscopic insights. 

When seen within a broad context, the approach explored in the current study belongs to 

the broad paradigm of optimal design for additive manufacturing. The underlying hypothesis of 

this approach is that achieving peak performance of the product produced by 3D-printing requires 

taking into consideration all relevant aspects, from alloy composition to process parameters to 

printing sequence and orientation. Additionally, the internal states of deformation and stress need 

to be considered, since they affect the overall sample mechanical response. 

 

3.2. Materials and Methods 

3.2.1. Samples Preparation 

RS-333 (Al-3Si-0.5Mg) powder alloy supplied by Valcom-PM Ltd. (Volgograd, Russia) 

was used to SLM print flat dog-bone samples having gauge zone with the nominal 

lengthĬwidthĬthickness dimensions as 10Ĭ4Ĭ1 mm3 under argon atmosphere using an EOS M290 

SLM printer (EOS GmbH, Maisach, Germany) equipped with a 400 W Yb fiber laser. The details 
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of printing and post-printing heat treatment procedures and sample geometry are given in  

report [14]. 

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 slow (Y) laser scanning directions and to the 

growth axis (Z). In this notation, the first character represents the printing direction aligned with 

the main gauge axis, while the second character corresponds to the axis aligned with the gauge 

width. 

The printing supports used during printing were mechanically machined off to obtain 

samples of nominal dimensions. A set of standard ascending numbers of sandpaper and ultimately 

diamond paste were used for mechanical polishing of the selected samples. 

The sand-blasting treatment was carried out using SiO2 with a mesh of +40/-80 microns. 

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

surface. 

In Figure 3.1, the general appearance of as-printed, polished, and sand-blasted samples is 

illustrated. A substitutional difference of surface appearance is clearly seen and, surprisingly, some 

coarsening of surface clusters is present and smashed features appear after sand blasting. It is 

apparent from Figure 3.1 that sand basting is effective at cleaning the space between coarse  

(200-500 Õm) metal agglomerates from fine, partially melted powder particles. These surface 

agglomerates form uneven, rough structure with numerous discontinuities running along the 

surface plane that appear to be most detrimental for XZ orientation. In this orientation, grain 

boundaries of elongated crystallites are perpendicular to load direction and interact with the surface 

discontinuities to cause the observed embrittlement effect. Overall, sandblasting without further 

surface finishing was found to degrade both sample strength and elongation to failure [15]. 
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Figure 3.1. General appearance of as-printed, polished, and sand-blasted samples 

 

 In order to investigated residual stresses, the double tower-shaped prismatic object shown 

in Figure 3.2 with its respective dimensions was purposely designed to incorporate an abrupt 

change in the cross-section and the corresponding temperature and stress gradient. The scanning 

speed used was 1200 mm/s and hatch distance was 0.17 mm at the laser power of 370 W. Base 

plate temperature was 35 ÁC. The layer thickness was set to 30 Õm. ñCoreò parameters were 

applied to the whole sample without any additional treatment of contours and surfaces. The 10 mm 

thick support base (filling ratio 50 %) was mechanically cut. No post-printing heat treatment 

(aging) was applied to release residual stress. The sample was shelved for 6 months in ambient 

conditions and dry atmosphere before any further manipulations. 

 

 

Figure 3.2. The appearance of the double tower shape sample in the as-printed 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 tight fixation of the double tower specimen during EDM cutting 

using a Mitsubishi MV-1200R machine (Mitsubishi Electric Europe B.V., Ratingen, Germany), 

which was performed with the slowest cutting speed. This casing is shown in Figure 3.3. The two 

halves of the specimens were then studied with a number of approaches: the contour method, 

macroscopic hole drilling with laser speckle interferometry, X-ray diffraction, and Xe pFIB-DIC 

micro-ring-core drilling. Each of these methods is capable of evaluating the in-plane residual 

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

 

 

Figure 3.3. The appearance of the double tower sample (a) before and (b,c) after EDM cutting: 

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

 

3.2.2. Electron Back Scatter Diffraction 

Since EBSD and nanoindentation measurements are very dependent on the surface quality 

and the morphology, samples must be carefully prepared before investigation. Each sample was 

cut out, next embedded in epoxy resin, and polished using standard metallographic techniques. 

Polishing was performed using sandpaper in several steps (220, 500, 1000, 2000, and 4000 grit) 

and then using diamond suspensions (average particles diameter 1-3 Õm) and colloidal silica. The 

final step of polishing was broad beam ion milling performed in a Technoorg Linda SEMPrep2 

(Technoorg Linda Co. Ltd., Budapest, Hungary) using 8 kV for 15 min with the 4Ǔ stage tilt. After 

a final cleaning, the mounted sample was fixed in a metallographic mount holder to avoid image 

drift during the scanning 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 acceptable for future 

measurements. The general view of the prepared surface with corresponding roughness profile is 

shown in Figure 3.4. 

 

 

Figure 3.4. (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 in a SEM Tescan Vega3 (Tescan Orsay Holding, Brno, Czech 

Republic) using an Oxford Instruments NordlysNano EBSD detector (Oxford Instruments 

NanoAnalysis and Asylum Research, High Wycombe, UK). Measuring area was 500 ɛm2 with 

step size 1 ɛm, acceleration voltage 20 kV, and beam current 10 nA. 

 

3.2.3. Nanoindentation 

The nanoindentation test was performed for each orientation of polished specimens that 

were called the cross section (perpendicular to main gauge axis, widthĬthickness, 4Ĭ1 mmĬmm), 

side (parallel to main gauge axis, lengthĬthickness, 10Ĭ1 mmĬmm), and surface sections (parallel 

to main gauge axis, lengthĬwidth, 10Ĭ4 mmĬmm). The grid was 10Ĭ5 indents with X-step 200 
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ɛm and Y-step 75 ɛm along the grain growth direction. The indentation parameters were the 

following: depth-control mode, penetration depth 1.5 ɛm, load time 10 s, hold time 60 s, and free 

unloading. 

The post-processing technique was carried out according to the typical Oliver and Pharr 

methodology [16]. However, the achieved results showed high elastic modulus values (~100 GPa) 

and hardness (~2 GPa). It is well-known that Oliver and Pharrôs model does not consider the 

impact of ñheapsò (surplus material after indentation) formed around the indent. Therefore, the 

E/H values for highly ductile materials may differ from those obtained with a tensile testing 

machine or a microindentation test. In this case, ñhighly ductileò roughly means a large E/H ratio 

(more than ~20) and refers to a small index of hardening. 

In order to improve this model and to obtain reasonable values, there are at least two 

approaches. The first one connects the discrepancy with the presence of plastic region on the 

unloading curve of aluminum. The authors corrected this phenomenon with the repeated loading 

and achieved an elastic modulus of ~70 GPa for the pure aluminum plate [17]. In another article 

[18], the authors proposed calculating the work under the indentation curve and make corrections. 

In the current study, the second approach was chosen based on the work-of-indentation 

correction. The reduced elastic modulus was calculated via the formula 

 

‖ẗ ẗ ẗὉ       (3.1) 

 

 

Here We and Wp are the elastic (recoverable) and plastic (non-recoverable) work of indentation, 

respectively, determined from integration of the loading and unloading curves; ‍ȟװ‎ and k are 

dimensionless constants that describe the indenter geometry, and Fmax, and S are the maximum 

indentation force and contact area, respectively. Since parameters We, Wp, Fmax, and S can be taken 



56 

 

from the experimental data (indentation curves), the reduced elastic modulus ER was determined. 

The material elastic modulus was recalculated according to the formula 

 

      (3.2) 

 

 where E, ɜ are elastic modulus and Poissonôs ratio of investigated material, respectively; 

Ei, ɜi are the indenter parameters (device passport data). 

 

The relationship between hardness and reduced elastic modulus was expressed similarly to 

the formula below. It is based on numerical simulations under a perfectly rigid indenter. 

 

Ὄ ẗ ẗὉ       (3.3) 

 

The above formula is attractive since it allows for hardness calculations without 

determining the contact area, which often requires calibration of the indentation test to consider 

the influence of specific tip shape. 

 

3.2.4. Tensile Test 

In-SEM mechanical testing is a growing experimental technique based on in situ and 

operando principles. A Deben Microtest 1-kN testing stage (Deben UK Ltd., Woolpit, UK) was 

accommodated by the chamber of a Tescan Vega 3 SEM and connected with power and 

information cable to a computer-controlled operation block using a plug inserted to a through-

flange plug. This facilitates the operation of the testing stage that synchronizes the mechanical 

loading (tension at permanent crosshead speed of 0.2 mm/min) with the acquisition of SEM images 

at the rate of 22 s per image in the secondary electron (SE) regime using 30 kV voltage and beam 

spot size of 400 nm [19]. Digital image correlation (DIC) analysis was applied to retrieve the data 
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on true strains in the region of interest: ~80 % of the gauge zone. The DIC algorithm searches for 

the corresponding pairs of pixel subsets (arrays containing digitalized intensity values) to find the 

best match in two digital images. When the center positions of corresponding pixel subsets are 

identified, the displacement and strains (after the differentiation of displacements) can be 

calculated. The open-source Matlab-based software Ncorr v.1.2.2 [20] was utilized to analyze the 

datasets of acquired SEM images and to calculate average values of displacement and strain with 

subpixel resolution in the region of interest. 

 

3.2.5. Contour Method 

Optical 3D scanner RangeVision PRO Base (RangeVision Ltd., Moscow, Russia) was used 

to acquire volumetric profilometry data (surface point positions). This procedure was used to 

generate a digital geometry image (digital twin) of the double tower sample as a cloud of points 

before and after EDM cutting along the red line shown in Figure 3.5b. The scanner parameters 

were the following: working distance 260 mm, 3D resolution 0.05 mm, scanning resolution 18 

Õm. 3D models before and after EDM cutting are shown in Figure 3.5. 

 

 

Figure 3.5. The appearance of double tower shaped sample as 3D models: (a) before and (b) after 

EDM cutting in half with the indicated primary coordinate system according to which all used 

methods are aligned 
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FEniCS, an open-source (LGPLv3) computing platform for solving partial differential 

equations (PDEs), was used to formulate and solve the continuum mechanics problem using the 

refined set of scanned digital data (cloud of points) as a reconstruction of the ñtrueò surface 

geometry. This was the first application of FEniCS for the contour method reconstruction of 

residual stresses, conducted at the Multi-Beam Laboratory for Engineering Microscopy 

(MBLEM). The experimental data was processed using the method described in the previous study 

by the authors of [21] for the determination of out-of-plane surface displacements as a result of 

stress relaxation induced by non-disturbing EDM sectioning. Following the contour method 

approach, the reverse of surface displacements was assigned as the displacement boundary 

conditions of the numerical model geometry on the surface that corresponds to the EDM cut. 

It is important to point out at this stage that the contour method was developed and 

validated for the calculation of residual stresses in continuously processed bodies [22]. However, 

the sample geometry considered in the present study had the 3D shape of a ñdouble towerò 

composed of larger and smaller area segments. This property of the part, along with the complexity 

of the SLM 3D printing process, means that the situation no longer corresponds to the continuously 

processed body assumption. Nevertheless, a numerical model was developed and applied that uses 

real geometry to reconstruct the residual stresses within the sectioned half of the sample. Partial 

validation of the approach was sought by comparison with local residual stress evaluation using 

FIB-DIC micro-ring-core milling method [23]. For the purpose of comparison, another numerical 

model was used for a continuously processed (plane strain) body of extrusion for both larger and 

smaller area segments. 

 

3.2.6. Hole Drilling and Laser Speckle Interferometry Method 

The hole-drilling method is a destructive technique that measures local deformations in the 

vicinity of a drilled hole (increment or decrement of hole diameter). Drilling removes a certain 
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amount of stressed material and, as a result, causes elastic strain redistribution of the typical order 

of magnitude ~10-3. Holes a few millimeters in diameter generate displacements of several 

micrometers that can be measured with sufficient accuracy. Electronic laser speckle-pattern 

interferometry technique applied for this purpose visualizes the interference fringe patterns 

generated by in-plane displacements. The corresponding interferograms were recorded by two 

symmetrical side detectors (digital cameras) when a diode laser of wavelength 532 nm was 

directed at the surface containing the drilled hole. The phase shift between the two surface states 

before and after drilling forms alternating dark and light interference patterns known as fringes. 

Typical interference fringe patterns used for residual stress determination at the point of drilling 

are shown in Figure 3.6. The number of fringes is linearly related with the diameter increment or 

decrement. These quantities are related by the multiplication factor ɚ/2sinɗ, where ɚ is the incident 

illumination light wavelength and 2ɗ is the angle between the incident and reflected beams [24]. 

Drilling was conducted on the cut plane as well as on the outer faces of the cut-in-half double 

tower specimens using a drill bit diameter of 1.9-2.5 mm. The drilling depth was set equal to the 

drill bit diameter. The values of the hole diameter increment 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 maximum in-plane 

principal residual stress component is in the order of 5 %. The approach is thought to be valid for 

residual stress values that do not exceed 60 % of the material yield stress. 

 

 

Figure 3.6. (a) General view of vertical outer face of the half-cut double tower perpendicular to 

the sectioning plane with the drill hole, and (b,c) experimentally obtained interference fringe 
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patterns obtained as a result of 1.9 mm diameter hole drilling: (b) the horizontal in-plane 

displacement component and (c) the vertical in-plane displacement component. The hole 

diameter of 1.9mm defines the scale. 

 

3.2.7. X-ray Diffraction Method 

The X-ray diffraction method of residual stress evaluation commonly known as the ÓÉÎ‪ 

method is widely applied and reported in the literature. Laboratory X-ray sources with Cu cathodes 

generate ~8 keV characteristic radiation that probes the shallow subsurface layers to the maximum 

depth of ~20 ɛm for Al alloys. In this situation, the surface roughness issue becomes critical, as in 

the case of SLM 3D-printed parts without post-printing surface treatment. The typical peak-to-

trough measure of roughness is believed to be comparable with the average size of the powder 

particles, i.e., 20 ɛm [25]. Therefore, the cut plane of a half of the double tower samples was 

ground using a sequence of sandpapers in several steps corresponding to 220, 500, 1000, 2000, 

and 4000 grit, respectively. This was followed by polishing using diamond suspensions with an 

average particle diameter 1-3 Õm, and finished with colloidal silica with an average particle 

diameter of 60 nm. The appearance of the cut surface after grinding and polishing is illustrated in 

Figure 3.7a. It should be noted that surface finishing by grinding and polishing may cause the re-

distributing of existing residual stresses and may introduce new ones in the near-surface layers. 

However, provided good practice procedures are followed, the estimate for the thickness of the 

affected sub-surface layer corresponds to a few (typically, three) diameters of the final finishing 

silica particles [26]. This is much shallower than the penetration depth of Cu irradiation, so the 

values of residual stress obtained with the help of X-ray diffraction can be taken as a relevant 

measure of the pre-existing state of the samples. 

A Bruker D8 Advance (Bruker AXS Inc., Madison, WI, USA) diffractometer equipped 

with a Cu cathode tube (KŬ wavelength of 0.154 nm) in the line collimation mode was used in 

combination with a special tailor-made goniometer-like sample cradle that allowed omega-tilting 

mode for ÓÉÎ‪ analysis. The cradle was designed and made in-house out of polylactide polymer 
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(PLA) by FFF 3D-printing using a conventional FDM printer and PLA filament, facilitating ɤ 

(iso) and ű (side) tilting to reach ű values up to 60Á with 10Á steps. This holder is shown in  

Figure 3.7b. Digital X-ray diffraction spectra were processed using a conventional procedure that 

included fitting and subtracting the background, the stripping of Kɓ peaks, approximation of the 

peak profile with a Gaussian function, calculation of dHKL from the 2ɗ position of the peak center, 

and finally, the least squares fitting of the ‐ ρ vs ÓÉÎ‪ dependence with a linear 

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

X-ray Elastic Constant (XEC) of the material using 

 

„ ὢὉὅί      (3.4) 

Here s is the slope of the linear fitted line to the dependence of elastic strain from X-ray diffraction 

on the squared sine of the inclination angle. 

 

Figure 3.7. Appearance of the polished half-cut double tower sample: (a) mounted in conductive 

resin for FIB-SEM studies, (b) fixed in the goniometer-like sample holder for X-ray diffraction 

measurements 

 

3.2.8. Xe pFIB-DIC Micro-Ring-Core Drilling Method 

The semi-destructive method known as FIB-DIC micro-ring-core drilling monitors the 

evolving strains at the top surface of the cylindrical core during ion etching of a ring-shaped trench 
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in a FIB-SEM system. The strains are evaluated by means of digital image correlation 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 serial 

ion milling. As a rule, the full depth of the ring trench drilled with ions lies in the range of 1-2 core 

diameters in order to guarantee the complete relaxation of residual stresses in the core zone. The 

value of the complete relief strain is used to calculate the residual stresses present at the ring-core 

location prior to drilling. The FIB-DIC micro-ring-core method is sensitive to a number of factors 

that must be considered to ensure robust residual stress evaluation [27]. Optimal density of surface 

features must persist at the top surface during ion ring milling without being adversely affected by 

the re-deposition processes or by etching by divergent ion beams. 

Xe plasma FIB has been less frequently used for residual stress analysis [28] compared to 

the conventional Ga FIB. A significant reason for the lower usage of Xe pFIB-SEM instruments 

for residual stress measurements concerns the higher cost of Xe pFIB-SEM microscopes in terms 

of purchase, maintenance, and consumables. On the other hand, the higher plasma FIB milling 

currents offers the opportunity to drill larger rings with typical diameters in the range 20-100 ɛm 

in reasonable time. This offers the possibility of filling the spatial resolution gap between the Ga 

FIB-DIC method (1-20 ɛm) and mechanical drilling (500-3000 ɛm). 

The present study made use of Xe pFIB-DIC micro-ring-core drilling to match the large 

average grain size in the material (>20 ɛm) to fulfil the requirement of the core diameter including 

many or at least several grains [29]. A Tescan Clara SEM equipped with an Oxford Instruments 

NordlysNano EBSD detector was used to visualize the grain microstructure using 20 kV, 30 nA 

beam settings. The area of 500Ĭ500 Õm2 was scanned using a 1024Ĭ1024 pixels matrix, 

corresponding to the scanning step of 0.5 Õm. 

Xe pFIB FEG-SEM Helios 5 microscope (FEI, Thermo Fisher Scientific Inc, Agawam, 

MA, USA) was used for pFIB-DIC ring-core drilling and synchronized SEM visualization using 

an SE detector of the surface topography at the FEG acceleration voltage of 5 kV and an electron 
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beam current of 3.2 nA. Optimal voltage and current parameters of ion milling were empirically 

adjusted through trial-and-error to the optimal setting of 30 kV voltage and 200 nA ion current. 

The tilt stage angle of 52Á was used, with the ring-core diameter of 70 Õm and the outer diameter 

of 100 Õm. Datasets of 38 images per milling were collected, with the first 30 images 

corresponding to the step of 2 Õm and the final 7 images taken with the step of 6 Õm, yielding the 

overall milling depth of ~100 Õm. 

The quality of the EDM-sectioned plane provided a good density of irregular surface 

features. However, increased surface roughness impedes uniform ion drilling and synchronous 

SEM imaging due to the low visibility of the ring milling features at the 52Á stage tilt required for 

ion milling, due to the high surface asperities caused by EDM cutting. On the other hand, sufficient 

density of contrasting surface features within the ring-core were found after silica finishing and 

thus provided satisfactory contrast for robust DIC analysis, which was therefore used for pFIB-

DIC evaluation. Open-source MATLAB-based software iStress [30] was applied to evaluate the 

strain values in the range 10-4-10-2 using image datasets of up to 60 images for the ring-core 

diameters of 70 ɛm. 

 

3.3. Results and Discussion 

3.3.1. Grain Pattern Appearance in 3D-Printed RS-333 Alloy 

As represented in Figures 3.8-3.10, EBSD microscopy qualitatively reveals the main 

motives of the grain pattern appearance in 3D-printed RS-333 alloy depending on the printing 

orientation. It seems that grains have almost random crystallographic orientation against principal 

axes of a sample (no or weak texture), but the sizes and aspects of grains are obviously correlated 

with printing the orientation ï main axes of slim elongated columnar grains that are always aligned 

along the growth direction, and as a result, these grains appear equiaxial in the plane normal to the 

growth direction. In the planes parallel to the growth direction, elongated columnar grains are not 

single elements of grain pattern-round-like regions (spots) containing very small equiaxial grains 
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and pores are likely evenly and randomly represented in these planes, being interwoven with 

columnar grains. These spots are also readily noticeable at the plane normal to the growth 

direction. 

 

 

Figure 3.8. Representation of the grain microstructure in 3D-printed RS-333 Al alloy ï the ZX 

printing orientation is shown. Youngôs modulus values derived from nanoindentation 

measurements are shown. 
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Figure 3.9. Grain microstructure representation in 3D-printed RS-333 Al alloy ï the XZ printing 

orientation. 

 

 

Figure 3.10. Grain microstructure representation in 3D-printed RS-333 Al alloy ï the XY 

printing orientation. 
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It is also worth noting that columnar grains may form almost parallel or divergent bouquet-

like patterns in the planes parallel to the growth direction. However, these and other characteristics 

of grain patterns (such as size, aspect ratio, and crystallographic orientation statistics) require 

thorough quantitative analysis on larger datasets to validate the conceptual models proposed for 

grain pattern formation. This analysis, along with FEM modeling of heat fluxes, will be addressed 

in a separate study. 

One can also notice that the XY printing orientation returns somewhat different grain 

patterns than the ZX and XZ printing orientations: thinner and shorter columnar grains, larger 

number of spots in the planes parallel to growth direction, and coarser equiaxial grains in the plane 

perpendicular to growth direction. This is supposed to be directly related to specific remelting and 

solidification conditions: the longest exposure time and diffused heat flow from pin supports.  

Average values of grain dimensions for different printing orientations are presented in 

Table 3.1. Even qualitative analysis of the grain patterns for different printing orientations gives 

opportunities to suggest that at least plasticity and fracture behavior with tension are affected by 

the columnar grains' orientation with respect to the loading direction. In the case of the ZX printing 

orientation of dog bone sample, the columnar grains are parallel to the tension axis. In contrast, 

for the XZ and XY printing orientation, the columnar grains are perpendicular to the tension axis, 

making them structurally similar. 

 

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

of grains for different specimen orientations 
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Shear bands characteristic for ductile metals (and Al alloys) localize plastic flow in the 

directions, forming an angle of about 45o with the tension axis. Thus, it is suggested that different 

orientations of the main axes of columnar grains with respect to the shear band plane may take 

place. Therefore, the yield strength that correlates (in accordance with the Petch-Hall law) with 

the mean crystallite size in the plane of shear band is expected to be strongly dependent on the 

orientation of columnar grains, i.e., printing orientation. For the simplicity, an estimate of the 

average size of grain geometrical projection to the shear band plane is used by the formula 

 

Ὀ   Ὀ  Ὀ      (3.5) 

Here the average values of diameter D are taken at the surface and the cross-section of the sampled 

region, respectively. 

The values taken from Table 3.1 return the estimates for the average values of grain 

dimension projections to shear band plane (45o) as 17.3, 18.3, and 19.7 Õm for ZX, XZ, and XY, 

respectively. This directly assumes that strength should scale down for ZX, XZ, and XY, 

respectively. 

 

3.3.2. Nanoindentation of 3D-Printed RS-333 Alloy: Youngsô Modulus and Hardness 

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

isotropic. Therefore, the presence of texture in these 3D-printed Al alloy samples should not affect 

the overall elastic behavior.  

On the other hand, it was shown recently [31] that the apparent macroscopic modulus 

noticeably varies (when calculated from in-SEM tensile testing with strains measured using DIC 

of high-resolution images) for XY, XZ, and ZX printing orientations: 65.4, 70.0, and 77.8 GPa, 

respectively. 

Nanoindentation Oliver-Pharr tests after proper correction [32,33] return reasonable values 

for the estimates of Youngôs modulus, and the orientation dependence of the average values is in 
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good accordance with previous report [34]; namely for the XY, XZ, and ZX printing orientations, 

the values of 50.8 GPa, 62.5 GPa, and 64.2 GPa were found, respectively. The measured Youngôs 

modulus and hardness parameters after the nanoindentation test are represented in Figure 3.11. 

The scan direction denotes the grainsô growth directions for the side and surface planes, where the 

grains are elongated. It is worth noting that the values of Youngôs modulus measured in the plane 

perpendicular to the main axis of the dog-bone sample gauge (cross-section), parallel to narrow 

(side), and wide (surface) faces of the gauge zone vary only slightly, showing almost no 

statistically significant distribution along the growth direction. 

The dependence of the elastic moduli on printing orientation is discussed in the literature 

[35]. Since no crystallographic texture is detected in studied RS-333, one can suggest that chemical 

inhomogeneity, or preferential orientation of precipitates or porosity at the nanometer dimensional 

scale (unresolved in SEM with magnification applied) may cause experimentally observed 

orientational dependence of Youngôs modulus, motivating further fundamental research in this 

field with relevant methods: high resolution TEM, atom probe tomography, etc. 
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Figure 3.11. Youngôs modulus (a-c) and hardness (d-f) estimates (derived from Oliver-Pharr 

nanoindentation tests) in 3D-printed RS-333 Al alloy 

 

In contrast to obvious orientation anisotropy of Youngôs modulus, it seems that the 

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

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

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

In contrast to obvious orientation anisotropy of Youngôs modulus, it seems that the 

hardness is almost constant (around 0.8 GPa) and isotropic and it has normal distribution with 
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significance level 0.05 in all studied samples at many of studied planes (cross section for ZX and 

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

Berkovich hardness values of about 0.7-0.8 GPa can be used for rough estimations of the 

yield strength [36], which is approximately 1/3 of the hardness value; this characteristic is expected 

to be as high as 250 MPa. This value seems to be a good reference for Al-Mg-Si alloys (the 

characteristic yield strengths of artificially aged 6061 and 6156 wrought alloys are at maximum 

280 and 380 MPa, respectively) but not perfectly corresponds to 3D-printed RS-333 Al alloy. In 

Ref. [37], it was recently shown that the yield strength at 0.2 % of strain derived from tension 

stress-strain curve for 3D-printed RS-333 alloys varies for different printing orientations and 

reaches only 81 MPa, 132 MPa, and 150 MPa for the XY, XZ, and ZX samples, respectively. It 

can be supposed that the discrepancy between values of yield strength derived from tensile test 

and nanoindentation may be related to the strong influence of a thin superficial surface layer on 

the results of the measurements, and therefore, microhardness testing probing deeper regions of 

material is more suitable than nanoindentation for prompt and adequate characterization of 

mechanical response. On the other hand, the influence of porosity at nanometer dimensional scale 

may also contribute to the apparent deficiency of yield strength at tension, since in contrast to 

tension, compression modes of plastic deformation tend to densify porous materials pushing up 

measured values of strength characteristics. 

 

3.3.3. Tensile Test of 3D-Printed RS-333 Alloy: The Influence of Surface Quality 

The stress-strain curves acquired in an SE microscope are depicted in Figure 3.12 for the 

samples as 3D-printed in different printing orientations (as-printed), further mechanically polished 

with a series of grinding papers and diamond paste, and separately, sand-blasted after 3D-printing. 

One can easily see that, for as-printed samples, ZX printing orientation arrives with favorable 

mechanical performance, i.e., a combination of the highest values of elastic modulus, ultimate 

tensile strength, and large elongation till rupture. The XZ orientation results in highest ductility, 
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while the XY orientation appears to be the most brittle. Yield and tensile strength show practically 

the same dependence on printing orientations, which correlates with the results of nanoindentation 

testing. 

The same general mechanical response for all printing orientations studied is inherited after 

mechanical polishing, bringing tensile strength characteristics and ductility to somewhat higher 

values but reducing Youngôs modulus and yield strength. This fact supports the observation that 

surface layers may significantly affect mechanical response, since thermal history, heat fluxes, and 

perhaps grain pattern are substantially different at the surface and in the core of 3D-printed 

samples. In Ref. [38], the residuals of supports, microcracks, and traces of unmolten powder were 

reported as typical surface features. 

The volume of surface layer is of especially great importance for thin samples studied. It 

is concluded that the removal of defect-rich surface layers improves tensile strength and ductility. 

The presence of tensile residual stresses in the superficial layer would reduce apparent yield 

strength and, perhaps, elongation to rupture. Conversely, compressive residual 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 defects (microcracks, topological 

discontinuities, and other imperfections), and, on the other hand, it tends to be quenched with a 

number of consequences, e.g., oversaturation of solid solutions, natural aging, and smaller grains. 

Thus, a slim 3D-printed article can be considered a hybrid material with stronger and more brittle 

shell. The elimination of this sort of shell makes the rest less strong 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 change in 

controversial direction, suggesting that complex modification of superficial zone and residual 

stress re-distribution. 
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These results demonstrate that manipulations with 3D-printing orientation and relatively 

simple and commonly applied mechanical methods of surface treatment give wide range of 

opportunities for the fine tuning of mechanical response in structural elements of aerospace 

constructions to purposefully create high demanding parts by design. 

The variation in the mechanical response of SLM 3D-printed objects at different printing 

orientations has been widely reported elsewhere [39,40]. Even for nominally identical printing 

parameters, the variation of local thermal history takes place due to the difference in the cooling 

conditions depending on the geometry of the printed part, the position of a given volume of interest 

inside the piece, the design and position of support, and many other aspects. Local time-

temperature variation (primary heating and secondary re-heating events in the elementary 

volumes) governs a number of phenomena: (1) the completeness of homogenization in the liquid 

phase, (2) the distribution of elements between the liquid and solid phases and the associated 

(over)saturation of solid solutions, (3) the overcooling that promotes nucleation and grain growth 

conditions, (4) the shrinkage after solidification and pore formation, (5) the homogenization and 

solid solution decomposition (aging), and (6) residual stress formation and its spatial distribution. 

Therefore, the complete interpretation of experimental observations of mechanical response 

becomes overwhelmingly complex and requires multi-instrumental experimental characterization 

across the hierarchy of dimensional scales and multi-physics modelling studies. An alternative 

approach involves laborious accumulation of experimental facts to build semi-empirical 

correlations through conceptual modelling, given the numerous parameters and aspects of the 

complex 3D-printing 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), fracture toughness, and fatigue resistance.  
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Figure 3.12. Mechanical response (a-c) of 3D-printed RS-333 Al alloy under tension 

 

The elastic and yield properties are also dependent on the structural inhomogeneities at the 

nanometer dimensional level. The inhomogeneity is, in turn, controlled by the thermal history. 
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Recently, a novel approach to the analysis of non-isothermal processing history has been proposed 

to account for the rapid cooling characteristic of 3D-printing [41]. These aspects will be addressed 

in further reports. Many practical issues, however, rest unanswered. As has been demonstrated, 

the columnar grains tend to be strictly aligned in growth direction; however, lys fran­ais patterns 

often appear in some directions as well. The formation of these structures is to be thoroughly 

quantitatively studied and digitally modelled on a multi-physics platform that should create both 

fundamental theory of property moderation at SLM 3D-printing and a practical tool (plug-in to 

CAD software) for the optimization of CAM printing code. 

 

3.3.4. Residual Stress Evaluation by the Contour Method 

Calculations of the linear elastic numerical model were performed by setting Youngôs 

modulus and Poissonôs ratio to the values of 67 GPa and 0.33, respectively, in accordance with the 

values determined by mechanical testing of the 3D-printed Al alloy samples. 

The conventional formulation of the contour method [42] assumes that the object being 

considered satisfies the assumptions for the so-called continuously processed body. To rationalize 

these assumptions based on a firm theoretical footing it is best to state that the object finds itself 

in the state of plane eigenstrain. This means that the permanent inelastic strains that act as the 

sources of residual stress are distributed within a prismatic body of extrusion as a function of the 

transverse coordinates only. As a consequence, each transverse cross-section 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 metallic 

alloy components, in order to map the out-of-plane displacements (deplanation) and apply them to 

a numerical model as a boundary condition with the opposite sign to re-create the out-of-plane 

stress distribution as a contour map. Although some theoretical and practical limitations of this 

approach can be identified, the method has been shown to be successful and was validated by 

comparison with independent measurements, e.g., by neutron diffraction [43]. Another important 
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aspect of the contour method concerns the reconstruction of in-plane stress components: although 

this consideration is not included in the original formulation by Prime [44], attempts have been 

made subsequently to address this important matter, e.g., by Uzun et al. using the eigenstrain 

approach [45]. In the discussion below, the conventional contour method treatment based on the 

continuously processed body (plane eigenstrain) assumption is compared and contrasted with the 

use of the real component geometry for residual stress reconstruction. 

Figure 3.13(a,c) show the z-component of residual stresses obtained for the real and 

continuously processed geometry models, respectively, calculated using the displacements defined 

as boundary conditions on the EDM-cut front face of the model located at the positive z side. The 

displacements induced in the body are illustrated in Figure 3.13(b,d). On the other hand, residual 

stresses vanish with increasing depth along the z-axis in the main body in a way characteristic of 

the contour method [46]. The calculations that belong to the main body are consistent with the 

continuously processed body assumption. The stress magnitudes within the smaller area segment 

in the real and continuously processed body model geometries show high discrepancy, while 

similar distributions are observed in the larger area segments. The discussion and understanding 

of the mathematical implications of this difference lie outside the scope of the present study and 

will be examined separately. 
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Figure 3.13. Illustration of the distribution of the z-component 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 components of residual 

stress in the whole body, only the z-component of the results for the ñcut double towerò model 

geometry is reliable on the front face of the bottom segment. The results that belong to the upper 

segment and other components of the stress are thought to be less reliable, but may represent a 

good predictive approximation. Figure 3.14 illustrates x- and y-components of direct residual 

stress at the examined cut surface. Figure 3.15 shows all components of residual stress along the 

lines illustrated in Figure 3.14. The results show that the calculations of the contour method 

solution provide a good match with FIB-DIC evaluations of the x-component 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 stress 

can be calculated reliably using the present approach. In addition, the comparison between the line 

plots of the real and continuous geometry models shows that residual 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 provide similar distributions in the large section of the model that satisfies the 

requirements of continuous processing, while they show disagreement in the small area section. 

The contour method depends on the elastic response of the material subsequent to non-

disturbing EDM sectioning. This relationship allows reconstructing the out-of-plane residual stress 

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

the other hand, the x-component of residual stress evaluated using Xe-pFIB micro-ring-core 

milling technique belongs to the sectioned surface. On this surface, the out-of-plane component of 

residual stress is completely relaxed, while the x- and y-components of residual stress obtained 

from the contour method correspond to the pre-sectioning state. It is worth noting that according 

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

(1-ɜ2), where ɜ is Poissonôs ratio. Based on the outputs of that study, it can be stated that the effect 

of sectioning on the Xe-pFIB residual stress evaluation corresponds to ~10 % modification. 

 

 

Figure 3.14. Illustration 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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Figure 3.15. Line plots of xx (s11), yy (s22), and zz (s33) components of residual stress along the 

(a) horizontal (x) and (b) vertical (y) lines illustrated by the dashed lines on the sectioned surface 

in Figure 3.16 below 

 

The relatively high cooling rate in the top-of-tower and bottom-of-basement locations 

suggests that fast thermal contraction in respect to the middle regions is balanced by tensile 

residual stresses. This provides a well-founded explanation for the mechanical response of dog-

bone samples SLM 3D-printed in different orientations under tension and the beneficial effect of 

sand-blasting described in [48]. Specifically, the sample oriented identically to the bottom of the 

base of the double tower specimen was found to possess the lowest strength. This is likely to be 

linked to the inherited tensile residual stresses, but it is dramatically improved in terms of ductility 

after sand-blasting, which is known to introduce compressive residual stresses [49]. 

The middle part of the SLM 3D-printed sample is relatively thermally insulated; thus, it 

cools and shrinks last and, being thermally expanded because of this, inherits compressive residual 

stresses. Vertical outer surfaces of the heavy basement adjacent to the cut plane seem to be weakly 

stressed (small tensile or zero residual stresses), perhaps because of relatively slow cooling due to 

the significant thermal mass of the basement, contrary to the case of tower, where the temperature 

gradient is sharp enough to cause intensive heat flow (perhaps even from the basement), fast 

cooling, and large tensile residual stresses. This observation, while quite trivial and obvious, is 

nevertheless of great practical importance, suggesting that slim cross-sections and protruding 
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elements should be repetitively printed at slower scanning speeds to retain high temperatures as 

long as possible. Annealing or shot peening post-processing treatments are recommended to be 

deliberately focused on these locations. 

 

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

EDM cutting of the double tower specimen causes the residual stresses to be redistributed 

and relieved. Nevertheless, as discussed above, this effect is relatively moderate in magnitude (in 

the order of 10 %) and takes place primarily in the vicinity of the cut. 

Figure 3.16 demonstrates the locations of the probing holes, with the diameter of Point 1 

equal to 2.5 mm, and all other points having diameters of 1.9 mm. The axes are designated at each 

probed face, with examples of interferograms with fringes shown for Point 1. Table 3.2 

summarizes the estimations of residual stresses at six locations where fringes were reliable 

detected. Four of the drilled holes revealed no fringes, indicating low magnitude of residual 

stresses at the probed locations. 
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Figure 3.16. Locations of holes for the hole drilling method with the indicated axis 

 

Unfortunately, the size of samples was not appropriate for drilling numerous holes, as 

would have been desirable to collect further data for accurate mapping with satisfactory spatial 

resolution. 
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Table 3.2. Residual stresses at half-cut double tower sample faces 

 

 

The "N" in the first column of the table refers to the designation of the hole in the sample. 

The arrangement and numbering of these holes are illustrated in Figure 3.16.  Despite the fact that 

out-of-plane residual stresses (evaluated in the contour method) are not and should not be 

equivalent to in-plane residual stresses in the same locations, it should be noticed that the middle 

of the basement (Points 5 and 7) is stressed in compression. This observation fully corresponds to 

the findings of the contour method for out-of-plane residual stresses in the same locations. In this 

case, it is possible to suggest that the middle of the basement is hydrostatically compressed by 

residual stresses due to the late cooling (and thermal expansion) balanced by compression. On the 

contrary, the outer faces are residually stressed in tension, as discussed above. 

The components of residual stresses perpendicular to the cut plane (and parallel to the out-

of-plane residual stresses measured by the contour method) on the faces adjacent to the cut plane 

ï points 3 and 9 ï are, however, relatively small (-17é+11 MPa), both for vertical and horizontal 

bottom-of-basement faces, perhaps due to the relaxation caused by EDM cutting. The vertical 

outer face parallel to the cut plane and far from cut plane-points 1, 2, and 10 reveals strong tensile 

residual stress, the values of which, along horizontal axis (118-128 MPa), are close to one third of 

the yield strength of this alloy after SLM 3D-printing, that is, in the range of 280-350 MPa [50]. 

Residual stresses along the vertical axis are at least three times smaller, suggesting uneven cooling 

along this face. 
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3.3.6. Residual Stress Evolution by X-ray Diffraction Method 

The roughness Ra = 1.9 Õm and Rz = 11.2 Õm were measured by the optical profilometer 

of the NanoScan-4D system (TISNCM, Troitsk, Russia) at the outer surface of double-tower as-

printed. The penetration depth of Cu-KŬ irradiation (ca. 20 ɛm) is comparable to roughness and, 

therefore, the measurements are not representative. X-ray diffraction ÓÉÎ‪  method shows 

modest compressive residual stresses (-300é-350 MPa) in the polished cut plane, as shown in 

Figure 3.17. This method measures in-plane residual stresses only and, as is also very important, 

assumes that all grain subsets (and all grain in a subset) diffracting at different ‪ angles are evenly 

and equally stressed as those grain subsets having (HKL) planes perpendicular to the cut plane 

ÓÉÎ‪ ρ. Averaging over the lighted area (from a few tens to a few hundreds of mm2 typical 

for laboratory X-rays) 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. 

 

 

Figure 3.17. Details of X-ray measurement of residual stresses at the cut plane: (a) measured 

I~2ɗ plot for the specimen (highlighted red plane (420) was selected for the next calculations); 

(b) ŮHKL~ÓÉÎ‪ plot 
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3.3.7. Residual Stress Evolution by Xe pFIB Ring-Core Drilling Method 

Robust application of the FIB-DIC method of RS evaluation requires the presence of a 

sufficient number of irregular surface features to allow tracking of small displacements (down to 

sub-pixel) caused by the strain relief during plasma or Ga ion milling of micro-ring-cores. In view 

of this, a balanced approach can be taken to surface polishing, in that the quality must be sufficient 

for reliable EBSD indexation but does not need to be any better. Figure 3.18 depicts the typical 

appearance of ion-drilled ring-core holes at the rough and polished surfaces of the cut plane at 

different half-cut double tower specimens with the corresponding dependence of relief strain over 

depth. It is clearly shown that the quality of surface polishing allowed collecting good EBSD maps 

to reveal the dimensional ratio between the grain size and ring-core diameter. For instance, it is 

apparent in Figure 3.18a that the core contains parts of many grains to achieve good averaging 

between grain orientations for the purpose of estimating Type I RS for engineering purposes that 

is comparable with the values returned by other methods. Figure 3.19 maps residual stresses along 

the x axis at six points on the polished cut plane, and the values of evaluated in-plane residual 

stresses are in satisfactory agreement with the results obtained for out-of-plane residual stresses 

(contour method). The stress profile along line H1-H2-H3 corresponds to the change of residual 

stresses from strong tensile (exceeding yield strength level) at the top of the tower to modest 

compressive (about ӎ of yield strength). The stress profile along line H5-H3-H4 demonstrates 

weak tensile residual stresses close to the vertical faces and somewhat stronger compressive 

residual stresses in the middle of the cut plane. All determined residual stresses are summarized in 

Table 3.3. The Xe-pFIB ring-core drilling method returns the estimation of residual stresses in 

location H6, which contradicts the contour method and requires further deeper investigations. 

Considering that the outer diameter of the ring hole is 100 ɛm and may be easily reduced down to 

20 ɛm, one can expect that the accessible spatial resolution of residual stresses varies over the 

range of 60-300 ɛm (three ringhole diameter). That is simultaneously attractive for fundamental 

scientific research purposes and practical engineering tasks, since 100 ɛm scale Xe-pFIB drilling 
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fills the gap between mechanical drilling with 0.5 mm drills and Ga-FIB drilling with maximal 

rational ring holes of 20 ɛm diameters. Economical aspects must, therefore, be carefully assessed 

before the conduction of high-resolution FIB ring-core drilling mapping of residual stresses. 

 

 

Figure 3.17. Details of Xe-pFIB ring-core drilling measurements of residual stresses at the cut 

plane: (a) combined EBSD map with the Eulerô colors and milled ring, and (b) measured relief 

strains with the fitting curve 

 

 

Figure 3.18. Mapping of residual stresses using Xe-pFIB ring-core drilling method 
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Table 3.3. Residual stresses at faces and cut plane of half-cut double tower specimens 

 

 

3.4. Conclusions 

Three-dimensionally printed Al alloys rapidly fill the portfolio of efficient material 

solutions in aerospace, giving a chance for inexpensive fabrication of weight-saving structural 

elements. The optimization of printing parameters allows creating specific patterns of columnar 

grains rationally oriented against load directions and, through this, to reinforce the parts in simple 

and efficient way. EBSD microscopy in combination with in-SEM mechanical testing is very 

suitable tools for fundamental research in this field. As expected, a growing number of reports will 

appear in the near future to bridge gaps in the understanding of grain patter formation and 

interpretation of anisotropy of elastic moduli in theoretically isotropic metals. 

Additional phenomenon that ought to be considered concerns the introduction and presence 

of residual stresses within 3D-printed parts. Residual stresses appear as a consequence of the high-

temperature gradients and steep cooling rates during sample building that affects the alloy ultra-

structure (precipitates) and hence flow stress. This, in turn, gives rise to non-uniform plastic 

deformation and locked-in (or frozen in) permanent inelastic strains, often referred to as 

eigenstrains that can be thought of as the underlying origin of residual stress and, conversely, 

distortion. 
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The case of aluminum alloys is of particular interest due to the near isotropy of their elastic 

properties that means that grain-level deformation-induced misfit strains arise only due to 

anisotropy of crystal plastic activity on the FCC {111} <110> slip systems. 

Residual stresses are known to exist over a variety of characteristic lengths and are often 

classified into the Type I (macro-), Type II (micro-), and Type III (nano-) scales [51,52]. 

Macroscopic Type I stresses can be evaluated using a number of mechanical sectioning techniques, 

such as the contour method, slitting, blind hole drilling, etc. Meso- to microscale residual stresses 

of Type II are more difficult to quantify, although a range of methods have been developed based 

on laboratory X-ray and neutron diffraction that allow for distinguishing between groups of grains 

that differ in terms of crystal lattice orientation. Finally, Type III residual stresses exist at the intra-

granular scale, so that probing them requires suitably refined methods, such as micro-focus Laue 

X-ray diffraction, electron diffraction, or Focused Ion Beam methods such as micro-ring-core FIB-

DIC [53-55]. 

It is important to note that residual stresses may exert an influence on the overall de-

formation behavior of polycrystalline assemblies. Micro-scale residual stresses have been shown 

to obey a statistical distribution that is well approximated by the Gaussian law [56,57]. This 

observation implies that some material volumes may find themselves close to the yield condition, 

causing plastic deformation to occur even at the early stages of loading. This may be understood, 

e.g., through the use of Masing model [58] and lead to the modification of the apparent modulus 

upon loading. 

The ultimate purpose of the analysis of the internal hierarchical residual stress state is to 

factor it into the prediction of material strength and failure, e.g., under the conditions of fatigue 

loading, as has been demonstrated for Ni-base superalloy samples produced by laser powder bed 

fusion [59]. The extension of this approach to different classes of metallic alloys remains an 

important theme of ongoing research. 
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Experimental findings revealed that tensile and compressive residual stresses, ranging 

between 40-200 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 pFIB-DIC ring-core drilling, all techniques yielded 

comparable residual stress values, underscoring the reliability of the integrated approach. Notably, 

the microscopic Xe pFIB-DIC ring-core drilling method provided detailed insights into localized 

residual stress distributions that are not accessible through conventional macroscopic techniques. 

This study also investigates the impact of residual stresses on the mechanical performance of SLM-

printed components. It emphasizes how optimized printing parameters can be employed as a 

rational strategy for residual stress management. By adjusting key parameters, such as scanning 

speed and laser power, during the printing process, it is possible to control residual stress 

distributions, thereby enhancing both mechanical performance and the service life of 3D-printed 

parts. 

Together, these findings highlight the importance of understanding and controlling both 

grain structure and residual stresses in SLM-fabricated alloys. The ability to integrate 

microstructural engineering and residual stress management offers a pathway to achieving superior 

mechanical properties and reliability in advanced structural applications. This chapter aims to 

contribute a detailed framework for leveraging these factors in the design and production of high-

performance SLM 3D-printed components. 

The residual stresses formed during additive manufacturing are dependent on the model 

geometry even under nominally identical 3D-printing conditions, albeit in indirect ways associated 

with the change of cross-section, the presence of supports, and the filling ratio, which strongly 

affect the thermal flux conditions and thermo-mechanical gradients. The conception of uneven 

cooling rates as a principal cause of RS is generally applicable for arbitrary shapes and models. 

Specific local values of RS may vary significantly depending on the sample geometry and printing 

conditions, which may be large enough to cause cracking. 
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The rational design of SLM 3D-printed parts is of great importance and must not be limited 

to geometry optimization. In the ultimate perspective, the design of a SLM 3D-printed part 

integrates geometrical modeling, thermo-mechanical numerical simulation, molding conditions, 

etc. The 3D mapping of RS must hold an important role in rational design for robustness and 

reliability. 

As discussed in the main text, a specific geometry was chosen that balances simplicity with 

key features relevant to residual stress generation in 3D printing. However, the approach allows 

for the exploration of a broader range of sample geometries in conjunction with numerical process 

modeling, aimed at uncovering fundamental processingïstructureïproperty relationships. 

The systematic comparative study undertaken in this research provides evidence that multi-

scale, multi-modal evaluation 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, e.g., elements of 

aerospace components, thereby forming a solid basis for future investigations. 

The study appears to be the first to report the results of multi-scale and multi-modal RS 

evaluation using several independent methods ranging from non-destructive ÓÉÎ‪ XRD 

analysis to macroscopic sectioning to micro-scale ring-core FIB milling with digital image 

correlation analysis. The comparative study showed good agreement across dimensional scales 

from tens of micrometers to tens of millimeters. The plasma Xe-FIB-DIC method was used to 

obtain evaluations within material volumes of the order of 100 Õm across. Significant tensile RS 

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 all directions (hydrostatic) in the middle and tensile at the surface. 

The relationship between the cooling rate during 3D-printing, 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 comparison plot of all used methods. The results show that the 

calculations of the contour method solution provide a good match with FIB-DIC and hole drilling 
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evaluations of the xx-component of residual stress, but the quantity and quality of experimental 

measurements should be increased in order to state that all direct components of residual stress 

can be calculated reliably using the present approach. 

 

 

Figure 3.19. Comparison of all used methods: (a) the locations of the measured points and the 

plotting line, superimposed on the contour map of the horizontal stress component reconstructed 

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

 

The present study opens up new avenues toward further systematic studies of RS in 3D-

printed parts and components. In particular, it established clear ways to distinguish and evaluate 

Type I, II, and III residual stresses, and identified the approaches most suitable for experimental 

assessment of the dependence of these parameters on the fabrication and processing conditions. 

In summary, residual stresses in SLM 3D-printed metal parts appearing as a result of 

complex thermal history are frequently discussed in respect to many aspects of their mechanical 

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

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

hardly be assessed without relevant and robust techniques for routine experimental measurements. 

The popular X-ray 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 on X-ray 

diffraction measurements, which deprives researchers of much valuable information. SLM 3D-

printable Al-Si-Mg alloys seem to the least studied in comparison with printable steels and Ti and 

Ni alloys. 

A comparative residual stress evaluation was deliberately undertaken using a combination 

of contour measurements, mechanical drilling with speckle-pattern interferometry, X-ray 

diffraction, and Xe-pFIB 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 speckle-pattern interferometry, and finally, down to 70 

micrometers for Xe-pFIB ring-core drilling. All methods returned estimations of residual stresses 

in good agreement in terms of signs and values regardless of dramatically different spatial 

resolution. 

The surface of SLM 3D-printed parts are residually extended, with stresses having values 

equal to and exceeding yield strength at the locations where the fastest cooling takes place: 

protrusions, slim cross-sections, and supports. The middle parts of large cross-sections are 

residually compressed (perhaps hydrostatically), with relatively weak stresses of about ı-ӎ of 

yield strength. 

These findings are believed to provide a rational explanation for the anisotropy in 

mechanical responses observed in parts printed with different orientations relative to the fast 

scanning and growth directions. 
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Chapter 4. Micro-Scale Residual Stress and Deformation Analysis in Bimetal 

Bronze-Stainless Steel Samples Produced by Laser Powder Bed Fusion 

Technology 

 

This chapter investigates micro-scale residual stresses and deformation phenomena in 

bimetallic bronze-stainless steel samples fabricated via LPBF. The study utilizes advanced 

characterization techniques to analyze the microstructural features and stress distributions at the 

material interface. By examining the effects of thermal gradients and material heterogeneity, the 

chapter aims to elucidate the mechanisms driving residual stress accumulation and deformation in 

bimetal LPBF samples. The findings provide critical insights into optimizing multi-material 

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

 

4.1 Introduction 

Design for optimal performance frequently requires integrating different materials within 

a single structural or functional element to perform complex tasks. Applications such as electric 

motor rotors and stators, grid connectors and relay arms, chemical vessels, rocket nozzles, and 

others require the combination of disparate properties, e.g., high electric 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 is, nevertheless, not entirely straightforward to implement. 

Traditionally hot and cold roll bonding of metal plates, tubes, and sheets [60] or explosive 

welding/cladding [61] were applied to produce large bulk bimetallic parts on a large industrial 

scale. 

Additive manufacturing technologies ï laser engineered net shaping, selective laser 

melting, direct energy deposition, or multi-wire arc or electron beam additive manufacturing, as 

well as others ï offer the ability to fabricate complex and/or miniature bimetallic net shape parts 

in a single process. 
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These perspective routes to bimetallic part fabrication have attracted the attention of the scientific 

and technological community, with the number of reports on additively manufactured bimetals 

published annually in highly ranked journals growing rapidly from 1-2 in 2010-2015 to 20-25 in 

2020-2021, according to Scopus database [62]. 

On the other hand, reliable joining of immiscible metals like Fe and Cu (and their alloys) 

remains an engineering challenge, since the development of robust joining technologies requires 

a degree of control over the interfacial bonding between immiscible metals that arises under the 

conditions far removed from the equilibrium state, e.g., using severe plastic deformation [63], 

mechanical alloying using high energy milling [64], shot peening [65], explosive welding [66], 

friction welding [67] or rapid cooling/quenching from melts [68]. Laser, electron beam or arc-

assisted additive manufacturing (3D printing) technologies belong to the class of non-equilibrium 

manufacturing approaches due to the presence of rapid heating and cooling that may involve 

melting and solidification events. A large number of factors needs to be considered to ensure strong 

bonding of immiscible metals through the optimization of printing conditions: the local cooling 

rate(s), vector map of the heat flux, grain growth conditions, secondary heating from neighboring 

layers, homogenization, re-crystallization and recovery phenomena, thermal expansion and 

shrinkage mismatch, and, eventually, the formation of residual stress. 

Numerous recent reports [69-72] addressed various aspects of the interfacial bonding 

characteristics of Cu-base (bronze) to Fe-base (steels) bimetallic materials fabricated by additive 

manufacturing technologies. 

The residual stresses are caused primarily by the mismatch between the materialôs thermal 

properties (conductivity, heat capacity and thermal expansion coefficients) and mechanical 

properties (temperature-dependent flow stress and hardening). The present report introduces the 

results of the characterization and testing campaign undertaken for the bronze-stainless steel (Br-

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

brass boundary layer in the vicinity of the Br-SS interface. 

In the present study, the FIB-DIC micro-ring-core method was applied for the micrometer 

scale evaluation of the residual stresses inherited from the complex thermo-mechanical history of 

SLM printing. In the literature, 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 instance when direct 

experimental assessment of the postulated RS was undertaken. In the present study the results are 

presented of systematic investigations of SLM 3D-printed tin bronze to stainless steel bimetal joint 

using an arsenal of techniques ï surface topography analysis, multiple magnification SEM 

imaging, EDX and EBSD mapping, in-SEM mechanical testing in combination with DIC analysis 

of the strains arising during in situ tension, and micro-ring-core FIB-DIC evaluation of residual 

stresses. The sample region surrounding the bimetal interface was found to be somewhat less 

ductile and less strong than the single metal counterparts. Nevertheless, it showed satisfactory 

ductility and acceptable strength. Final fracture was located close to the interface within the bronze 

part of the sample. The mechanical performance and fracture behavior are discussed for additively 

manufactured samples containing bimetallic joints. The approaches are proposed to create stronger 

bimetal parts through engineering control of the printing sequence and pattern in the vicinity of 

bimetal interface. 

 

4.2 Materials and Methods 

4.2.1 óWheelô Sample Fabrication  

A thin flat bimetallic ówheelô samples were made from stainless steel AISI 316 with the 

average particle diameter 40- 60 ɛm forming the circular rim. Tin bronze powder for LPBF with 

the average particle diameter 20-60 ɛm type PRV-BrO10 (Polema Inc., Tula, Russian Federation) 

was used to fabricate the wheel ñspokesò. LPBF was carried out for the purposes of trial and 
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demonstration of a new 3D printer model (LCC ñLaser Apparaturaò, Zelenograd, Moscow, 

Russia).  

The salient dimensions and the overall appearance of a ówheelô sample are shown in Figure 

4.1. The printing parameters and technological regimes employed listed below ultimately resulted 

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

along with pores, cavities and splashes:  

¶ Printing on the stainless-steel platform;  

¶ Continuous-wave fiber laser with ɚ = 1070 nm;  

¶ Fusion layer thickness 50 ɛm;  

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

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

¶ No post-processing heat treatment. 

 

Figure 4.1. Bimetallic ówheelô sample appearance: (a) top view with zoomed-in region, (b) 

bottom view, (c) ówheelô sample dimensions 
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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 and in situ mechanical testing: Tescan SEM Vega3 

equipped with secondary electrons (SE) and backscattered electrons (BSE) detectors for chemical 

and microstructure analysis, Tescan SEM Lyra3 with Ga-FIB equipped with EDX and EBSD 

detectors for residual stress evaluation. Dog-bone shaped specimens were intentionally designed 

for tensile testing in order to probe the stainless steel (S1), bronze (S2), and bimetal (S3) response, 

respectively. The locations and dimensions of the miniature specimens are depicted in Figure 4.2. 

Moreover, an additional rectangular sample S4 with the dimensions of 4Ĭ2Ĭ0.5 mm 

(widthĬlengthĬthickness) located at the bronze-steel interface was extracted for the purposes of 

conducting EDX and EBSD analysis, and to carry out residual stress evaluation using FIB-DIC 

micro-ring-core drilling. 

 

 

Figure 4.2. T-shaped sector of the bimetallic wheel with the indication of (a) specimen locations, 

and (b) dog-bone shaped sample dimensions 

 

The 1 kN 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 stress-strain curve was recorded simultaneously and 
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synchronously with the acquisition of high-resolution images for subsequent digital image 

correlation analysis to evaluate true strain distributions [73]. The images captured were processed 

with the help of the open-source Matlab-based Ncorr v. 1.2 software described in [74]. Dedicated 

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

accommodate and firmly hold miniature specimens during testing as shown in Figure 4.3. 

 

 

Figure 4.3. (a) The 3D model of the bespoke grips compatible with the 1kN Deben MicroTest 

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

 

 

Figure 4.4. 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) using 8 kV accelerating voltage with 4Á stage tilt so as to 

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 tape 

to avoid image drift during the scanning process. The appearance of the bimetallic sample with 

clearly visible interface and material discontinuities is illustrated in Figure 4.4. 

The chemical element distribution in the vicinity of the bronze-stainless steel interface was 

visualized using Oxford Instruments UltimMax 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 Asylum Research, High Wycombe, UK). The scanned areas were 500Ĭ500 Õm 

in size and were mapped with the step size of 1 Õm, the acceleration voltage of 20 kV, and the 

beam current 10 nA.  

The Korsunsky focused ion beam ring-core milling method [75] was used for the 

evaluation of residual stresses. The most suitable ion milling regimes were found and optimized 

empirically for the specific FIB-SEM equipment in accordance with the general good practice 

recommendations [76]. The optimized regime for FIB-DIC micro-ring-core milling was as 

follows: 30 kV, 4 nA, incremental step ion milling time 30 s, total ion beam milling time per 

location 15 min.  

The iStress DIC software [77] applied to the image sequences acquired during focused ion 

beam micro-ring-core milling allows the detection of strains in the 10-4é10-2 range occurring as 

a result of unloading of core region from residual stresses present within the region of interest prior 

to intervention. It is worth noting that sample preparation for EBSD studies requires exceptionally 

smooth surface that removes contrasting features needed for robust DIC. Therefore, additional 

contrasting pattern (ñFibonacci sunflowerò) was introduced that consisted of non-periodic 

features, as illustrated in Figure 4.5. The inner and outer diameters of the ring were 12 ɛm and 15 

ɛm, respectively. Each ring was etched on 15 ɛm in-depth that equal to the ringôs outer diameter. 
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Figure 4.5. Demonstration of FIB drilling of rings for residual stresses evaluation: (a) the mask 

used for etching to obtain non-periodic contrast features at sample surface, and (b) first and (c) 

last image ñlayersò recorded during FIB-SEM micro-ring-core milling 

 

4.3 Results and Discussion  

4.3.1 Surface structure analysis  

A typical appearance of a SLM 3D-printed part surface is demonstrated in Figure 4.6 for a 

range of magnifications. Incommensurate chessboard scanning patterns are clearly seen, and the 

two-wall bronze-stainless steel interface was formed due to the connection between contour 

perimeter scans in the bronze and stainless-steel regions. Surface defects including unmolten 

powder particles, pores, cavities and splashes are visible in both neighboring zones. These defects 

appear to be more prominently represented in the bronze zone, suggesting that SLM 3D-printing 

parameters were not fully optimized for this latter material due to its lower laser absorbance and 

higher thermal conductivity. Both these factors predetermine local heating to perhaps lower 

temperatures that impedes full fusion and good particle bonding. 
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Figure 4.6. 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 60 mm long zigzag crack was detected within the stainless-steel zone. Its 

narrow and sharp tip appears to be arrested at the 150 mm-thick contour wall, while the most widely 

open segment is situated precisely at the interface. This suggests the scenario of crack generation 

under the influence of tensile stress (at the interface) followed by growth into the stainless-steel 

region where further propagation was prevented by the prevalent compressive stress in the 

direction across the crack opening. The bottom side of sample S4 illustrated in Figure 4.4 contains 

many rough defects ï pores and insufficient fusion appear to propagate to the depth of at least 

hundreds of micrometers in both bronze and stainless-steel parts. The former has more defects 

than the latter, and the interface between the bronze and stainless steel can be expected to be 

somewhat weak due the small number of bridging bonds between the counterparts. The defects 

are the most detrimental for thin parts like the ówheelô sample under investigation, so that special 

design and technological measures need to be developed and applied in order to create soundly 

bonded thin parts. The intense heat flow directed towards the printing support reduces the local 

temperature and tends to promote sintering with relatively short diffusion paths rather than melting 

with better zip-like 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 likely 

anticipated location of fracture. Therefore, the bottom side of the sample was chosen for in-SEM 

observation of mechanical testing to assure the visualization of stress concentration and the onset 

of fracture, as described below. 

 

4.3.2 Microstructure and chemical composition in the vicinity of bimetal interface  

Figure 4.7 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 suggest a degree of mechanical intermixing between powders at the fabrication 

stage. Carbon impurities are present in the space between spheroidal particles ï cavities and pores. 

EBSD maps reveal finer grains in the bronze and coarser grains in the stainless-steel parts of the 

sample, reflecting different thermal conditions for crystallization. No significant preferred 

orientation (texture) was found. That, however, could be expected for the sample section observed, 

since preferential heat flow occurs in the direction towards the printing bed that results in the 

growth of columnar grains that appear equiaxed and randomly oriented when imaged in the cross-

sectional plane as in Figure 4.7. Moreover, detailed elemental composition and grain parameters 

for bronze and stainless-steel regions are shown in Tables 4.1 and 4.2. 

 

Table 4.1. Bronze and stainless-steel elemental compositions 

 Bronze, wt. % Stainless Steel, wt. % 

Cu 85.04 Ñ 0.02 0.53 Ñ 0.01 

Fe 0.33 Ñ 0.01 65.96 Ñ 0.03 

Cr - 13.35 Ñ 0.01 

Ni 2.15 Ñ 0.01 11.69 Ñ 0.02 

Sn 11.35 Ñ 0.02 - 

Co - 2.92 Ñ 0.02 

Mo - 2.04 Ñ 0.02 

Nb - 0.63 Ñ 0.02 

Mn - 0.77 Ñ 0.01 

Al  0.67 Ñ 0.01 0.57 Ñ 0.01 

Si - 0.64 Ñ 0.01 

P 0.19 Ñ 0.01 - 
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Table 4.2. The main parameters for bronze and stainless-steel grains 

 Length, ɛm Width, ɛm Perimeter, ɛm Area, ɛm2 

Bronze 8.06 Ñ 4.86 4.89 Ñ 2.71 20.98 Ñ 15.54 28.49 Ñ 49.80 

Stainless Steel 13.64 Ñ 11.77 7.58 Ñ 6.55 37.45 Ñ 40.03 93.55 Ñ 229.91 

 MOS, o FEA, o Aspect ratio GOS, ʦ 

Bronze 1.40 Ñ 1.35 95.43 Ñ 50.78 1.68 Ñ 0.44 0.61 Ñ 0.58 

Stainless Steel 1.73 Ñ 1.81 94.47 Ñ 48.36 1.87 Ñ 0.63 0.66 Ñ 0.65 

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

Orientation Spread. 
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Figure 4.7. (a-b) Elemental content and (b-f) crystallographic orientation maps of bimetal 

bronze-stainless steel interface (low magnification). The green box with name region of interests 

(ROI) on Figure 4.7(a) indicates the region at higher magnification chosen for EDX and EBSD 

maps illustrated in Figure 4.8 
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Figure 4.8. The elemental and structural information about the bimetal bronze-stainless steel 

interface taken at higher magnification: (a) forward scattered electrons map, (b-c) elements 

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

 

At higher magnification the details of fusion interface become visible and the evidence of 

intimate interlocking emerges at the scale of 20 mm in the form of bronze protuberances entering 

discontinuities (gaps) within the steel bulk regions. It is also clearly seen that the bronze crystals 

within the near-interface band of ~10 mm width appear to be much finer (smaller than 2 mm) than 

those at greater distances from the interface with the average size in the range of 5é20 mm. Taking 

into account the difference in the melting points of bronze (900é1000 ÁC) and stainless steel 

(above 1500 ÁC), one can suggest that the conditions of rapid cooling (quenching from melt) 

prevailed for the 10Õm boundary layer region within bronze. These conditions promote nucleation 
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and prevent grain growth in bronze. On the other hand, this process may facilitate grain growth in 

steel due to the heat transfer from bronze when 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 lattice type (e.g., FCC) 

cannot be distinguished readily. Relatively weak chemical interaction is expected in the bimetal 

pairs Cu-Fe, Cu-Cr and Cu-Ni, but further high resolution TEM studies are likely to be useful in 

revealing additional detail at the nanometric scale and finer. 

 

 

4.3.3 Mechanical testing and fracture behavior 

Stress-strain curves are presented in Figure 4.9 and reflect the complex nature of the 

mechanical response of SLM 3D-printed 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 stress-strain data are shown in Table 4.3 which presents 

the estimates of specimen stiffness for the toe and middle regions along with the values of the 

ultimate tensile strength (UTS) and elongation-to-rupture. The overall behavior could be reported 

as brittle, since elongation-to-rupture values were small for all specimens studied. 

 

Figure 4.9. The stress-strain curves of the specimens made from (a) stainless steel (S1), (b) 

bronze (S2), and (c) bimetal (S3) 
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Table 4.3. Sample properties determined from tensile experiments 

 
Stiffness, 

GPa 

Ultimate Tensile Strength, 

MPa 
Elongation-to-rupture, % 

S1 (stainless steel) 103 850 1.2 

S2 (bronze) 28 150 0.8 

S3 (bimetal) 22 105 0.7 

 

Sample settling in the grips can be excluded as the possible reason for the appearance of 

the ótoe regionô, since strain evaluation was performed by the DIC method that does not rely on 

the reading of linear variable differential transformer (LVDT) sensor or other gauge, but instead 

captures the material deformation within the field of view. It is 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 between powder particles (caused by sintering) that leads to 

them aligning along tension axis; 

b. Conventional elastic-plastic deformation of a porous structure with properly oriented 

interconnections between blocks. 

It can be surmised that the first mechanism is mainly manifested in the toe region showing 

low stiffness. In contrast, the second mechanism dominates in the middle region demonstrating 

higher stiffness and strength, but still appears to be less stiff compared to the bulk counterparts 

due to significant porosity. The appearance of fracture surfaces is given in Figure 4.10. Much 

higher integrity and signs of plastic flow and fracture (smoother areas) are characteristic for the 

stainless-steel specimen. Fracture surfaces of the bronze and bimetallic (also at the bronze side) 

specimen reveal numerous spherical particles of unmolten metal (diameters in the range 20é30 

mm) as well as cavities and pores between large and rounded metal globules (as big as 200é300 

mm) with relatively smooth surface. Tearing appears to be localized at rough sites at the surface of 

a few globules suggesting that these were the locations of the ñbridgesò interconnecting globules 

before fracture. 
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Figure 4.10. The appearance of fracture 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 3D-printed samples readily explains the reduced 

values of elastic moduli, ultimate tensile strength and elongation-to-rupture compared to the bulk 

counterparts. Due to the internal porosity, the effective cross-section is significantly reduced 

compared the nominal cross section used in the calculation of stresses and related characteristics. 

On the other hand, the ultimate tensile strength for stainless steel specimen appears to be 

exceptionally high suggesting strong that 3D printing promoted internal hardening processes that 

are otherwise difficult to activate for austenitic stainless steels. Despite the presence of many 

printing defects and a degree of brittleness, the overall engineering performance of the bimetallic 

part studied can be judged satisfactory due to a reasonable match in terms of the elastic modulus 

and ultimate tensile strength. The overall mechanical properties are comparable with many other 

metallic materials, such as bulk magnesium alloys, Ni-Ti and Ni-Zr-Nb alloys, and many porous 

metals. The optimization of the printing design and parameters is likely to allow further 

improvement of the 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 strength-limiting feature. Further discussion is given below 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 testing with digital image acquisition and DIC post-

processing makes it possible to visualize the strain distribution and its localization, as exemplified 

in Figure 4.11 and seen from the video clips provided as Supplementary Information. The 

localization of strain was detected at the distance of about 150 ɛm from the interface at the value 

of strain corresponding to 0.3 % which suggests satisfactory mechanical resistance of the bimetal 

material despite the high density of porosity/discontinuity defects as described above. The final 

fracture takes place on the side of the bronze material, indicating that the interface remains strong 

enough to withstand external loading. This implies the existence of a bonding or bridging 
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mechanism that established a good connection between immiscible metals, e.g., via mechanical 

interlocking of asperities. The understanding of the sign and value of stresses along and 

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

strength.  

 

 

  

Figure 4.11. (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 X-axis, and (c) composition map of Cu and Fe 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 Figure 4.12(a). 

The estimates of stress were calculated from the measured unloading strains taking the values of 

Youngôs modulus and Poisson coefficient for stainless steel or bronze as applicable. Since the 

directions of fast electron beam scanning (ὼ) and slow electron beam scanning (ώ) are not 
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rationally oriented with respect to the line of interface, the projections of the global stress 

components „ὼ and „ώ on the local ὼô and ώô axes were computed to obtain „ὼǋ and „ώǋ as illustrated 

in Figure 4.12(b). Tensile stresses of ~320 MPa were detected at a distance of about 120 ɛm from 

the interface (bronze side), sharply dropping to 0 MPa close to 150 ɛm distance and next down to 

-270 MPa at the 180 ɛm distance. The interval from 120 to 180 ɛm corresponds to the rupture 

zone revealed by EDX and DIC analysis. Moderate tensile stresses not exceeding Ñ100 MPa were 

found on the stainless-steel side near the interface, and in the zone that corresponded to the 

subsequent rupture zone on the bronze side, as shown in Figure 4.12(c). The rupture location 

within bronze can be explained considering the combination of the following aspects:  

¶ The lower strength of bronze compared to stainless steel;  

¶ The localization of tensile stress within the band lying 120-180 Õm from the interface;  

¶ The variation of microstructure of bronze that reveals grain refinement within the band 

lying 120-180 Õm from the interface that causes reduction of ductility and promotes the 

localization of damage and fracture in this region. 

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

involves the deposition of órimô of bronze at the interface with stainless steel as the first stage of 

3D printing. Subsequent deposition of the bronze hatching places small volumes 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 Figure 4.12(d-e). 
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Figure 4.12. (a-b) The location of milled rings near interface with the respected coordinate 

systems: (a) general view, (b) zoomed view. (c-e) The results of FIB-DIC residual stress analysis 

and respect EBSD maps 
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The origins of mechanical bonding between copper-based materials such as bronze and 

stainless steel are the subject of active debate in the literature. Nano- to atomic scale investigations 

of Cu diffusion within iron-based materials were conducted using TEM and atom probe 

tomography (APT) [78]. It has been revealed that Cu tends to form precipitates and diffuse to grain 

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

óscallopô interpenetrating boundary between dissimilar materials. The present study reveals that 

the strength of this interface exceeds that of bulk bronze material at the distance of ~150 Õm from 

the interface. 

 

4.4 Conclusions  

Laser powder bed fusion 3D-printing as a technology intrinsically generates a complex 

thermal history for a voxel of printed component. One 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 which 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 alloys in situ or fusion of immiscible metals 

introduce even more complexity making fundamental research in this field a very challenging task. 

Therefore, the development of technologies based on SLM 3D-printing of immiscible metals 

requires the use of advanced characterization and testing techniques and the optimization of 

printing parameters becomes crucial to guarantee good quality of components having big 

mismatch of laser absorbance, solidification temperatures, shrinkage, heat capacity, density, 

thermal conductivity and linear expansion coefficient in case of stainless steel and bronze. The use 

of different laser sources may be needed what is not always technologically applicable or 

technically viable. The structure characteristics, mechanical performance at tension and fracture 
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of a ready net-shape component were studied ï bimetallic stainless steel-bronze wheel fabricated 

during trials of an original SLM 3D-printer. It was found that despite of noticeable amount of 

rough printing defects such as undermelting (diffusion sintering), cavities and pores both stainless 

steel and bronze parts and, what is the most important, their interface show acceptable integrity 

and mechanical durability. Mechanical performance is characterized by specific type of stress-

strain curve with initial stage of low stiffness, 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 the first result for direct measurement of stresses at the interface and in its 

vicinity. This leads to the proposed pathways towards further improvement of bimetal joint 

strengths through simple modifications of the SLM printing procedures. It is believed that the 

deliberate increase of interface entanglement by means of rational selection of printing patterns 

(creation of zigzag or meander motifs) will additionally reinforce the interface zone. 
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Chapter 5. Brazing Tungsten/Tantalum/RAFM Steel Joint for DEMO by 

Fully Reduced Activation Brazing Alloy 48Ti-48Zr-4Be 

 

This chapter presents the development and characterization of a brazing process for joining 

tungsten, tantalum, and Reduced Activation Ferritic-Martensitic (RAFM) steel, aimed at 

applications in the DEMO fusion reactor. The DEMO (Demonstration Power Plant) fusion reactor 

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 producing electricity from fusion on a commercial 

scale, integrating advanced technologies such as tritium breeding, high-efficiency power 

conversion, and long-term operation of plasma-facing materials. Its design emphasizes reliability, 

safety, and scalability, paving the way for future fusion power plants to provide clean and abundant 

energy. The study utilizes a novel, fully reduced activation brazing alloy (48Ti-48Zr-4Be) to 

achieve robust joints with minimal radioactive by-products. Detailed microstructural analysis, 

mechanical testing, and assessment of joint integrity are conducted to evaluate the performance of 

the brazed samples. The chapter discusses the effects of process parameters on joint quality and 

explores the potential for scalable applications in fusion technology 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 [79-83]. DEMO will focus on the production 

of electricity. It must demonstrate technological stability, safe power generation and reliable plant 

maintenance. When designing such a plant, it is necessary to consider not only the physical 

requirements, but also the technical and technological constraints. Operating parameters in DEMO 

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 Rusfer [84] or Eurofer 

https://www.mdpi.com/2075-4701/11/9/1417#B5-metals-11-01417
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[85], will be the construction material. Because of this fact, one urgent issue should be solved 

before constructionðthe production of a strong joint between tungsten and steel. However, direct 

connection is tough to achieve because of the big difference in coefficients of thermal expansion 

(CTE): (10.5-12.3)Ĭ10ī6 Kī1 for steel and (4.3-6.0)Ĭ10ī6 Kī1 for tungsten. A significant difference 

causes large residual stresses during cooling, and as a result can lead to the destruction of the joint 

[86,87]. Usually, intermediate layers are used to suppress a mismatch of CTE [88]. In DEMO, in 

order to relieve these stresses, it is proposed to use Nb [89], V [90], Ti [91], Cu [92], and Ta [93]. 

Nevertheless, it is necessary to select a reliable manufacturing technology. Several methods 

have been proposed: brazing with powder alloys [94], galvanic layers [95] and amorphous foils 

[97], or solid-state technologies for diffusion bonding [96,97]. Brazing is considered to be the most 

reliable technology, because it does not cause creep of the materials which are to be joined, and 

the cost is lower compared with hot isostatic pressing et al. According to ITER experience, it is 

also important to use a technology which allows local repair of damaged components during 

production [98]. However, until now no fully reduced activation brazing alloy has been used, or 

the strength of the joint was low [99]. Instead, scientists use nickel [100,101] 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 of 48Ti-48Zr-4Be (wt.%) is being 

explored. This alloy has previously been successfully employed for brazing a self-passivating 

tungsten alloy [105]. 

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 steel is used in a heat-

treated state, a high joining temperature leads to Ŭ-ɔ transition during joining, so the steel is not 

martensitic anymore [106]. This means that the joining temperature is limited to 500 ÁC, because 

the properties of heat-treated RAFM steels significantly decrease after heating above 500 ÁC [107]. 

Not to spoil the steelsô microstructure during the joining process, brazing should be carried out 

simultaneously with the heat treatment of the steels. 

https://www.mdpi.com/2075-4701/11/9/1417#B6-metals-11-01417
https://www.mdpi.com/2075-4701/11/9/1417#B7-metals-11-01417
https://www.mdpi.com/2075-4701/11/9/1417#B9-metals-11-01417
https://www.mdpi.com/2075-4701/11/9/1417#B10-metals-11-01417
https://www.mdpi.com/2075-4701/11/9/1417#B11-metals-11-01417
https://www.mdpi.com/2075-4701/11/9/1417#B13-metals-11-01417
https://www.mdpi.com/2075-4701/11/9/1417#B14-metals-11-01417
https://www.mdpi.com/2075-4701/11/9/1417#B28-metals-11-01417
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In addition, it is very important to study mechanical strength, the exact microstructure of 

the brazed joints, and its changes under working conditions to assess the influence of the 

technological process, and the composition of the intermediate layers and filler alloys. The 

information obtained will be useful for the further optimization of the technology. All in all, a 

good joint for DEMO satisfies the requirement of reduced activation, can withstand heat loads and 

thermocycling 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: 

¶ ITER-grade tungsten (W); 

¶ RAFM Rusfer EK-181 (Rusfer) steel with as-produced (Fe-12Cr-2W-V-Ta-B, wt. %) 

(more information is presented elsewhere [108]); 

¶ pure tantalum (Ta). Ta was utilized as a compensating interlayer, as previous studies have 

demonstrated its effectiveness in reducing stresses between tungsten (W) and steel [109]; 

¶ 48Ti-48Zr-4Be wt. % (TiZr4Be) STEMET 1412 brazing alloy rapidly solidified into a 

ribbon of 70 ɛm 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 industries [110-

115]. TiZr4Be alloy has a good glass forming ability (GFA) produced by melt spinning [116], and 

a high GFA makes it possible to produce flexible foil by this spinning technology. The alloy has 

an amorphous state with a limited crystalline phase. The liquidus temperature of the alloy is close 

to 840 ÁC. The brazing alloy has been investigated in detail elsewhere [117]. 

Figure 5.1 shows the schematic view of the specimens in mm, for microstructural 

observation (a) and for shear tests (b). 

https://www.mdpi.com/2075-4701/11/9/1417#B38-metals-11-01417
https://www.mdpi.com/2075-4701/11/9/1417#fig_body_display_metals-11-01417-f001
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Figure 5.1. Schematic view of a brazed specimen (dimensions in mm): (a) the sample for 

microstructural observation; (b) the shear test sample 

 

5.2.2. Methods  

Brazing was conducted in a vacuum furnace under a pressure of less than 10-5 mmHg. The 

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

materials corresponded to the thickness of the brazing alloy. The brazing process was utilized to 

achieve the thermal heat treatment of the steel: 1100 ÁC, 1 h + 720 ÁC 3 h [118], heating rate (Vh) 

for the first step 40 ÁC/min, cooling rate (Vc) 20 ÁC/min, for the second step Vh = 20 ÁC/min, Vc 

= 10 ÁC/min. This indicates that the brazing process was performed simultaneously with the heat 

treatment of the steel. 

The microstructure was investigated on the cross-sections of the brazed samples by MTI 

MM500T metallographic microscope (MTI Corporation, USA) and JEOL JSM-6610LV scanning 

electron microscope with energy dispersive spectroscopy INCA X-ACT (Jeol, Japan). Electron 

beam scattered diffraction analysis and ultra-high-resolution photos were obtained by means of 

https://www.mdpi.com/2075-4701/11/9/1417#B39-metals-11-01417
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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 Instruments, UK). 

The specimens were prepared using a common metallographic procedure. For 

metallographic microscopy the samples were etched with 20 % HNO3 + 20 % HF + 60 % glycerol 

solution, and the etching time was 1-3 s to identify the structure of the brazed seam and 20-30 s to 

identify the steelôs microstructure. Before EBSD analysis, the samples were etched with 

Technoorg Linda SEMPrep2 (Technoorg, Hungary). 

Microhardness HV0.1 (load 0.9807 H, holding time 15 s) in the cross section of a brazed 

seam was measured by Vickers FM-800 (Future-Tech, 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 elsewhere [119]. The shear test 

was selected to ensure that the joint would fail along the seam. If the 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 processes, because phase 

transformation or a joint degradation can occur [120,121]. In this study, the thermocycling test 

was conducted in an evacuated quartz ampoule under a dynamic vacuum of p = 10ī2 mmHg; to 

suppress oxygen concentration, titanium getter was also inserted into the ampoule. Samples were 

inserted into the ampoule and a thermocouple was as close as the samples. In this study, 

thermocycling was conducted under conditions closer to actual operating scenarios. Given that the 

working temperature of RAFM steel is limited to 550 ÁC, the joint was heated to 600 ÁC to account 

for the possibility of higher operating temperatures. The ampoule was heated up in a tube furnace, 

and after achieving 600 ÁC the ampule was pulled out the furnace. Cooling lasted until 300 ÁC. A 

temperature of 300 ÁC was selected to approximate the operating temperature of a water coolant. 

During shut down, the First Wall will be cooled down to the coolant temperature [122]. Figure 5.2 

shows the schematic image of the thermocycling regime. Four 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 5.2.2, FEA of a specimen was conducted to optimize its geometry for further 

investigation. Brazed joints W/Ta/Rusfer was calculated by means of FEA in ANSYS Workbench 

18.2. The mechanical and physical properties of the materials, such as Youngôs modulus, Poissonôs 

ratio, yield strength, tangent modulus, stress-strain curves, and coefficient of thermal expansion, 

were taken from [123]. Figure 5.3 shows the resulting dimensions of the joints. 

 

 

https://www.mdpi.com/2075-4701/11/9/1417#sec3dot2dot2-metals-11-01417
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Figure 5.3. The dimensions of the first (a) and second (b) brazed joints for thermocycling tests 

 

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

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

 

 

Figure 5.4. The mesh of the first (a) and second (b) models. Only the right halves of the 

symmetric assemblies are depicted 

 

The process of cooling the assemblies from the joining temperature of 1100 oC to room 

temperature of 22 oC was modelled according to Figure 5.5 that shows the boundary conditions 

for modeling. 

 

 

Figure 5.5. The boundary conditions for the first (a) and second (b) FEA models 



122 

 

 

5.3. Results and Discussion 

5.3.1. Microstructural Analysis 

Figure 5.6 shows the micrograph of the whole as-joined sample. The image in the area 

close to the fillet region of the sample was obtained. No cracks or pores were observed. Rusfer/Ta 

seam can be divided into the following zones: (1) martensite grains, (2) ferritic grains, (3) 

interaction zone with sharp phases, (4) interaction zone with elongated grains, (5) pure tantalum. 

The thickness of the layer increases closer to the fillet, because in Figure 6, a 50 Õm ferritic layer 

formed, but in the central zone of a sample, this was 20 Õm. In this Section, optical images of the 

central area of the joint are presented, showing a thickness of approximately 20-30 Õm across 

different samples. This indicates that the ferritic layer formed during brazing with TiZr4Be is 

significantly thinner compared to that observed with Cu-based brazing alloys, where reported 

thicknesses were 200 Õm [111] and approximately 300 Õm [124]. The Ta/W seam was categorized 

into the following zones: (1) pure tantalum, (2) mechanical mixture, (3) thick dark layer, and (4) 

pure tungsten. Additionally, a thin grain boundary depletion of pure tungsten was observed near 

the Ta/TiZr4Be/W brazed seam, as indicated by an arrow in Figure 5.6. 

 

 

Figure 5.6. Full view of Rusfer/Ta/W joint brazed by TiZr4Be alloy under 1100 ÁC, 1 h + 720 ÁC 

3 h brazing mode 

 

https://www.mdpi.com/2075-4701/11/9/1417#fig_body_display_metals-11-01417-f006
https://www.mdpi.com/2075-4701/11/9/1417#fig_body_display_metals-11-01417-f006
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EBSD and EDS analyzes were used to investigate the seams more precisely. 

Rusfer/TiZr4Be/Ta seamsô analysis is presented in Figure 5.7: a-backscattered electron image, b-

EBSD phase map, c-EDS maps. Because EDS analysis fails to reliably determine the concentration 

of light elements (Be, B, H), Be distribution was not present. EBSD analysis revealed that the 

Rusfer/TiZr4Be/Ta seam consists of bcc-Fe, ZrC, Ta2Be, ZrFe2 and bcc-Ta phases. The same 

microstructure was observed in [125], but no accurate investigation was made there. A ZrC phase 

formed in the Fe-bcc/ZrFe2 interface, no further appearance of it was observed, and the thickness 

of the phase varied between 2-10 Õm. Ta2Be in the form of sharp needles formed within ZrFe2. Its 

amount varies in the seam, which can be related to the different gaps between base materials during 

brazing. The ZrFe2 phase itself also dissolves Ti, Cr, Ta. Elongated grains after ZrFe2 are bcc-Ta 

phases. According to EDS maps, strong interaction among the brazing alloy, steel and tantalum 

occurred. Iron was fully distributed within the interaction layer as well as titanium and zirconium. 

In addition, tantalum was distributed within the interaction layer. 

 

 

Figure 5.7. SEM analysis of Rusfer/ TiZr4Be/Ta seam: (a) backscattered electron image; (b) 

EBSD phase map; (c) EDS distribution maps 

https://www.mdpi.com/2075-4701/11/9/1417#fig_body_display_metals-11-01417-f007
https://www.mdpi.com/2075-4701/11/9/1417#B27-metals-11-01417
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Figure 5.8 shows the Ta/W seamsô analysis: a-backscattered electron image, b-EBSD phase 

map, c-g-EDS maps. EBSD analysis revealed that the Ta/TiZr4Be/W seam consists of bcc-Ta, 

Ta2Be, tetragonal-Ta (ɓ-Ta), a solid solution based on bcc-Ti, and ZrC. Formation of ZrC can be 

related to the mixing of the melts between Rusfer/Ta and Ta/W seams throughout a fillet region 

[125] that occurs due to high wettability of the brazing alloy. The same morphology of the Ta2Be 

phase was observed while brazing Ta to boron-nitride [126]. Ta and W dissolved in the brazing 

alloy melt, which is required for a firm brazed joint. The bcc-Ti based layer dissolved Zr, Ta, and 

W, which also confirms good interaction. A magnified image of this zone is presented in Figure 

5.9; the image was taken by ultra-high resolution SEM regime. Approximate position of the image 

is shown in Figure 5.8a. 

 

 

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

phase map; (c) EDS distribution maps 

 

https://www.mdpi.com/2075-4701/11/9/1417#fig_body_display_metals-11-01417-f008
https://www.mdpi.com/2075-4701/11/9/1417#B27-metals-11-01417
https://www.mdpi.com/2075-4701/11/9/1417#B38-metals-11-01417
https://www.mdpi.com/2075-4701/11/9/1417#fig_body_display_metals-11-01417-f009
https://www.mdpi.com/2075-4701/11/9/1417#fig_body_display_metals-11-01417-f009
https://www.mdpi.com/2075-4701/11/9/1417#fig_body_display_metals-11-01417-f008
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Figure 5.9. Magnified image of the zone outlined by the rectangle in Figure 8a in the 

Ta/TiZr4Be/W seam 

 

Fine bright grains and few dendrites formed on the background of bcc-Ti. By EBSD 

analysis the grains were seen to be bcc-Ta. Clear images of the Kikuchi lines were obtained only 

when scanning phases larger than 0.5 Õm. This fine microstructure was likely to be formed during 

cooling the joint from 1100 ÁC because of Ti-Ta decay according to the phase diagram [127]. Such 

a fine-grained microstructure was not observed during the brazing of the W-Cr-Y alloy [117]. 

 

5.3.2. Mechanical Characterization  

This section presents the results of mechanical tests that included shear tests, thermocycling 

tests and microhardness measurements.  
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Shear Strength Tests. Shear strength was determined only for as-joined samples. Figure 

5.10(a) shows the stress-displacement curves of the tested samples. All samples failed along the 

Rusfer/TiZr4Be/Ta seam. Average shear strength is 127Ñ20 MPa. The lowest shear strength is 80 

MPa, whereas the highest is 190 MPa. The test scheme should be improved, because the relative 

error of 15 % is believed to be high. It was calculated earlier that a minimum required shear 

strength for W/steel joint in Water Cooled Lithium Lead blanket is 180 MPa [81], though some 

attempts can be made to improve the strength of the joint. Figure 5.10(b) shows the SEM image 

in secondary electrons of Rusfer/TiZr4Be/Ta seam after the shear test. The failure occurred 

throughout the Ta2Be phase. Existence of Ta2Be phase profiles on the failure surface (pointed with 

arrows in Figure 5.10b) and a crack propagated through Ta2Be support this assumption. Hence, 

the dense of this phase should be reduced to improve the shear strength. This can be made by 

reduction of the brazing alloy melt while using thinner foil. The Ta/TiZr4Be/W seam remained 

unbroken after the test; hence, it is not necessary to prevent interaction of the melts from Rusfer 

and W to prevent ZrC phase formation. 

 

 

Figure 5.10. The results of shear strength test: (a) stress-displacement curves. The different 

curves correspond to different test samples. (b) Rusfer/TiZr4Be/Ta failure zone (secondary 

electrons) 
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Thermal cycling. Four different samples were subjected to varying numbers of 

thermocycles: as-joined, 50, 100, and 200 cycles. Degradation of the joint accumulated in the fillet 

region and mostly between tungsten and tantalum which is shown in Figure 5.11. Some cracks and 

detachments are observed. The geometry of a sample is likely to influence the resistance against 

thermocycling. 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. Figure 5.12 shows the results of the 

FEA calculations. Maximum equivalent von Mises stress is located in the tungsten layer near the 

edge of the W/Ta contact region in both cases. Its value is 858 MPa when all three layers have the 

same width and 1348 MPa when the tantalum layer is wider. This means that the geometry with 

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

 

 
Figure 5.11. Optical image of the fillet region of the samples after thermocycling between 300-

600 ǓC: (a) as-joined, (b) 50 thermocycles, (c) 100 thermocycles, (d) 200 thermocycles 
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Figure 5.12. Contour plots 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 1 is ~300 HV0.1 which 

corresponds to thermo-treated Rusfer [88], even when thermocycling microhardness does not 

decrease, though the temperature higher than 550 ÁC negatively affects the RAFM steelôs 

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 steels' microstructure, so the steel was not 

studied in detail. 

Microhardness of ferritic grains in zone 2 is close to 170 HV0.1 in all cases from as-joined 

to 200 thermo-cycled sample. No further growth of ferritic grains occurred. Ferritization and 

further carbide formation can be expected if the operation temperature exceeds 700 ÁC, because 

the ferritic layer forms during diffusion bonding at a temperature higher than 700 ÁC [95]. 

Interaction layer 3 is quite hard: microhardness almost reaches 800 HV0.1 and does not 

decrease after thermocycling. Microhardness of the layer 4 lies between the third and fifth layer. 

Pure tantalum characterized with 100 HV0.1 and did not harden after 200 thermocycles, hence no 

further dissolution of other components was observed. 
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Figure 5.14 shows the microstructure of the Ta/TiZr4Be/W brazed joint with the micro- 

hardness profiles. The thickness of the seam did not vary from sample to sample as was seen in 

the Rusfer/TiZr4Be/Ta joint. The microhardness of tantalum in layer 1 is obviously the same as in 

the Rusfer/TiZr4Be/Ta seam. The mechanical mixture of Ti-based solid solution with Ta2Be phase 

is close to 700 HV0.1, which should be related to the beryllide phase, because the third layer is 

softer and more characterized by 300-600 HV0.1. This spread of values can be related to the 

complex microstructure of this layer, as presented in Figure 5.6. The microhardness of pure 

tungsten is ~420 HV0.1. The microhardness in this joint is higher than for the joints with vanadium 

interlayer and amorphous Cu-based brazing alloy, where the microhardness in the interaction zone 

lies in the range between 100-400 HV0.1 [100]. Thermocycling did not lead to any change in the 

microhardness qualitative and quantitative profile. 

 

 

Figure 5.13. Optical image with microhardness profiles of Rusfer/TiZr4Be/Ta seam after 

thermocycling between 300-600 ǓC: (a) as-joined, (b) 50 thermocycles, (c) 100 thermocycles, (d) 

200 thermocycles 
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Figure 5.14. Optical image with microhardness profiles of Ta/TiZr4Be/W seam after 

thermocycling between 300-600 ǓC: (a) as-joined, (b) 50 thermocycles, (c) 100 thermocycles, (d) 

200 thermocycles 

 

Comparing with Rusfer/V/W joints obtained using Cu-Ti [111] and Cu-Ge [104] rapidly 

solidified into foil brazing alloys, microhardness values in the Rusfer/TiZrBe/Ta/TiZrBe/W joint 

were higher. 

EDS analysis was carried out for the phases forming the seams to check if the 

thermocycling affects the phase composition. SEM images of the as-joined and 200 thermo-cycled 

seams are presented in Figure 5.15 (Rusfer/Ta) and Figure 5.16 (Ta/W). Table 5.1 presents the 

quantitative analysis of the points. 

 


















