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Abstract 

Manufacturing of superconducting radiofrequency (SRF) cavities with high performances is 

paramount to increase the collision energy in new particle accelerators that will push the 

limits of fundamental research in particle physics. The use of high-speed sheet forming 

techniques, such as electro-hydraulic forming, can be beneficial for cavity performances, but 

requires a detailed understanding of the mechanical properties of the materials being 

deformed and the consequence on their microstructures. The main objective of this thesis is 

then to characterize materials to improve different forming techniques and ultimately 

increase the performances of SRF cavities.  

The dissertation is separated in two parts, based on the material studied. Part I focuses on 

high-purity niobium single crystals and Part II studies polycrystalline niobium and oxygen-

free electronic (OFE) copper sheets. In Part I, the effect of strain rate, from 10-4 to 103 s-1, 

on the mechanical properties and on the microstructure of niobium single crystals is studied. 

In Part II, the forming limit diagrams of polycrystalline OFE copper and high-purity niobium 

were measured. The effect of strain rate on electron beam welded sheets of the same 

materials is also presented. 

Chapter 1 introduces the motivation behind this study of the mechanical properties and the 

microstructure of OFE copper and high-purity niobium for sheet forming of SRF cavities for 

CERN’s Future Circular Collider and more. An overview of the role of SRF cavities in a 

particle accelerator and different SRF cavity manufacturing routes, e.g. different sheet 

forming processes, seamless SRF cavities, and tube manufacturing, are also presented in this 

chapter. 

The fundamental theories required to perform this study, a survey of relevant literature for 

single crystalline niobium, forming limit diagrams, and electron beam welds, and the 

scientific contributions of this study are presented for Parts I and II in Chapters 2 and 6, 

respectively. Chapters 3 and 7 present the materials characterized in the study and the 

experimental methodology used for all tests and analyses performed in each part. In Chapter 

3, the method used to select niobium single crystal tensile orientations from a large-grain 

disk is presented. Finally, all experimental equipment used to measure the mechanical 

properties (e.g. mechanical and servo-hydraulic universal testing machines and split 

Hopkinson bars) and investigate the microstructure (e.g. scanning and transmission electron 

microscopes) of the different specimens are presented. 
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Chapter 4 presents the mechanical properties of niobium single crystals with different 

crystallographic orientations deformed in tension and compression at strain rates of about 

10−4 to 103 s−1. A reduction of anisotropic mechanical properties was measured in tension 

for increasing strain rates. The effect of crystal orientation and strain rates on the resulting 

microstructures, i.e. crystal orientations and dislocation substructures, are reported in 

Chapter 5. Tensile specimens deformed at quasi-static strain rates and with an initial crystal 

orientation with similar Schmid factors for two {112}<111> slip systems with Burgers 

vectors in different directions showed shear bands in IPF orientation maps, compared to 

rotated single crystals for other orientations. A reduction in hardness from nanoindentation 

measurements on specimens previously deformed at high strain rates instead of quasi-static 

strain rates was measured and likely caused by differences in dislocation substructures. At 

high strain rates, homogeneously distributed dislocations with a higher dislocation dipole 

density were observed. At low strain rates, dislocation cells with a high density of long 

dislocations were observed. 

Chapter 8 presents the forming limit diagrams of annealed OFE copper and polycrystalline 

high-purity niobium, obtained at a quasi-static strain rate of 10−3 s−1. A higher formability 

(higher major strain) was measured for niobium for all linear strain paths between uniaxial 

tension and equi-biaxial tension. 

Chapter 9 presents the mechanical properties of electron beam welded annealed OFE copper 

and polycrystalline niobium deformed in tension and in compression at strain rates of 10−3 

to 103 s−1. The effect of strain rate on the mechanical properties and the ductility was 

negligible for OFE copper, while an increase in yield and ultimate tensile stress was 

measured for increasing strain rates for niobium and a reduction in nominal strain to failure 

was measured between strain rates of 2.0x10−1 s−1 and about 400 s−1. 
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Résumé 

La fabrication de cavités supraconductrices à radiofréquence (SRF) à haute performance est 

essentielle pour augmenter l’énergie de collision dans de nouveaux accélérateurs de 

particules qui poussent les limites de la recherche fondamentale en physique des particules. 

L’utilisation de procédés de fabrication à haute vitesse, telle que l’électro-hydro formage, 

peut être bénéfique pour la performance des cavités, mais requiert une compréhension 

détaillée des propriétés mécaniques des matériaux déformés et de l’impact sur leurs 

microstructures. L’objectif principal de cette thèse est la caractérisation de matériaux pour 

améliorer différentes techniques de formage pour ultimement augmenter les performances 

de cavités SRF. 

Le manuscrit est séparé en deux parties, basées sur les matériaux étudiés. La partie I se 

concentre sur les monocristaux de niobium à haute pureté et la partie II étudie les tôles 

polycristallines de niobium et de cuivre OFE. Dans la partie I, l’effet du taux de déformation, 

de 10-4 à 103 s-1, sur les propriétés mécaniques et la microstructure de monocristaux de 

niobium est étudié. Dans la partie II, les courbes limites de formage de tôles polycristallines 

de cuivre OFE et de niobium à haute pureté sont mesurées. L’effet du taux de déformation 

sur des tôles des mêmes matériaux polycristallins soudées par faisceau d’électrons est aussi 

présenté dans cette partie. 

Le chapitre 1 introduit la motivation de cette étude des propriétés mécaniques et de la 

microstructure du cuivre OFE et du niobium à haute pureté pour le formage de cavités SRF 

pour le Future Circular Collider du CERN et d’autres accélérateurs. Une introduction du rôle 

des cavités SRF dans un accélérateur de particules et différentes méthodes pour fabriquer 

une cavité SRF, e.g. différents procédés de formage, des cavités sans-soudures dites 

seamless et la fabrication de tubes, sont aussi présentées dans ce chapitre. 

Les théories requises pour réaliser cette étude, une revue de la littérature pour les 

monocristaux de niobium, les courbes limites de formage et les soudures par faisceau 

d’électrons, et les contributions scientifiques de cette étude sont présentées en parties I et II 

dans les chapitres 2 et 6, respectivement. Les chapitres 3 et 7 présentent les matériaux 

caractérisés dans cette étude et les méthodes expérimentales pour les essais et analyses faits 

dans chaque partie. La méthode utilisée pour sélectionner l’orientation cristalline des 

monocristaux de niobium déformés en traction est décrite dans le chapitre 3. Finalement, 

l’équipement utilisé pour mesurer les propriétés mécaniques (e.g. machines d’essai 

universelles électromécaniques et hydrauliques et des barres de Hopkinson) et observer la 
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microstructure (e.g. microscope électronique à balayage et à transmission) des différentes 

éprouvettes est présenté.  

Le chapitre 4 présente les propriétés mécaniques de monocristaux de niobium avec 

différentes orientations cristallographiques déformés en traction et en compression à des taux 

de déformation d’environ 10−4 à 103 s−1. Une réduction d’anisotropie des propriétés 

mécaniques a été mesurée en traction lors d’augmentation du taux de déformation au régime 

dynamique. L’effet de l’orientation des cristaux et du taux de déformation sur les 

microstructures qui en résultent, i.e. l’orientation des cristaux et les sous-structures de 

dislocations, sont présentés dans le chapitre 5. Une réduction de la dureté, mesurée par 

nanoindentation, pour les éprouvettes déformées au préalable à de hauts taux de déformation 

plutôt qu’au régime quasi-statique a été mesurée et probablement causée par différentes 

sous-structures de dislocations. À hauts taux de déformation, une distribution homogène de 

dislocations avec une plus haute densité de dipôles a été observée. À bas taux de 

déformation, des cellules de dislocations avec une haute densité de longues dislocations ont 

été observées. 

Le chapitre 8 présente les courbes limites de formage du cuivre OFE recuit et de tôles 

polycristallines de niobium à haute-pureté obtenues à un taux de déformation quasi-statique 

de 10−3 s−1. Une formabilité plus élevée (déformation majeure plus élevée) a été mesurée 

pour le niobium pour tous chemins de déformation linéaires entre la traction uniaxiale et la 

traction équi-biaxiale. 

Le chapitre 9 présente les propriétés mécaniques d’éprouvettes de cuivre OFE recuites et de 

tôles de niobium polycristallines soudées par faisceau d’électron et déformées en traction et 

en compression à des taux de déformation de 10−3 à 103 s−1. L’effet du taux de déformation 

sur les propriétés mécaniques et la ductilité était négligeable pour le cuivre OFE. Pour le 

niobium, une augmentation de la contrainte à l’écoulement et de la résistance à la traction 

ont été mesurées pour des augmentations du taux de déformation et une réduction de la 

déformation nominale à la rupture a été mesurée entre des taux de déformation de  

2.0x10−1 s−1 et d’environ 400 s−1. 
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The mechanical properties of niobium single crystals, presented in Chapter 3, were unknown 

in tension for strain rates higher than 10−1 s−1. Consequently, all analyses of the resulting 

microstructure and dislocation substructures are also firsts. The use of high-speed sheet 

forming for the fabrication of superconducting radiofrequency cavities from large-grain 

niobium disks will benefit from this knowledge. As a future work and a new scientific 

contribution, the influence of the dislocation substructure in specimens deformed at a high 

strain rate of about 103 s−1 on the superconducting properties of niobium should be studied 

on the specimens that were used by the author. These specimens were analyzed with 

transmission electron microscopy and homogeneously distributed short dislocation segments 

and loops were observed, compared with cell walls in specimens deformed at quasi-static 

strain rates. 

The quasi-static forming limit curve of high-purity polycrystalline niobium is the first public 

record since 1986 [1] and is believed to be more complete and accurate than the previous 

FLC. These experimental data are expected to help manufacturers of SRF cavities by better 

predicting the formability of high-purity niobium sheets. 

The mechanical properties in tension and compression of electron beam welded OFE copper 

and polycrystalline niobium sheets were unknown at strain rates greater to approximately 

10−3 s−1 and have now been measured at up to 103 s−1. These results should provide valuable 

information to the SRF community for the fabrication of seamless cavities and other complex 

components where welded sheets and tubes are used as starting material. 
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Nomenclature 

To avoid confusion with readers from different countries, please note the following 

convention. Based on the ISO 80000-1:2009 standard [2], a thin space is used as Thousands 

separator instead of a comma, the commonly symbol in English. For example, one thousand 

will be written as 1 000. 

Below are lists of symbols and constants used in this thesis with corresponding SI units and 

descriptions, and acronyms. 

List of Symbols 

Symbol Unit Description 

𝑎0 [m] Lattice constant 

𝑏 [m] Burgers vector amplitude 

𝑏 [m] Burgers vector 

𝑏1 [m] Burgers vector of the slip system with the highest Schmid factor 

𝑏2 [m] Burgers vector of the slip system with the second highest Schmid 

factor 

�̂� [m] Burgers unit vector  

𝑐𝑏 [
m

s
] Speed of sound in a split Hopkinson bar 

𝑓𝑔𝑎𝑔𝑒 [V−1] Strain gage factor 

𝑔 [−] Orientation matrix 

ℎ𝑖𝑗𝑘 [m] Kink height of the {𝑖𝑗𝑘} slip plane 
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Chapter 1 Introduction 

The fabrication of particle accelerators with higher collision energy is paramount for the 

fundamental understanding of particle physics and the origin of the universe, the 

development of more powerful synchrotrons and accelerator-driven subcritical reactors, and 

more. The reliable manufacturing of superconducting radiofrequency (SRF) cavities with 

higher accelerating gradients is a first step in that direction. The main objective of the thesis 

is to characterize materials to improve different forming techniques and ultimately increase 

the performances of SRF cavities. Compared with previous studies, a particular interest is 

given to the effect of strain rate, from quasi-static (10-4 s-1) to dynamic (103 s-1), on the 

mechanical properties and resulting microstructures. The two materials of interest are 

oxygen-free electronics (OFE) copper and high-purity niobium. More precisely, for 

niobium, the mechanical properties are studied for single crystals and electron beam welded 

polycrystalline sheets and the formability is studied for polycrystalline sheets.  

The motivation to study the dynamic properties of those materials arises from recent 

promising results from high-speed forming of SRF cavities with electro-hydraulic forming 

(EHF) compared with traditional sheet forming using deep-drawing or spinning [3], [4]. 

During EHF, the blank deforms at low strain rates when EHF is preceded by a hydrostatic 

hydroforming step and at high strain rates of up to 104 s-1 in confined regions of the blank or 

upon impact with the die [3]. The range of strain rates during the forming process and the 

high deformation required to form a cavity motivate the following characterization study. 

The different length scales studied, from the activation of slip systems in niobium single 

crystals to the determination of a forming limit diagram, an engineering tool used to predict 

sheet formability, are all intended to support the SRF community for future particle 

accelerator projects such as the European Organization for Nuclear Research’s (CERN) 

Future Circular Collider (FCC). Figure 1.1 shows a simplified schematic of the SRF cavity 

fabrication starting with a sheet or a tube. The main contributions of this study are grouped 

in three categories: (1) the mechanical properties at low and high strain rates, (2) the forming 

limit at low strain rate, and (3) the mechanical properties of electron beam (EB) welds at low 

and high strain rates. The mechanical properties of niobium single crystals and OFE copper 

are presented in different chapters due to the high amount of characterization work 

performed for the former material. The thesis is also separated in two parts to clearly 

distinguish between results for single niobium crystals and polycrystalline OFE copper and 

niobium sheets. 
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The following sections introduce the European project in which this PhD was performed, 

particle accelerators and SRF cavities, sheet forming processes to manufacture SRF cavities, 

tube fabrication for seamless cavity manufacturing, and a breakdown of the structure of this 

dissertation. 

 

Figure 1.1: Simplified schematic of the fabrication of SRF cavities and the contribution of the different 

characterization works conducted during the doctoral study. 

1.1. Future Circular Collider and EASITrain Program 

This PhD study was performed at a private company based in Toulouse, France, called  

I-Cube Research and was sponsored by a Marie Skłodowska-Curie action (MSCA) 

Innovation Training Network (ITN) program called European Advanced Superconductivity 

Innovation and Training (EASITrain). The EASITrain program (grant agreement no. 

764879) is composed of 15 early stage researchers, the majority of whom are PhD students, 

working in universities (Technische Universität (TU) Dresden, TU Wien, Universität 

Siegen, Universität Stuttgart, Vienna University of Economics and Business), research 

institutes (Commissariat à l'énergie atomique et aux énergies alternatives (CEA), CERN, 

Consiglio Nazionale delle Ricerche (CNR) SPIN, Istituto Nazionale di Fisica Nucleare 

(INFN) Legnaro National Laboratory (LNL)) or private companies (ASG Superconductors, 

Bruker, I-Cube Research) across Europe, see Figure 1.2 for the locations where the 

beneficiaries are based.  

Nb
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The main objectives of the EASITrain program are to study and improve the performances 

of different superconducting particle accelerator components, e.g. SRF cavities, cryogenics, 

and superconducting cables, for CERN’s Future Circular Collider. Technological 

improvements are required in the next decades to reach the FCC’s target collision energies. 

The FCC is a proposed 100 km-long circular particle accelerator that will operate first as a 

lepton (electron–positron) collider and later as a hadron (proton–proton) collider [5], [6]. 

The increase in collision energy from 13 TeV in the current Large Hadron Collider (LHC) 

that provided the first detection of the Higgs boson in 2012 [7] to 100 TeV makes it a 

compelling device for new fundamental particle physics research. 

 

Figure 1.2: Location of the beneficiaries (universities, national laboratories, and companies) of the 

EASITrain program. 

I-Cube Research’s role in the EASITrain program was to investigate high-velocity forming 

of SRF cavities made of niobium or copper. This investigation is accomplished with the 

study of mechanical properties and formability of cavity substrate materials. 

In addition to collaborating with members of the EASITrain program, testing and 

characterization was conducted at different universities and research institutes to benefit 

from the expertise of different research groups. For the characterization of niobium single 

crystals, a large collaboration with CERN, Michigan State University (MSU), Arizona State 

University (ASU), Imperial College London (ICL), the Bundesanstalt für Materialforschung 

und -prüfung (BAM) in Berlin, and the Institut de Recherche Dupuy de Lome (IRDL) of the 

École Nationale Supérieure de Techniques Avancées (ENSTA) Bretagne was initiated. The 

formability tests were performed at the Laboratoire d'Étude des Microstructures et de 

Mécanique des Matériaux (LEM3) of the Université de Lorraine and the tests on EB welded 
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specimens were conducted at the European Commission Joint Research Centre (JRC) in 

Ispra. Finally, multiple additional tests and analyses were performed at IRDL/ENSTA 

Bretagne. 

1.2. Particle Accelerator and SRF Cavities 

Particle accelerators are used in a variety of applications, the main industries being medical 

(hadron therapy and the production of radioactive isotopes), semi-conductors (ion 

implantation), and fundamental physic research [8]–[10]. The nature (electron, proton, ions) 

and energy (keV to TeV) of the charged particles vary for the different applications. 

Superconducting accelerators, like CERN’s Large Hadron Collider, can operate at high 

proton beam energies of up to 6.5 TeV due to the near absence of electrical resistivity in the 

magnets, cavities, and cables delivering electrical power. 

The role of superconducting radiofrequency cavities in particle accelerators is to accelerate 

the beam of hadrons (protons) or leptons (electrons and positrons). An overview of the SRF 

field is available in the following textbooks [11], [12]. The cavities are designed to operate 

at a specific frequency that represents its fundamental mode, which is geometrically 

dependent. For example, a 400 MHz cavity used in the LHC has inner diameters of 300.0 

and 688.0 mm at the iris and the equator, respectively, (see Figure 1.4 for SRF cavity 

nomenclature) compared with 20.0 mm and 45.5 mm for a much smaller  

6 GHz cavity used at the Legnaro National Laboratories of the Italian National Institute for 

Nuclear Physics (INFN LNL). High shape accuracy during forming, assembling, and tuning 

is paramount for the cavity to operate at the desired frequency. The design frequency is 

chosen based on the targeted beam energy, equivalent to the velocity of the particle bunch. 

The acceleration of charged particles is explained by the inversion of polarity at a cavity’s 

iris, due to an alternating current at the resonance frequency of the cavity, that is attracting 

and repelling each particle bunch at accelerating gradients of up to 45 MV/m [13]. Figure 

1.3 shows a schematic of the acceleration of protons in an 8-cell 400 MHz resonator used in 

the LHC. Finally, the type of particles being accelerated influences the required accelerating 

energy. For example, in the FCC-ee, a 100 km-long circular lepton collider, the energy losses 

from synchrotron radiation, compared with the FCC-hh (hadron collider), are overcome by 

the addition of more SRF cavities [5], [6]. 

1.2.1. SRF Cavities and Material 

SRF cavities are structural and functional parts. First, they act as pressure vessels due to the 

high vacuum required for the charged particles to travel without impacting undesired atoms 

or molecules. The cavities are also subject to stresses from thermal gradients and are 

contracted during cooldown of the accelerator from ambient temperature to as low as  
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1.9 K. Figure 1.4a shows a schematic of a single-cell SRF cavity. Second, they must operate 

in a superconducting state and avoid quenches, sudden losses of superconductivity caused 

by localized heating. Therefore, the material used to fabricate SRF cavities must have 

sufficient structural rigidity, have a high thermal conductivity to maximize heat transfer 

between the heat generated by the high magnetic field on the inner (RF) surface and the 

liquid helium on the outer surface, and be superconductive at the operating temperature, 

electric current, and magnetic field. For those reasons, current state of the art SRF cavities 

are made of bulk niobium or high conductivity copper coated on the inner surface with 

niobium. Figure 1.4b shows a 9-cell 1.3 GHz bulk niobium resonator. 

 

Figure 1.3: Schematic of protons accelerated in a 5 MV/m field by a 400 MHz 8-cell resonator in the LHC. 

Redrawn from [14]. 

 

Figure 1.4: (a) Schematic of the cross-section of an SRF cavity with important elements and (b) a 9-cell  

1.3 GHz bulk niobium resonator [19]. 

Niobium is used because it is the element with the highest superconducting critical 

temperature (Tc) at 9.2 K, in the absence of a magnetic field and current, and has a high 

formability. The development of coatings with superconducting materials with higher 

critical temperature, such as Nb3Sn or MgB2, is still being studied [15]. Nb3Sn is a potential 

      

 

Protons in LHC

A klystron voltage generator induces an electrical 
field inside the RF cavity. Its voltage oscillates 
with a radio frequency of 400 MHz.
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candidate (Tc of ~18 K), but is challenging to produce since the A15 superconducting phase 

must be obtained and this superconducting phase has a low thermal conductivity and is 

brittle, often resulting in cracks during thermal contraction of the cavity or during heat 

treatment [16]–[18]. 

Since the purpose of this thesis is to characterize the substrate materials, the nature of the 

superconducting coating will not be further discussed. Focus will be on bulk niobium with 

fine (tens of micrometers) and large (few centimeters) grains and fine-grain oxygen-free 

electronic copper. The following distinction is made between the niobium with fine and large 

grains: a niobium sheet has been rolled and has fine grains, while a niobium disk was simply 

cut from an ingot and has large grains. 

1.2.2. Large Grain SRF Cavities 

The interest in large-grain niobium disks to manufacture SRF cavities arose more than 10 

years ago due to the lower cost to obtain a disk ready for forming [20]. Large-grain disks are 

produced by slicing one or multiple, providing mass production capabilities, disks 

simultaneously from a long cylindrical ingot purified by electron beam melting. Figure 1.5a 

shows five large-grain disks from Tokyo Denkai [21]. Fine-grain sheets, however, require 

forging, grinding, rolling, polishing, cutting, and more steps after cutting a slice from the 

high-purity ingot [21]–[23]. This results in expensive sheets (~800 € kg [24]) and becomes 

a significant cost for future large circular and linear accelerator projects with up to 153 000 

and 2 400 cells with frequencies of 1.3 GHz and 800 MHz for the International Linear 

Collider (ILC) and the Future Circular Collider, respectively [5], [25]. The number of 

processing steps for large-grain disks is reduced from 16 to 7 [21]. However, the anisotropic 

mechanical properties in each grain and at the grain boundaries complexify the forming 

process. More details about the mechanical properties of niobium single crystals are 

provided in section 2.3.  

Large-grain niobium half-cells have been fabricated by deep drawing at Jefferson Laboratory 

(JLab) [20], [26], Deutsches Elektronen-Synchrotron (DESY) [27], Peking University 

(PKU) [28], [29], and the Institute of High Energy Physics (IHEP) [30], [31]. As expected, 

forming of large grain disks with anisotropic mechanical properties resulted in non-uniform 

deformation and forming defects such as earing at the equator and the iris, but high 

accelerating gradients were still measured in the SRF cavities [20], [26], [30]. Kneisel et al. 

[32] published a detailed review paper presenting the material properties, cavity fabrication, 

and performances measured in different institutes. Figure 1.5b and c show the earing defect 

in a deep drawn half-cell and an assembled 3.5-cell 1.3 GHz cavity, respectively. 
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Figure 1.5: Large-grain niobium (a) disks produced at Tokyo Denkai, (b) half-cell deep drawn at JLab with 

earing defects and (c) 3.5-cell 1.3 GHz cavity manufactured at PKU [21], [29], [32]. 

1.2.3. SRF Cavity Fabrication 

The majority of the elliptical SRF cavities currently used are built by forming two half-cells 

and weld them together at the equator. Figure 1.6 shows a simplified sequence to 

manufacture a 400 MHz copper–coated SRF cavity for the LHC. More detailed sequences 

from different laboratories are available in the literature [23], [33]. First, the half-cells are 

fabricated by plasticly deforming the copper or niobium blanks using different forming 

processes such as deep drawing, spinning, hydroforming, or electro-hydraulic forming. 

Second, the formed half-cells are controlled to ensure that the high shape tolerances are 

respected. Third, the excess material is removed from the half-cells. Fourth, two half-cells 

are electron beam welded at the equator. Fifth, a chemical polishing or electropolishing step 

is used to remove up too few hundreds of micrometers from the inner surface of the cavity. 

Removal of the damaged layer, developed during forming and machining, is essential to 

ensure proper film growth for copper substrates and to remove any defect that would hinder 

the performances of a cavity [34]. Finally, if the substrate of the cavity is made of OFE 

copper, a superconducting thin film of few micrometers is deposited on the inner surface of 

the SRF cavity. A thick film approach has also been proposed by Palmieri et al. [35] in an 

attempt to obtain performances similar to bulk niobium cavities [36]. One or multiple tuning 

steps are also added in the sequence to ensure that the fundamental frequency of the formed 

cavity is equal to the designed one. Hydrogen interstitial atoms trapped in the cavity during 

the manufacturing process are removed with a high temperature heat treatment. The addition 

of nitrogen atoms in the cavity, a process called nitrogen doping, showed increased 

performances by affecting hydride nucleation [13], [37]. Another fabrication route is to form 

cavities with no weld, hereafter seamless cavities, starting with circular blanks or tubes [38]. 

For this thesis only sheet forming and electron beam welding steps are of interest. The 

different sheet forming techniques are presented in the following section and electron beam 

welding is described in section 1.4.  
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Figure 1.6: Simplified SRF cavity manufacturing sequence for a 400 MHz Cu/Nb cavity for the LHC [39]–

[41]. 

1.3. Sheet Forming Processes 

Predicting the material response to low and high strain rate loading in order to improve the 

sheet forming step in the manufacturing process of SRF cavities, presented in Figure 1.6, is 

an objective of this thesis. The sheet forming technique used to manufacture half-cells 

changes between different research institutes and companies. Traditional low strain rate 

techniques like deep drawing, hydroforming, and spinning are used at JLab, DESY, and 

INFN LNL, respectively. Electro-hydraulic forming is used at I-Cube Research/Bmax to 

produce half-cells at a high strain rate of up to 104 s−1 [3]. An understanding of the 

fundamental principles and differences between the different techniques are essential to 

understand the different characterization experiments performed during this thesis. 

1.3.1. General Principles of Sheet Forming 

Sheet–metal forming is used across a wide variety of industries including consumer 

electronics, automotive, food packaging, and more [42]. See Figure 1.7 for an example from 

the automotive industry, where structural beams are often made of high-strength steel and 

body panels of aluminum. In all cases, a flat and thin sheet, from few hundreds of microns 

for fuel-cells up to 4 mm in thickness for SRF cavities, of metal is deformed in a final and 

often complex geometry. Depending on the application, the final parts can have structural, 

esthetic, or functional roles. Recall that SRF cavities are both structural and functional parts. 

To accurately design the setup, e.g. punch and die geometries, and forming sequences, the 

mechanical properties of the materials must be known. For example, the elastic modulus 𝐸, 

yield stress 𝜎𝑦, and hardening behavior are experimentally determined using tensile tests of 

specimens extracted from the sheet metal. Specimens are cut in different orientations (for 

instance, tensile axis aligned at 0°, 45°, and 90° with respect to the sheet rolling direction) 

to measure anisotropic properties caused by the texture developed during the rolling process. 

For the specific case of high-speed sheet forming the strain rate sensitivity 𝑚 is an important 
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parameter. Identifying these parameters is required for accurate modeling of the plastic 

domain during deformation and springback after removal of the applied load in finite 

element (FE) models. A detailed overview of mechanical properties at different strain rates 

and the parameters mentioned in this paragraph are presented in section 2.1.  

 

Figure 1.7: Car chassis showing assembled structural sheet–metal parts [43]. 

1.3.2. Standard Low Strain Rate Forming Techniques 

Deep drawing is a process commonly used to form copper and niobium sheets into half-cells 

and a variety of other applications such as forming of car components, see the schematic in 

Figure 1.8a. During this process, a metallic punch forces a flat blank into a die machined 

with a geometry close to the final part’s geometry. The sheet is hold into place by the applied 

pressure of a press on a blankholder. The applied load, blankholder design, and the addition 

of draw beads allows the control of material draw-in during forming. Controlling the draw-

in prevents excessive thinning for deep forming operations, tear and wrinkling of the sheet. 

Effective lubrication, forming large radii and adequate design of the blank are additional 

important parameters to control to avoid forming defects [42]. 

Spinning is also used to form half-cells, see Figure 1.8b for a schematic of the process. It is 

used at the INFN LNL to form seamless cavities starting with circular sheets or tubes, see 

section 1.3.4. for details on seamless cavity forming. During this process, a load is applied 

with a rolling tool on a sheet or tube. The blank is affixed to a rotating mandrel that has the 

shape of the internal surface of a half-cell. Parts formed with spinning are axisymmetric. 

This process is similar to clay pottery, where fingers are used as the rolling tool, but with a 

defined final shape on the mandrel. 

In hydroforming, a tube or sheet is formed on a one-sided die cavity by increasing the 

pressure in a fluid or elastomer to expand the part, see Figure 1.9 for a schematic of the 

process. To avoid significant wall thinning, the process is done in sequences, starting with 

an open die. Figure 1.12 shows the multi-step process used to form seamless cavities with 
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hydroforming. The term bulging is used to define free-forming blanks with hydroforming 

and the biaxial strain in the sheet makes it a suitable process to determine the forming limit 

diagram of a material [44]. An advantage of this technique and electro-hydraulic forming for 

SRF cavities is the reduced risk of contamination on the RF surface from the inclusion of 

metallic particles caused by the contact with the punch in deep drawing or the mandrel in 

spinning, since the inner surface is only in contact with water [3]. 

(a) 

 

(b) 

 

Figure 1.8: (a) schematic of the deep-drawing process to form a circular cup and (b) Schematic of the 

spinning process starting with a sheet [42]. 

 

Figure 1.9: Schematic of sheet hydroforming process with the bulging and calibration phases [45]. 

1.3.3. Electro-hydraulic Forming 

Electro-hydraulic forming is a high strain rate sheet metal forming technology that uses a 

high voltage electric discharge in a fluid, often water, to deform a blank into a final desired 

shape. This high-pulsed power (HPP) technique discharges the electrical energy stored in 

capacitor banks in a small wire that explodes under the electrical power or between an anode 

and a cathode. The low resistance of the exploding wire yields high current discharge, while 

the high resistance of water as it heats up and ionize to form a conductive gas phase results 

in higher losses. In both cases, a plasma is formed and expands in the fluid, resulting in 

pressure waves that impact the blank and accelerate it to speeds of up to hundreds of meters 

per second. Depending on the discharge chamber and geometry of the parts, reflected waves 
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can locally increase the pressure above the pressure of the incident wave. Therefore, multi-

physics FE models are used to predict how the pressure evolves in the chamber as the part 

is formed. The process is repeated with additional discharges until the blank is formed to the 

shape of the die below it. See Figure 1.10 for a schematic of an EHF chamber with an 

exploded wire. The water tank is often closed with a hydraulic or mechanical press to 

maximize the pressure in the discharge chamber and prevent water leakages or jets. The 

region between the blank and the die is placed under vacuum to improve the forming 

efficiency at each discharge and avoid defects due to the presence of compressed air. 

 

Figure 1.10: Schematic of an electro-hydraulic forming chamber with an exploded wire [42]. 

The technique has been used to manufacture small and large parts for the luxury, aerospace, 

automotive, consumer electronics, and other industries [46]. Golovashchenko [47] published 

a detailed report of the application of EHF in automotive panels for forming, trimming, and 

calibration operations and the numerical modeling of the process. 

The advantages of EHF to form niobium half-cells were reported by Cantergiani et al [3]. 

Some of the advantages below can also be generalized to EHF of other metals. First, the 

surface in contact with water is less deformed after forming, proved by the presence of twins 

on the outer surface of niobium sheets, but not on the inner surface and the lower local 

average misorientation angle [3]. Second, the high strain rate deformation leads to a higher 

formability for multiple materials by delaying the onset of necking [48]–[50]. The inertial 

ironing, defined as the rapid deceleration of the blank upon impact with the tool, is also 

expected to increase formability [49], [51]. This tool–sheet interaction during high-speed 

forming results in non-linear strain paths and multi-axial stress states that can lead to strong 

compressive hydro-static stresses reducing damages and delaying sheet fracture [51], [52]. 

Third, intermediate heat treatments, used to reduce residual stresses in the deformed sheet, 

are generally not required with EHF. Fourth, as mentioned in the description of the 

hydroforming process, the inner surface is not in contact with a metallic part that generates 

a thick damaged layer with possible inclusions. Finally, the roughness of the blank is 
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preserved during forming [4]. Low roughness and low contamination content are paramount 

in copper–coated cavities to maximize the heat conduction between the niobium thin film 

and the copper substrate [53]–[55]. Similar results were expected for copper half-cells 

formed with EHF and an increase in Nb/Cu cavity performance for a  

400 MHz copper cavity manufactured with EHF was indeed measured at CERN [56]. As 

shown in the quality factor as function of accelerating voltage (Q0–Eacc) plot of Figure 1.11, 

the performance measured for the EHF Nb/Cu 400 MHz cavity were the highest ever 

measured. 

 

Figure 1.11: 400 MHz SRF cavity performances measured at CERN and comparing substrates manufactured 

with EHF (PC04) and spinning and machining (PC05.1) [56]. 

1.3.4. Seamless Cavities 

Seamless cavities have been formed since the end of the 1980s with the objectives to increase 

RF performances and reduce production cost and time. Both of those objectives are reached 

by removing the complex and expensive electron beam welding of half-cells, which can 

generate potential defects (e.g. contamination, welding projections, voids or holes) that are 

prone to act as quenching sites during operation [11], [57], [58]. 

Hydroformed seamless cavities were first proposed by Kirchgessner of Cornell University 

in 1987 [59]. CERN later formed cavities at resonance frequencies of 352 MHz, 1.5 GHz, 

and 2.1 GHz with hydroforming [60], [61]. In 1994, Palmieri of INFN LNL formed the first 

1.5 GHz cavities using spinning, which eliminated the need for intermediate annealing steps, 

and allowed him to use flat circular blanks instead of tubes [62]. The following year, Japan’s 

High Energy Accelerator Research Organization (KEK) presented results on 1.3 GHz 

cavities formed with a combination of hydroforming and explosive forming [63]. CEA and 
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DESY each hydroformed 1.3 GHz cavities [64], [65], while Michigan State University 

worked on hydroforming of 3.9 GHz prototypes [66]. In the recent years, work was 

published on 1.3 GHz cavities formed with a combination of necking at the iris and 

hydroforming at the equator by both KEK and DESY [67], [68]. This forming sequence is 

ideal to avoid material thinning at the equator and is presented in Figure 1.12. The resulting 

1.3 GHz 3-cell copper and niobium seamless cavities are presented in Figure 1.13. 

  

Figure 1.12: Necking and hydroforming steps to manufacture seamless cavities starting with a tube at KEK 

and similarly at DESY. Redrawn from [67]. 

 

Figure 1.13: (a) niobium tubes deformed after the necking step and (b) copper tubes at different stages of the 

1.3 GHz 3-cell fabrication at DESY [68]. 

The latest development in 1.3 GHz seamless cavities was motivated by the design of the 

International Linear Collider, which might become the accelerator with the largest number 

of cavities and operate at a collision energy of up to 500 GeV [69].  
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Miniature 6 GHz seamless cavities formed by spinning, as shown in Figure 1.14, are still 

used at the INFN LNL for research purposes, such as the EASITrain project. The small 

cavities are economically ideal to test different deposition parameters and to develop novel 

surface preparation techniques [70].  

 

Figure 1.14: Seamless 6 GHz cavities fabricated at INFN LNL with spinning and different materials [71]. 

1.4. Tube Fabrication  

All the work around seamless cavities led to R&D projects on the fabrication of copper and 

niobium tubes. The manufacturing of niobium tubes with an inner diameter of about 150 

mm, for hydroforming, and suitable for the SRF industry is complex due to the following 

requirements: (1) high purity (RRR ~300), (2) high ductility (elongation > 25% before 

localized necking), (3) low anisotropy (absence of significant texture), (4) high wall 

thickness tolerances (± 0.1 to 0.2 mm), and (5) high surface quality [68]. 

Tubes for SRF applications were manufactured by bending and welding a sheet or with one 

or a combination of the following seamless techniques: (1) forward extrusion, (2) backward 

extrusion, (3) spinning, (4) deep drawing, (5) flow forming, and (6) tube equal channel 

angular extrusion (ECAE). In forward (direct) extrusion, the billet is forced through a fixed 

die, while in backward (indirect) extrusion, the die moves toward the billet [42]. The same 

nomenclature is often used for forward and backward flow forming. A billet is used as 

starting material for tube ECAE and forward and backward extrusion. Except for tube 

ECAE, the grain size of the billet is not significantly changed during tube manufacturing. 

Therefore, niobium billets with large grains, which are produced by successive EB melting 

steps, are not ideal for forward and backward extrusion as this results in tubes with large 

grains and anisotropic properties. 

This is not a problem for bent and welded sheets, deep drawing, and spinning, because a thin 

flat sheet is used as a starting material and the production of fine-grain niobium sheets with 

equiaxed grains suitable for SRF applications has been well controlled for decades now. In 

flow forming, a hollow cylindrical blank that fits on a mandrel is required as starting 
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material. The microstructure of the blank is dependent on its manufacturing process, e.g. 

deep drawing or back extrusion. During this process, the tube wall thickness can be reduced 

by 90% and the tube length increased by a tenfold [62]. The large through-thickness plastic 

deformation leads to tubes with increased strength, but possibly with a texture, resulting in 

anisotropic mechanical and physical properties. Table 1.1 presents a summary of the starting 

material, and main advantages and disadvantages of the different tube forming techniques 

used to manufacture SRF cavities. 

Table 1.1: Overview of different tube fabrication techniques for the SRF industry, grouped by starting material. 

Technique Starting 

material 
Advantages Disadvantages 

Backward / 

Forward 

extrusion Billet 

Few production steps [68] 

Not sufficient work hardening 

(especially problematic for billets with 

large grains) [68], [72] 

High tonnage for large tubes [38] 

Tube 

ECAE 
Important grain size 

reduction 
Still in R&D phase [73] 

Deep 

drawing 

Sheet 
 

Low anisotropy [68] 
Requires multiple sets of expansive dies 

High wall thickness variation [68] 

Spinning Low anisotropy [68] High wall thickness variation [68] 

Bending + 

welding 

Low anisotropy 

Simple to implement 

Control of length and 

thickness 

Potential defects at the weld 

Lower formability in HAZ [68] 

Flow 

turning 

Hollow 

cylindrical 

blank 

High wall thickness 

tolerance ±0.1 mm 

Large increase in length  

Heavy work hardening 

Higher anisotropy (elongated grains) 

Combinations of the different tube forming techniques presented above have been used by 

private companies, national laboratories and universities to manufacture tubes for the SRF 

industry. Spinning and deep drawing combined with flow forming was used by Palmieri at 

the INFN LNL to manufacture niobium and copper tubes [38]. Extrusion and flow forming 

was used by Antoine at CEA Saclay to manufacture niobium and copper tubes [22]. At their 

first attempt, the high-purity niobium jammed the tool, which required a redesign. Similarly, 

larger radii were machined in the dies used at the INFN LNL for deep drawing and more 

redrawing steps were required for niobium [38]. 
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WC Heraeus manufactured seamless niobium tubes by back extrusion only [72]. Upon 

hydroforming, the high-purity tubes (RRR ~300) burst due to a reduced formability from 

heterogeneous grain sizes, see Figure 1.15a [72]. DESY concluded that tubes formed by a 

combination of deep drawing or spinning with flow forming, which allows the manufacturer 

to use a sheet with fine grains instead of a billet with large grains, was ideal for the 

fabrication of seamless cavities by hydroforming [68]. The ductility was sufficient to form 

cavities, but anisotropic mechanical properties were measured in the tube. 

 

Figure 1.15: Optical microscopy image of etched niobium tube cross-sections formed by backward extrusion 

at Heraeus and showing (a) different and (b) similar grain sizes from the surface to the center, for tubes with 

RRR of 300 and 100, respectively [74]. 

Black Laboratories LLC and JLab used backward extrusion, forward extrusion, and flow 

forming, starting from a billet with 11 µm grains [75], [76]. The fine-grained billet was 

produced using equal channel angular extrusion. Four passes in a 90° die and an annealing 

heat treatment were required to reduce the billet grain size from 110 to 15 μm [77]. Texas 

A&M University also used billets with a fine microstructure produced by ECAE, but 

removed the material in the center of the cylindrical billet by drilling, forward extrusion and 

symmetric shear processing, a process where the tube was expanded and contracted back to 

its initial shape by undergoing important plastic shear deformation [78], [79]. The reduced 

grain size obtained by ECAE resulted in tubes and seamless cavities with a low roughness. 

However, a reduction in ductility was also measured [68]. A compromise between grain size 

and texture in the microstructure is then required. 
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Non-seamless tubes produced by bending and welding a sheet were manufactured at CEA 

Saclay (without success) [22], INFN LNL [38], and DESY [68]. A low ductility (failure at 

< 20% strain) was measured at DESY during a bulge test and was explained by the large 

grains in the heat affected (HAZ) zone, see Figure 1.16. The risk of a reduced ductility due 

to potential contamination, e.g. lubricant or gas particles, in the HAZ during welding is also 

increased [38]. Therefore, seamless tube manufacturing approaches are currently preferred 

[38]. However, the complexity associated with the manufacturing of tubes that respect strict 

requirements for SRF cavities and forming of more complex geometries where welds are 

required, like in crab cavities [80], motivate the characterization of EB welds deformed at 

high strain rates. 

 

Figure 1.16: Optical microscopy image of an etched niobium tube cross-section in the HAZ of a weld at 

DESY [68]. 

1.5. Thesis Overview 

Recall that the main objective of the thesis is to characterize materials to improve different 

forming techniques and ultimately increase the performances of SRF cavities. The materials 

characterized are niobium single crystals, polycrystalline niobium and OFE copper sheets. 

The thesis is then separated in two parts, based on the material studied. Part I presents the 

study on the mechanical properties and the microstructure of niobium single crystals with 

different crystal orientations deformed in tension and compression at strain rates between 

10−4 s−1 and 1 000 s−1. Part II presents studies on polycrystalline niobium and OFE copper in 

terms of sheet formability at low strain rate and the effect of strain rate on electron beam 

welded sheets. Figure 1.17 presents a flowchart of the structure of this dissertation. 

Each part has a Background chapter (Chapters 2 and 6) that provides a survey of the relevant 

literature and theories required to perform each study and to contribute to the scientific 

knowledge and a Materials and Methods chapter (Chapters 3 and 7) that describes the 

materials characterized, the experimental procedures for the different tests performed, and 

the analysis techniques used. Fundamental theories and methods that are important for both 

parts are only presented in Part I. 
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Figure 1.17: Flowchart of the structure of the dissertation with associated chapter numbers. 

The results in Part I are separated in two chapters. First, Chapter 4, Mechanical Properties 

of Niobium Single Crystals, presents the tensile and compressive mechanical properties of 

niobium single crystals with different crystallographic orientations deformed at strain rates 

between 10−4 s−1 and 1 000 s−1. Second Chapter 5, Microstructural Investigations of 

Deformed Niobium Single Crystals, focuses on the microstructure and dislocation 

substructures in the deformed specimens, observed with scanning and transmission electron 

microscopy, respectively. The effects of the different microstructures are also quantified 

with nanoindentation measurements and presented. 

The results in Part II are also separated in two chapters. First, Chapter 8, Forming Limits of 

OFE Copper and Polycrystalline Niobium, focuses on the determination of the quasi-static 

forming limit diagrams of annealed OFE copper and polycrystalline niobium sheets. Second, 

Chapter 9, Mechanical Properties of Electron Beam Welded OFE Copper and Niobium, 

presents the mechanical properties of electron beam welded OFE copper and niobium sheets 

deformed at strain rates between 10−3 s−1 and 103 s−1 for the future development of seamless 

SRF cavities using tubes formed with rolled and welded sheet. 

Chapter 10, Conclusion and Perspectives, highlights the main conclusions of the different 

chapters, proposes future work that could not be performed in the time constraint of the 

project, and highlights the potential applications of the results. 
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Chapter 2 Background 

2.1. Mechanical Properties of Metals 

The mechanical properties of materials, and more specifically of metals, can be found by 

performing tensile or compression tests. A stress–strain curve is obtained from those uniaxial 

tests, as shown in Figure 2.1, and important quantities such as the elastic modulus 𝐸, the 

yield stress 𝜎𝑦, the ultimate tensile stress (UTS) 𝜎𝑈𝑇𝑆, and the nominal strain to fracture 𝜀𝑓 

are found. Stretching of metallic bonds between atoms occurs during elastic (temporary) 

deformation. The elastic regime is characterized in the stress–strain plot by the initial linear 

segment described by Hooke’s law: 

𝜎𝑇 = 𝐸𝜀𝑇 (2.1) 

In most metals deformed at room temperature and low strain rate, plastic (permanent) 

deformation is characterized by the motion of dislocations, i.e. linear crystal defects (see 

section 2.3.1.), and hardening (or softening) of the material during plastic deformation is 

numerically described with often non-linear constitutive equations. Robust and 

representative constitutive models are required for finite element modeling of sheet–metal 

forming processes. 

 

Figure 2.1: Schematic of a typical tensile stress–strain curve with important quantities. Redrawn from [91]. 
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For polycrystalline materials, many advanced phenomenological and physical constitutive 

equations have been developed and are applicable in different conditions such as varying 

temperature, strain rate, lattice structure, and more. Salvado et al. [81] reviewed strain rate 

dependent constitutive equations for FCC metals. The Johnson–Cook equation [82], an 

empirical equation, is commonly used in finite element models of dynamic processes. This 

equation is versatile to characterize the flow stress of many face-centered cubic (FCC) 

metals, such as OFE copper, at different strain rates and temperatures due to the 

multiplicative effect of each term. However, for strain rate sensitive body-centered cubic 

(BCC) materials, such as niobium, an additive strain rate hardening term is required to be 

representative of the response of the material. Therefore, constitutive equations such as the 

Zerilli–Armstrong equation [83], dependent on physical constants as well as empirical 

values, are often more appropriate. Other constitutive equations, such as the Steinberg–

Cochran–Guinan–Lund (SCGL) [84], [85], Mechanical Threshold Stress (MTS) [86], [87], 

Preston–Tonks–Wallace (PTW) [88], and the Rusinek and Klepaczko (RK) [89], [90], are 

also often used to predict the stress in specimens deformed at high strain rates. For single 

crystalline materials, like niobium single crystals, those constitutive equations are often not 

representative and crystal plasticity models are used. 

 

Figure 2.2: Different considerations for changing regimes of strain rate and load duration. Redrawn from 

[93]. 

Several machines are required to perform tensile and compression tests at different strain 

rates and many aspects, such as adiabatic heating, are important at high strain rates. Figure 

2.2 shows the different strain rate regimes with associated considerations, loading systems, 

and characteristic times. For a maximum strain rate in the order of 103 s-1, the maximum 

strain rate used in this study, inertia forces and adiabatic heating cannot be neglected. The 
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effect of inertia and adiabatic heating are generally only negligible at quasi-static strain rates 

of up to ~10-1 s-1. Screw and hydraulic machines and split Hopkinson bars must be used to 

perform tests at quasi-static, intermediate, and high strain rates. Tests with a screw-driven 

machine are commonly used and do not require special explanations or considerations. Tests 

at an intermediate strain rate with a hydraulic machine need special devices at high speeds, 

such as a lost-motion rod [92], to ensure that the piston is at a constant speed as a specimen 

is being deformed. Finally, the split Hopkinson bar tests are different than the ones with 

screw and hydraulic machines since the specimen is deformed by an elastic strain wave that 

is usually generated by the impact of two bars with a high yield strength. More details on 

split Hopkinson tests are presented in the next subsection. 

2.2.  Split Hopkinson Bars  

The split Hopkinson (Kolsky) pressure bar technique has been extensively used to measure 

the mechanical properties at strain rates of about 102 s-1 to 104 s-1 in tension, compression, 

and torsion for ductile and brittle materials. A brief overview of the method and important 

equations are presented below. More details about the technique are available in the review 

papers of Gray [94] and Gama et al. [95] and the book of Chen and Song [96]. 

 

Figure 2.3: (a) Main components of a compression split Hopkinson bar setup and (b) typical strain gage data 

from [94] with (inset) a schematic of the different strain waves and bar velocities at the bar–specimen 

interface. The incident (𝜀𝑖) and transmitted (𝜀𝑡) waves are compressive waves and the reflected wave (𝜀𝑟) 

represents tensile loading. 

Figure 2.3a shows the main components of a compression split Hopkinson bar setup. During 

that test, a striker bar made of a high strength material, e.g. maraging steel, is propelled, 

often by compressed gas, at a high velocity toward an incident bar. The yield stress of all 

bars in the setup must be high to ensure that the strain wave generated upon impact of the 

striker with the incident bar is elastic. The incident compression strain wave travels in the 

incident bar up to the surface in contact with the specimen, where a portion is reflected as a 
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tensile wave and travels back in the incident bar and the rest of the compression wave is 

transmitted through the specimen and travel in the transmitted bar. This results in a 

difference in velocity of the incident and transmitted bars at the bar–specimen interface and 

a deformation of the specimen. Typical strain signals measured with strain gages attached to 

the incident and transmitted bars are shown in Figure 2.3a. 

Figure 2.4 shows a schematic of a dynamically loaded compression split Hopkinson bar 

system with the corresponding simplified 𝑥–𝑡  diagram. Pictures of four different split 

Hopkinson bar systems with tensile and compression loading used in this study are presented 

in the Materials and Methods chapters in Parts I and II of this thesis. The simplified 𝑥–𝑡 

diagram shows that a compression wave is generated upon impact of the striker with the 

incident bar. Tensile waves are generated upon reflection of the compression wave at the 

free end of the striker and at the end of the incident bar in contact with the specimen. The 

duration of the pulse 𝑡𝑝𝑢𝑙𝑠𝑒 is dependent on the material and the length of the striker 𝐿𝑏 as 

follow: 

𝑡𝑝𝑢𝑙𝑠𝑒 =
2𝐿𝑏

𝑐𝑏

(2.2) 

where 𝑐𝑏 is the speed of sound in the striker, which is given by: 

𝑐𝑏 = √
𝐸𝑏

𝜌𝑏

(2.3) 

where 𝐸𝑏 is the elastic modulus of the striker and 𝜌𝑏 is the density of the striker. The striker, 

incident, and transmission bars are often made of high-strength materials since the maximum 

stress that can be produced to deform the specimen is limited by the yield stress of the bars. 

  

Figure 2.4: Schematic of a compression split Hopkinson bar system with the corresponding simplified  

𝑥–𝑡 diagram. Redrawn from [96]. 

Striker Incident bar Specimen Transmission bar

Strain gagesStrain gagest

x0

t 
pulse

 

 

 

L 
s

Compression
Tension



Chapter 2 – Background 

25 

Three strain waves of interest are measured with strain gages on the incident (input) and 

transmission (output) bars. For a compression (tensile) test, the incident compression 

(tension) wave 𝜀𝑖 is generated at the impact of the striker and travels towards the specimen. 

The difference in impedance of the specimen results in partial transmission of the wave. The 

reflected tensile (compressive) component of the wave 𝜀𝑟 travels back in the incident bar 

and the transmitted compressive (tensile) component of the wave 𝜀𝑡  travels in the 

transmission bar. The sum of the incident and reflected waves is equal to the transmitted 

wave: 

𝜀𝑡 = 𝜀𝑖 + 𝜀𝑟 (2.4) 

The determination of the specimen’s force–displacement behavior in split Hopkinson bar 

tests is based on the principle of one-dimensional elastic wave propagation within pressure 

loading bars. At equilibrium, the forces on each side of the sample are equal (𝐹1 = 𝐹2) and 

given by 

𝐹1(𝑡) = 𝐴𝑏𝐸𝑏(𝜀𝑖(𝑡) + 𝜀𝑟(𝑡)) (2.5) 

𝐹2(𝑡) =  𝐴𝑏𝐸𝑏𝜀𝑡(𝑡) (2.6) 

where 𝐴𝑏  is the cross-sectional area of the input and output bars and 𝐸𝑏  is the elastic 

modulus of the bars. Note that the subscript 𝑏 was also used for calculations associated with 

the striker bar since the same material is often used for the three bars. The loads 𝐹1 and 𝐹2 

are often referred as the front and back loads, respectively.  

The engineering stress in the sample, 𝜎𝑒𝑛𝑔(𝑡), can be calculated using the back load. This is 

referred as a one-wave analysis. This approach is often used since the transmitted strain wave 

has low oscillations due to damping of the high-frequency oscillations as the specimen is 

deformed and is given by 

𝜎𝑒𝑛𝑔(𝑡) =
𝐹2(𝑡)

𝐴𝑠

(2.7) 

where 𝐴𝑠 is the initial cross-sectional area of the specimen. The stress can also be calculated 

using the average of the front and back loads. This is referred as a three-wave analysis. At 

equilibrium, the loads should be equal, but oscillations are often measured in the front load. 

The engineering stress with the three-wave analysis is calculated as follow 

𝜎𝑒𝑛𝑔(𝑡) =
𝐹1(𝑡) + 𝐹2(𝑡)

2𝐴𝑠
=

𝐴𝑏𝐸𝑏

2𝐴𝑠

(𝜀𝑖 + 𝜀𝑟 + 𝜀𝑡) (2.8) 
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Equilibrium in the stress state is verified by comparing the one- and three-wave analyses. 

Figure 2.5 shows a stress–strain plot with a stress state at equilibrium and a nearly constant 

strain rate. 

 

Figure 2.5: Comparison of the three and one-wave methods to confirm that equilibrium is reached and 

stabilization of the strain rate curve [94]. 

The nominal strain rate in the specimen is calculated with the reflected strain wave as follow 

𝜀 ̇ (𝑡) =
𝑣𝑖(𝑡) − 𝑣𝑜(𝑡)

𝐿𝑠
=

2𝑐𝑏𝜀𝑟(𝑡)

𝐿𝑠

(2.9) 

where 𝐿𝑠 is the initial length of the specimen, 𝑣𝑖(𝑡) and 𝑣𝑜(𝑡) are the face velocities of the 

input and output bars, respectively. Note that the equation on the right-hand side of the 

second equal sign is valid for bars of equal dimensions and properties. In the following, for 

tests with a varying strain rate during the deformation of the specimen, the average of the 

strain rate from loading (increase) to unloading (decrease) in the nearly square strain rate 

signal is given. The engineering strain in the sample is obtained by time integration of the 

strain rate signal. 

2.2.1. Strain Rate Sensitivity and Deformation Mechanisms 

The strain rate sensitivity of a metal is highly dependent on its lattice structures. FCC metals 

tend to show a multiplicative increase in flow stress at higher strain rates, i.e. a nearly 

constant yield stress and an increase in strain hardening rate for increasing strain rates [97]. 

BCC metals are more strain rate sensitive and often have an additive strain rate sensitivity, 

i.e. an increase in yield stress and similar strain hardening rates for increasing strain rates 

[97]. The (logarithmic) strain rate sensitivity 𝑚 of a material is equal to the slope of the log–

log plot of flow stress, preferably at a low strain to minimize the influence of the developed 

substructure, as function of the stain rate. This parameter is calculated as follow, at a given 

strain: 
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𝑚 =
𝑑 ln 𝜎𝑦

𝑑 ln 𝜀̇ 
|
𝜀
 (2.10) 

A high strain rate sensitivity indicates a high increase in flow stress for increasing strain 

rates. A higher post-necking strain is positively correlated with a high strain rate sensitivity, 

as shown in Fig. 4c of [98], since the material locally hardens in the neck due to a higher 

strain rate [99]. Thus, a high strain rate sensitivity tends to delay failure of the specimen.  

A change in strain rate sensitivity slope, usually a sharp increase in flow stress at a critical 

strain rate, may indicate a change in dominant deformation mechanism. A calculation of the 

activation volume 𝑣∗ at a given flow stress, as shown in section 4.1.4., can estimate the 

thermally activated mechanisms [100]. The activation volume is defined as the partial 

derivative of the activation free energy with respect to stress at a constant temperature [101]–

[104]. The different thermally activated deformation mechanisms are defined based on the 

short-range barriers affecting dislocation motion. Figure 2.6 shows schematics of five 

different thermally activated mechanisms ((a) overcoming Peierls–Nabarro stress, (b) 

intersection of forest dislocations, (c) non-conservative motion of jogs, (d) cross-slip, and 

(e) climb) with corresponding values of activation volume in units of cubic Burgers vector 

𝑏3. 

 

Figure 2.6: Schematic of different thermally activated mechanisms related to plastic deformation with 

corresponding activation volumes. Redrawn from [100]. 

2.3. Niobium Single Crystals 

The study of the mechanical properties of single crystals requires an understanding of 

dislocations and their role in strain hardening. The following subsections provide a brief 

overview of the important theories required for the study presented in chapters 4 and 5, and 

a literature review of previous work performed on niobium single crystals. 
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2.3.1. Dislocations: Linear Defects in Crystalline Materials 

Most of pure metallic elements have face-centered cubic, body-centered cubic, or hexagonal 

close-packed (HCP) lattice structures, as shown in Figure 2.7. Real materials all have 

imperfections with different length scales. Point, line, surface, and volume defects are such 

imperfections that affect the properties of the material. Dislocations are linear defects that 

reduce the required shear stress for atoms to move (slip) from one stable position in the 

lattice to the next one. Such slip motion of atoms defines a permanent (plastic) deformation 

and occurs along the Burgers vector. Figure 2.8 shows schematics of edge and screw 

dislocations and the directions of their respective dislocation line and Burgers vector. In 

BCC metals, such as niobium, plasticity, i.e. the study of plastic deformation, is mostly 

governed by the nucleation and motion of screw dislocations. Dislocations glide on preferred 

slip systems, composed of a slip plane and a slip direction. Figure 2.9a shows an example 

of a {110}<111> slip system. More specifically, it shows the (110) slip plane and the [111] 

slip direction in a BCC lattice and the arrangement of atoms on that plane and along that 

direction. Miller–Bravais indices are used to define both planes and directions. The indices 

of a slip plane define a vector normal to the plane while the indices of a slip direction define 

a vector aligned with the slip direction. A more thorough understanding and description of 

dislocations is available in the Introduction to Dislocations textbook of Hull and Bacon 

[105]. 

 

Figure 2.7: Lattice structures of most pure metals with (top) unit cells and (bottom) atomic stacking 

sequences for the plane with the highest atomic density. 

 

Figure 2.8: Schematics of distorted lattices with edge or screw dislocations with their dislocation lines and 

Burgers vectors. 
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2.3.2. Calculation of the Schmid Factor and Slip Systems in BCC Metals 

Deformation in single crystalline specimens occurs by the motion of dislocations on specific 

slip planes and in defined slip directions. This is also true for polycrystalline specimens, but 

not considered at the scale of the specimen due to an averaging effect from the multiple 

grains with different crystal orientations. The applied load is resolved on the slip system as 

a shear stress, namely the resolved shear stress 𝜏𝑅𝑆𝑆. According to the Schmid law, plastic 

deformation occurs on the slip system where the resolved shear stress is larger than the 

critical resolved shear stress 𝜏𝐶𝑅𝑆𝑆 , which is strain rate and temperature dependent. 

However, it has been reported that BCC metals, which have a non-closed-packed lattice 

structure, do not follow Schmid’s law due to the non-planar components of a screw 

dislocation [106], see section 2.3.7. for more details. Knowing the high likelihood that the 

niobium single crystals deformed in this study did not follow Schmid’s law, the Schmid 

factor was still identified and used as the most relevant metric to predict the slip systems that 

will most likely activate for a given crystal orientation. 

 

Figure 2.9: (a) Schematic of a slip plane (110) and a slip direction [111] in a BCC lattice and (b) schematic 

of a slip system with variables to calculate the Schmid factor for uniaxial stress. Redrawn from [107]. 

For a uniaxial stress state, the resolved shear stress is given by: 

𝜏𝑅𝑆𝑆 =
𝐹

𝐴
cos𝜙 cos 𝜆 (2.11) 

where 𝐹 is the applied load in uniaxial tension or compression, 𝐴 is the cross-sectional area 

of the specimen, 𝜙 is the angle between the direction of the load and the normal of the slip 

plane, and 𝜆 is the angle between the direction of the load and the slip direction. Figure 2.9b 

shows a schematic of the resolved shear stress on a slip system with a slip plane normal 

vector 𝑛 and a slip direction along the Burgers vector 𝑏. From this figure and from equation 

2.11, the Schmid factor 𝑆𝐹, a variable dependent on the geometry of the crystal and the 

loading direction, is defined as: 

𝑆𝐹 = cos𝜙 cos 𝜆 (2.12) 
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Based on the Schmid law and by substitution of equation 2.12 in equation 2.11, slip should 

occur on the slip system with the highest Schmid factor (if the critical resolved shear stress 

is similar for all slip systems). If the Schmid factor is equal on multiple slip systems, 

dislocations would then likely simultaneously glide on multiple slip planes. 

Using the Miller-Bravais indices of a slip plane 𝑛 and slip direction 𝑏 and knowing the 

components of the load vector 𝐹, the cosine angles in equation 2.12 are calculated as follow: 

cos𝜙 =
𝑛 ⋅ 𝐹

‖𝑛‖‖𝐹‖
 and cos 𝜆 =

𝑏 ⋅ 𝐹

‖𝑏‖‖𝐹‖
  

This notation is especially important when calculating the Schmid factor on all slip systems 

that could activate during the deformation of niobium single crystals. 

2.3.3. Activated Slip Systems 

In BCC metals, slip can occur on 48 different slip systems. The Burgers vector (slip 

direction) in all slip systems is always in the direction of highest packing factor, i.e. <111> 

and <101> in BCC and FCC metals, respectively. The three families of slip systems in BCC 

metals are the {110}<111>, {112}<111>, and {123}<111> families. For the specific case 

of niobium, slip was only experimentally observed on the {110}<111> and {112}<111> slip 

systems [108]–[110]. Similarly, numerical models near 273 K and at low temperatures 

predicted slip on the {112}<111> and {110}<111> slip systems, respectively [111], [112]. 

Therefore, only the 24 slip systems of those families are considered and listed in Table 2.1. 

Table 2.1: Potentially activated slip systems in niobium for the {110}<111> and {112}<111> slip systems. 

{110} family {112} family 

(011) [111] (101) [111] (110) [111] (211) [111] (121) [111] (112) [111] 

(011) [111] (101) [111] (110) [111] (211) [111] (121) [111] (112) [111] 

(011)[111] (101)[111] (110)[111] (211)[111] (121)[111] (112) [111] 

(011)[111] (101) [111] (110) [111] (211) [111] (121) [111] (112) [111] 

The crystallography textbook The mechanics of crystals and textured polycrystals of 

William F. Hosford [113] is recommended to gain a better understanding of crystal 

orientation, rotation, and slip systems. However, most of the analyses and schematics are 

related to an FCC lattice structure. Therefore, the paragraphs below expand the work 

presented by Hosford to BCC metals and provides analyses on the activated slip systems 

with useful figures. 
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The Schmid factor of the primary slip system in a standard [001]–[101]–[111] inverse pole 

figure (IPF) triangle is schematically shown in Figure 2.10 by identifying the 𝜙 and 𝜆 angles 

in the stereographic projection of a unit sphere on the plane normal to [001]. Analyzing the 

{110}<111> family of slip systems is trivial due to similarities with the {111}<110> family 

in FCC metals. The Schmid factor of the primary {110}<111> slip system is maximum and 

equal to 0.5 for angles of 45° and loading along an axis close to the center of the IPF. This 

is schematically shown in Figure 2.10a by drawing a line between the projection of the 

normal to the (011) plane and the [111] slip direction. On the [001]–[111] boundary of the 

standard triangle, the Schmid factor is equal for the primary and conjugate planes. Similarly, 

the Schmid factor is equal on the primary and critical slip systems on the [001]–[101] 

boundary. The effect of equal Schmid factors will be further discussed in the Single Crystal 

Orientation and Rotation section below. 

 

Figure 2.10: Schematic of the different slip systems on the stereographic projection for (a) the {110} and (b) 

the {112} slip families. Lines with the same color are for slip systems with the same slip direction (cross-slip 

systems) and (in grey) the standard triangle IPF used in orientation analyses. Variable 𝑚 denotes the Schmid 

factor (𝑆𝐹) in this figure. 

For the {112}<111> family of slip systems, the analysis from the schematic on the 

stereographic projection is more complicated. The lines drawn between the slip plane normal 



Part I 

32 

and the slip direction lie on the boundaries of the standard triangle. The maximum Schmid 

factor for the {112} slip plane lies on the [001]–[111] and [101]–[111] boundaries of the 

standard triangle. Compared with the (011)[111] primary slip system for the {110} family, 

the (112)[111] and (121)[111  slip systems could be defined as “primary slip systems of 

the {112} family”. However, the (121)[111] slip system shares the same slip direction as 

the (011)[111] primary slip system and is then considered a cross-slip system. The cross-

slip systems are visually identified in Figure 2.10 as the lines drawn from the same slip 

direction have the same color. Note that six slip planes share the same Burgers vector. Slip 

systems with the same slip plane, but different slip directions are called coplanar systems. 

The nature of the different active slip planes affects the interaction of the moving dislocations 

and, therefore, strain hardening. 

From the definition of the Schmid factor in equation 2.12 and the 24 slip systems identified 

in Table 2.1, the Schmid factor can be calculated for all crystal orientations and displayed in 

an inverse pole figure. Figure 2.11 shows contour plots of the Schmid factor for the slip 

systems with the highest value. As shown in Figure 2.10, contour plots of the {110} and 

{112} slip systems have maximum Schmid factors close to the center and on the boundaries 

of the IPF, respectively. The combination of both slip systems explains pencil-glide in BCC 

metals [113]. However, the equi-Schmid factor lines would not be continuous as the Schmid 

factor drops between the regions of highest Schmid factors for {110} and {112}. The 

addition of the {123}<111> slip system, which could theoretically be activated in BCC 

metals, reduces this discontinuity and also agrees with pencil-glide (not shown). 

 

Figure 2.11: Schmid factor contour plots for different slip systems and all orientations in an IPF. 

Since the primary slip system and its interaction with the secondary slip system affect slip 

and hardening, the identification of the two slip systems with the highest Schmid factor for 

different crystal orientations is calculated and presented in Figure 2.12a. This representation 

of the IPF was proposed as a tool to select crystal tensile orientations with different 

hardening behaviors. A similar approach for slip directions of the two slip systems with the 

highest Schmid factor is also calculated to identify regions where the slip directions are the 
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same or different (Figure 2.12b). Both plots in Figure 2.12 must be considered together when 

analyzing different hardening behaviors, because different slip systems sharing the same 

Burgers vector will not interact like slip systems with intersecting Burgers vectors. 

 

Figure 2.12: Inverse pole figures of the two slip systems with the highest Schmid factors for (a) the ratios of 

slip plane families and (b) the directions of the Burgers vectors. Small black and red dots in (b) are artefact of 

the resolution (number of points used in the calculation) and not physical. 

2.3.4. Motion of Screw Dislocations: Kink Pair Nucleation and Motion 

As previously mentioned, an accurate prediction of the activated slip systems in BCC metals 

for a given temperature and strain rate remains complicated [114]. Slip of screw dislocations 

is dominant during the deformation of BCC metals. Due to the non-planar core structure of 

screw dislocations, discussed in section 2.3.7., the lattice friction is more important than for 

edge dislocations. This difference in core structure explains the lower mobility of screw 

compared to edge dislocations. The nucleation of kink pairs to overcome a Peierls potential 

and move a dislocation, as shown in Figure 2.13, is likely responsible for the high lattice 

friction. This thermally activated mechanism is highly dependent on temperature and strain 

rate as thermal fluctuations provide some energy to reduce the stress required for the 

nucleation of a kink pair and the motion of a dislocation. The kink height is directly related 

to its enthalpy and is slip system specific. The kink heights for the {110} and {112} slip 

planes are respectively: 

ℎ110 = 𝑎0 (
2

3
)
1/2

≈ 0.82𝑎0 ℎ112 = 𝑎0(2)1/2 ≈ 1.4𝑎0 

where ℎ𝑖𝑗𝑘 is the kink height for the {𝑖𝑗𝑘} slip plane, 𝑎0 is the lattice constant. 
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Figure 2.13: Motion of a dislocation over Peierls barrier by (stage 1) the nucleation and (stage 2) movement 

of a pair of kinks due to thermal fluctuation and an applied load. Redrawn from [115]. 

By analogy between the kink height and enthalpy, the energy required for the nucleation of 

kink pairs is lowest for the {110} planes and highest for the {112} planes. Thus, the 

activation of {110} planes should be dominant. However, temperature and strain rate affect 

the enthalpy, so elasticity theory models and atomistic simulations have been performed to 

determine the active slip systems for different BCC metals in different conditions [114]. 

For niobium single crystals, Seeger [112] developed a kink pair model to calculate the 

resolved shear stress on the {110}<111> slip system with the highest Schmid factor as a 

function of temperature to predict the activated slip planes in different temperature or stress 

regimes. The model predicted that the primary slip plane activated for all shear stress ranges 

studied (from 0 to 160 MPa) would be {112}. A kink pair model developed by Butt [116] 

was adapted by Ali [111] for niobium single crystals. This model predicted that slip will 

occur on the primary {110} plane for temperatures between 10 and 195 K and on the {112} 

plane for temperatures between 195 and 295 K. Finally, models of infinitely long screws at 

0 K predicted that the effective slip plane would be the {112} alone [117], [118] or both 

{110} and {112} planes [119], [120].  

The different predictions of all models show again the non-trivial prediction of the activated 

slip planes during the deformation of a niobium specimen. In addition, high strain rate tests 

have not been studied with these models. However, an analogy with low temperature can be 

made due to the lower time for thermal activation and the consequent higher flow stresses 

observed, but additional effects such as adiabatic heating and viscous drag could also affect 

the slip behavior at high strain rates. Since the highest strain rates obtained in this study in 

compression and tension are in the order of 103 s-1, these two factors are not expected to be 

predominant, but should be kept in mind for future work at higher strain rates.  

2.3.5. Dislocation Velocity  

The velocity of dislocations depends on the applied shear stress, the purity of the crystal, the 

temperature, and the type of dislocation [105]. It can be measured by etching the surface of 

stage 1

stage 2

stage 3
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a specimen to reveal dislocation pits and measuring the displacement of the pits following 

an imposed deformation. Repeating this experiment for different levels of stress yields the 

following empirical velocity relation at a constant temperature, valid for low speeds between 

10-9 m/s and 10-3 m/s: 

𝑣𝑑 ∝ (
𝜏

𝜏0
)
1/𝑚

 

where 𝑣𝑑 is the mean dislocation velocity, 𝜏 is the resolved shear stress, 𝜏0 is a reference 

shear stress (often at 1 m/s), and 𝑚 is a positive material constant [105]. As previously 

mentioned, the nature of the dislocation affects its velocity. At low velocities, edge 

dislocations move about 50 times faster than screw dislocations [105]. The lower mobility 

of screw dislocation partially explains the higher mechanical properties of BCC metals at 

low dislocation velocities. At higher velocities, the above relation is no longer valid. 

Figure 2.14 schematically shows the different dislocation velocity regimes as function of 

stress [121]. At stresses lower than a threshold stress �̂� to overcome a short-range obstacle, 

the thermal activation and drag regimes operate. At higher stresses, the mean dislocation 

velocity rapidly increases and a linear regime of pure phonon, or viscous, drag is observed. 

As the velocity nears the speed of sound 𝑐  in the material, relativistic effects are not 

negligible and explain the higher rate of increasing stress. 

 

Figure 2.14: Mean dislocation velocity as function of stress showing the main regimes (1) thermal activation 

with drag, (2) pure drag, and (3) relativistic effects. Redrawn from [121]. 

The shear strain rate on a slip plane is defined by Orowan’s equation as: 

�̇� = 𝜌𝑏𝑣𝑑 (2.13) 

where �̇�  is the shear strain rate, 𝜌  is the mobile dislocation density (total length of the 

dislocations per unit volume), and 𝑏 is the Burgers vector. As previously discussed, real 
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crystals have a non-zero initial dislocation density. A typical dislocation density for an 

annealed specimen is in the order of 109 to 1011 m-2 [122]. During a uniaxial test, the increase 

in dislocation density and in mean dislocation velocity are competing factors 

accommodating for the imposed strain rate. As shown in Figure 2.14, three dislocation 

velocity regimes exist. At strain rates below ~103 s-1, the velocity of dislocation is generally 

defined by thermal activation mechanisms and a small contribution from phonon drag. At 

higher strain rate, the pure drag regime is dominant. As previously mentioned, the transition 

in deformation mechanism is experimentally observed as a change in slope on a stress as 

function of strain rate plot.  

The contribution of viscous drag is then often considered in numerical models of specimens 

deformed at high strain rate. However, Lim et al. [123], [124] only considered thermally 

activated mechanisms for Taylor bar tests, with a maximum strain rate of about 5x105 s-1, 

performed on tantalum single crystals with four different orientations and observations and 

modeling supported slip on {112}. The contribution of the drag component of the flow stress 

for tantalum single crystals was only significant in the Livermore Multiscale Strength (LMS) 

model at strain rate greater than 107 s-1, which provides a baseline critical strain rate for 

niobium [125]. The influence of viscous drag was considered at lower strain rates by Hoge 

and Mukherjee [126] to model the flow stress of tantalum polycrystalline specimens as a 

function of strain rate for a strain rate of up to ~103 s-1. The effect of viscous drag is likely 

not significant in the current study due to the maximum strain rate of ~103 s-1. However, the 

models used by Hoge and Mukherjee [126] are still described below since they are used in 

Chapter 4 in an attempt to explain an experimentally measured increase in flow stress by a 

change in deformation mechanism. 

2.3.6. Strain Rate Analytical Modeling for Kink Pair Nucleation and Motion, 

and Viscous Drag 

The strain rate at a given flow stress can be estimated for low strains when the dominant 

mechanisms by which screw dislocations move is known. The velocity of a dislocation is 

extrapolated to the strain rate of the specimen and the latter is calculated using the following 

simplification of Orowan’s equation with the normal strain rate instead of the shear strain 

rate: 

𝜖̇ = 𝜌𝑏𝑣𝑑 (2.14) 

The Burgers vectors of a screw dislocation in niobium is known to be along the <111> slip 

direction and its magnitude is calculated with the following equation: 
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𝑏 =
1

2
‖< 111 >‖  =

1

2
√𝑎0

2 + 𝑎0
2 + 𝑎0

2 =
1

2
√3𝑎0 (2.15) 

where 𝑎0 is approximately equal to 3.3068 Å (1 Å =  10−10 m) for niobium [127], and 

‖< 111 >‖ is the distance in the lattice in the <111> direction. 

As previously discussed, the dislocation velocity 𝑣𝑑 depends on the dominant deformation 

mechanisms, which are dependent of temperature and strain rate. In this study, specimens 

were deformed at strain rates of up to about 1 000 s-1 in tension and 4 000 s-1 in compression. 

Also, an activation volume 𝑣∗ of about 10 to 102 𝑏3 at all strain rates would suggest that the 

nucleation of kink pairs to overcome Peierls potential, shown in Figure 2.6a and Figure 2.13, 

is the dominant deformation mechanism [112], [114], [115], [128], [129]. The activation 

volume is then calculated from experimental tests in Chapter 4 to identify a potential change 

in deformation mechanism. A contribution of viscous drag would also affect the dislocation 

velocity and is therefore considered. The different components of the strain rate equation 

(eq. 2.14) for thermal activation and dislocation drag are presented in the following sections. 

2.3.6.1. Thermal Activation and Kink Pair Nucleation 

For the thermal activation mechanism, the flow stress is low compared with the Peierls stress 

since thermal fluctuations provide an important amount of energy to the dislocations to 

overcome barriers. The strain rate equation of plastic flow controlled by thermal fluctuations 

at ambient temperature follows an Arrhenius equation: 

𝜖̇ = 𝜖0̇ exp(−
𝐺(𝜎)

𝑘𝐵𝑇
) (2.16) 

where 𝜖0̇ is a reference strain rate that is mainly dependent on the dislocation density and 

vibrational frequency (Debye frequency), 𝐺  is the Gibbs free energy, 𝑘𝐵  is Boltzmann 

constant, and 𝑇 is the absolute temperature [130]. 

Hoge and Mukherjee [126] expended equation 2.16 for thermal activation of screw 

dislocations in their study of tantalum to the following equation: 

𝜖̇ =
𝜌𝑏2𝐿𝑎𝜈

2𝑤2
exp (−

𝑈𝑛

𝑘𝐵𝑇
) (2.17) 

where 𝐿 is the dislocation segment length, 𝑎 is the distance between Peierls valleys, 𝜈 is the 

Debye frequency (SI unit: s−1), 𝑤  is the width of a kink loop, and 𝑈𝑛  is the energy to 

nucleate a pair of kinks. 
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The distance between Peierls valleys 𝑎, often defined as the shortest lattice translation, of 

niobium used by Seeger and Holzwarth [112] of 4.78 × 10−10 m is used in this study. Note 

that other studies often use the approximation 𝑎 ≈ 𝑏, which would be approximately 1.7 

times smaller than the value used in [112], but this is not exactly valid in screw or mixed 

dislocations [115].  

The Debye frequency of niobium is calculated using the following relation with the Debye 

temperature 𝑇𝐷: 

𝜈 =
𝑘𝐵

ℎ
𝑇𝐷 (2.18) 

where ℎ  is the Planck constant, a relation between a phonon’s energy and frequency, 

(~6.626 × 10−34 J. s). For a Debye temperature of 260 K at room temperature (298 K) 

[131], the Debye frequency of niobium is ~5.42 × 1012 s−1. 

The width of a kink loop 𝑤 for niobium is equal to 21.5 𝑏 or ~6.157 × 10−9 m [129] and 

the dislocation segment length 𝐿 was not found in the literature. The parameter of tantalum, 

a similar BCC metal, is then used and is equal to 𝐿 = 104𝑏. The energy to nucleate a pair of 

kinks 𝑈𝑛  can be expressed as a function of the flow stress. First, the flow stress in 

decomposed in a strain rate and temperature dependent effective stress, also referred as the 

thermally activated stress, 𝜎∗(𝜖̇, 𝑇) and a strain dependent athermal component 𝜎𝐴(𝜖): 

𝜎𝑇 = 𝜎∗(𝜖̇, 𝑇) + 𝜎𝐴(𝜖) (2.19) 

The effective (thermally activated) component is related to the stress required to overcome 

the lattice friction. The athermal component is related to long range barriers, such as grain 

boundaries, second phases, and dispersion. At high temperature, above a critical value 

dependent on the strain rate, the flow stress is equal to the athermal component, meaning 

that no additional effective load is required for dislocation motion since the thermal energy 

contribution is sufficient to overcome short range obstacles. Figure 2.15 shows the relation 

between stress and temperature for materials where the Peierls mechanism is dominant, e.g. 

BCC metals. 

From Hoge and Mukherjee [126], the athermal stress component at room temperature is 

calculated with the following equation: 

𝜎𝐴,293 = 𝜎𝐴,𝑇

𝐺293

𝐺𝑇

(2.20) 
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where 𝐺293 is the shear modulus at 293 K, and 𝜎𝐴,𝑇 and 𝐺𝑇 are the athermal stress and the 

shear modulus at a temperature 𝑇.  

 

Figure 2.15: Relation between shear flow stress and temperature for material undergoing Peierls mechanism. 

Redrawn from Dorn and Rajnak [132]. 

Guyot and Dorn [133] showed that for sinusoidal hills, a reasonable approximation for this 

model that does not consider non-Schmid behaviors, the relation between the kink (𝑈𝑘) and 

pairs of kink nucleation (𝑈𝑛) energies and the effective and Peierls stress (𝜎𝑃) at 0 K is given 

by: 

𝑈𝑛

2𝑈𝑘
= (1 −

𝜎∗

𝜎𝑃
)

2

(2.21) 

Combining equations 2.17 and 2.21, the following equation relating the strain rate and 

effective stress for dislocation glide described by the nucleation of pair of kinks by thermal 

activation is obtained: 

𝜖̇ =
𝜌𝑏2𝐿𝑎𝜈

2𝑤2
exp (

2𝑈𝑘

𝑘𝐵𝑇
(1 −

𝜎∗

𝜎𝑃
)
2

) (2.22) 

Different values of kink pair nucleation energy are available in the literature. Seeger and 

Holzwarth [112] used 0.68 eV for their model, Takeuchi et al. used 0.62 eV [134], and 

density-functional theory (DFT) calculations from Dezerald et al. [129] yielded kink pair 

nucleation energy of energy of 1.28 eV. The experimental values of 0.62 and 0.68 eV are 

used as starting points in the model. 

2.3.6.2. Dislocation Drag 

The dislocation drag mechanism is dominant at strain rates high enough for dislocations to 

overcome barriers without assistance from thermal fluctuations, i.e. when the applied load 

is greater than the Peierls and the pinning forces [115]. This leads to a sharp increase in stress 
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and a dislocation velocity dependent load, as per the viscous drag appellation. More details 

about this mechanism are available in review articles like the one of Shilo and Zolotoyabko 

[115].  

The force exerted by a dislocation in the assumption that viscous drag is the only mechanism 

is given by: 

𝜎∗𝑏 = 𝐵𝑣𝑑 (2.23) 

where 𝜎∗ is the effective shear stress and 𝐵 is the viscosity coefficient (SI unit: Pa. s). 

 

Figure 2.16: Dislocation viscosity coefficient of niobium for edge and screw dislocations as function of 

dislocation velocity [137]. 

𝐵 was experimentally measured by Al’Shitz and Indenbom [135] for niobium and equal to 

0.17 mPoise (1.7x10-5 Pa.s). This value will be used as a starting point in Chapter 4, but 

might be changed due to the large error, in the order of hundreds of percent [115], in the 

determination of the viscosity coefficient. As a comparison, Steinberg and Lund [84] used a 

viscosity coefficient of 10-4 Pa.s for tantalum. Hoge and Mukherjee [126], whose work was 

used by Steinberg and Lund, used a coefficient equal to 100 Pa.s. The large difference 

between the two papers citing the same original work and the comparison with the niobium 

value reported by [135] lead us to believe that the 10-4 Pa.s value is the correct one. Note 

that the original work reporting this value was published in a conference proceeding that 

could not be found [136]. The 1.7x10-5 Pa.s value reported by Al’Shitz and Indenbom [135] 

is also in agreement with recent theoretical work of Blaschke [137]. However, it is important 

to note that the dislocation viscosity coefficient found by Blaschke is dependent on the 

velocity and the nature of the dislocation, i.e. screw or edge dislocations, as shown in Figure 

2.16. A sharp increase in 𝐵 is expected at a critical dislocation speed. For a screw dislocation 

in niobium, the critical speed 𝑣𝑐
𝑠 is equal to 1 997 m/s [137]. 

Dislocation nature
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The combination of the thermal activation and viscous drag models, equations 2.22 and 2.23, 

gives the following equation that was used by Hoge and Mukherjee [126] for tantalum and 

will be used for niobium in Chapter 4: 

𝜖̇ =
𝜌𝑏2

2𝑤2

𝐿𝑎𝜈 exp (
2𝑈𝑘

𝑘𝐵𝑇
(1 −

𝜎∗

𝜎𝑃
)
2

) +
𝐵
𝜎∗

(2.24)
 

The objectives of analytical modeling of strain rate as a function of the applied stress for 

niobium single crystals are twofold. First, to investigate if an increase in flow stress at high 

strain rate is caused by viscous drag. This would indicate a change in deformation 

mechanisms at a strain rate between 10-4 to 103 s-1 for specimens deformed in tension and in 

compression. Second, to identify parameters that could be used by other researchers in future 

crystal plasticity models. 

2.3.7. Non-Schmid Behaviors 

According to Schmid law, plastic flow, or the motion of a dislocation, occurs when the 

resolved shear stress (equation 2.13) is larger than the critical resolved shear stress 𝜏𝐶𝑅𝑆𝑆. 

Deviations from this law have been reported for BCC metals was first discussed by Taylor 

[138] in his study of β-brass where the resistance to slip in opposite directions for a given 

plane was found to be different. This observation was made on measurements of different 

yield stress for single crystals with the same crystal orientation deformed in tension and in 

compression. This tension/compression (T/C) asymmetry is due to non-glide shear stress 

components in the core structure of screw dislocations and can result in the activation of 

different slip systems for crystals deformed in tension and compression. More precisely, the 

non-planar core structure of a <111> screw dislocation is explained by spreading of the 

dislocation on three symmetric {110} or {112} slip planes that share the same <111> 

direction. This is shown schematically in Figure 2.17 from Po et al. [139] with stress 

components accounting for non-Schmid effects in their crystal plasticity model and 

mathematically defined as follow: 

𝜏𝑐𝑟𝑠𝑠(𝛼) = 𝜏𝛼 + ∑𝑎𝑖𝜏𝑖
𝛼

𝑁𝑛𝑠

𝑖=1

(2.25) 

where 𝛼 represents the slip system in the glide direction, 𝑁𝑛𝑠 is the number of slip systems 

with non-glide components considered in the model, 𝑎𝑖 is the non-Schmid coefficient for the 

𝑖𝑡ℎ non-Schmid component, often temperature or strain rate dependent, and 𝜏𝛼 and 𝜏𝑖
𝛼 are 

the shear stress resolved on their respective slip systems. 
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Figure 2.17: Schematic of the stress components used by Po et al. [139] to model non-Schmid effects for slip 

in the [111] direction. The 𝜏(101) shear stress component has the highest Schmid factor and the 𝜏(011), 𝜏(101)
′ , 

and 𝜏
(011)
′  shear stress components are responsible for the non-Schmid effects. From Po et al. [139]. 

A lower resistance to dislocation glide, i.e. a lower 𝜏𝐶𝑅𝑆𝑆, in the twinning slip direction, 

compared to the anti-twining direction, was also reported for BCC metals [106], [117], [140]. 

This phenomenon is defined as the twinning/anti-twinning (T/AT) asymmetry. The 

theoretical yield stress considering T/AT asymmetry is given by: 

𝜎𝑦 =
𝜎𝑜

cos 𝜒 + 𝑎1 cos(𝜒 + 30°)
(2.26) 

where 𝜎𝑦 is the yield stress for the considered orientation, 𝜎𝑜 is a reference stress, often the 

Peierls stress, 𝑎1 is a material constant, and 𝜒 is the previously defined angle, in degrees. 

Without the second term of the denominator, the yield stress in equation 2.26 would be 

symmetric and follow Schmid’s law.  

The development of a crystal plasticity model with non-Schmid effects that would account 

for the T/C and T/AT asymmetries is beyond the scope of this study. The reader is then 

invited to read the PhD thesis of Aboozar Mapar [141], [142], where two hardening laws 

were used to model the anisotropic mechanical properties of niobium single crystals 

deformed at low strain rates. A main conclusion of this work was that the hardening laws 

were capturing the general hardening behavior, but not accurately predicting the different 

hardening stages. 

For niobium single crystals, Duesbery et al. [108] identified the slip systems activated during 

tensile and compression tests and grouped them by families of slip plane to investigate T/C 

asymmetry. Figure 2.18 shows the experimental results obtained in that study and the 

translation of the boundaries separating regions where the {110} and {112} slip planes 

should theoretically be activated. Based on the experimental results of Duesbery et al. [108], 
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the theoretical boundaries in tension shifted closer to the [101]–[111] boundary and the 

theoretical boundary in the right-half of the IPF in compression shifted closer to the [001] 

direction, effectively reducing the amount of orientations prone to activate the primary 

{110}<111> slip system. 

 

Figure 2.18: Superposition of the theoretical operative slip system boundaries with experimental results from 

Duesbery et al. [108] showing a shift in the transition of operative slip system for single crystals loaded in 

tension and compression at room temperature. 

Experimental results report that non-Schmid effects are more important at low temperatures 

since the contribution of non-Schmid stress components to the yield stress is more 

significant, e.g. Spitzig and Keh [143] for iron single crystals. For thermally activated 

deformation mechanisms, an analogy between low temperature and high strain rate due to 

the low contributions to reducing the effective stress, could be observed in this study. The 

importance of non-Schmid effects at different strain rates is then investigated for niobium 

single crystals.  

More details about non-Schmid behaviors are available in Christian’s review on plastic 

deformation of BCC metals [106] and Duesbery and Vitek’s article on plastic anisotropy in 

BCC transition metals [117]. 

2.3.8. Single Crystal Orientation and Rotation 

While an accurate determination of the activated slip system is not trivial in BCC metals, as 

discussed in the previous sections, crystal rotation during a tensile or compression test is 

predictable. Figure 2.19 schematically shows the deformation of single crystals at the scale 

of the specimen for an ideal case with a free end that translates away from the original 

loading axis and the more realistic case where the crystal is forced to rotate since both ends 

are fixed. During a tensile test, the ends of the specimens are held by the fixture of the testing 

machine and results in a rotation of the specimen toward the tensile axis. This results in a 

rotation of the lattice in the tensile direction toward the Burgers vector of the active slip 

system or the effective Burgers vectors if multiple slip systems are activated. As previously 

discussed, the (011)[111] slip system is the primary system. Therefore, the crystal rotates 
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towards the [111] direction. However, if the tensile axis of the crystal is oriented in region 

B of Figure 2.19a, the Schmid factor is higher for the (112)[111] slip system, which leads 

to a rotation toward the [111] direction (see black arrows in region B of Figure 2.19a). As 

the crystal rotates and the tensile axis orientation crosses to region A, slip occurs on the 

(011)[111] system and the crystal rotates toward the [111] direction. For a tensile orientation 

along the [001]–[101] boundary, the Schmid factor is equal on the primary and critical 

((011)[111]) slip systems. The activation of both slip systems and the rotations toward the 

[111] and [111] directions result in an effective rotation toward the [101] direction. The 

[101 ] direction is then considered the stable end orientation for BCC single crystals 

deformed in tension. 

 

Figure 2.19: (a) Tensile and (b) compression rotation paths for BCC metals with their respective end stable 

orientations, [121] and [110] respectively, for the [100]-[110]-[111] standard triangle. Redrawn from [113]. 

In compression, the motion of the top and bottom faces of the cylindrical specimen is 

restricted due to friction forces. The single crystal tends to rotate away from the loading axis 

and away from the Burgers vector. The opposite rotation paths than the ones described in 

tension are then expected in regions A and B, as shown in Figure 2.19b. The [001] and [111] 

directions are the stable end orientations for BCC single crystals deformed in compression 

with initial crystal orientations in regions B and A, respectively. 

A significant rotation of a single crystalline specimen leads to the activation of one or 

multiple different slip systems. This geometric hardening, or softening, is expected to occur 

during the tests performed in this study since the tensile specimens will be deformed up to 
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rupture and high-purity niobium has a high ductility. Experimentally, the crystal orientation 

can be measured during testing using X-ray diffraction (XRD) or before and after testing 

using XRD or electron backscattered diffraction (EBSD). Also, when possible, the test can 

be interrupted to acquire orientation related data at different levels of strain. 

Orientation related data are often given by EBSD or XRD measurements as three Bunge 

Euler angles 𝜙1, Φ, and 𝜙2. Figure 2.20 shows the effect of each angle to convert the sheet 

coordinate system (𝑋, 𝑌, 𝑍) to the crystal coordinate system (𝑥, 𝑦, 𝑧). The first angle, 𝜙1 is a 

counterclockwise (ccw) rotation about the 𝑍 axis of the sheet coordinate system. The second 

angle, Φ is the ccw rotation about the 𝑥’ axis. The third angle, 𝜙2, is the ccw rotation about 

the 𝑧’’ axis. The Bunge Euler angles are intrinsic, meaning that the order of the successive 

rotations matters. 

 

Figure 2.20: Schematic of the rotation from the sheet coordinate system to the crystal coordinate system with 

the 𝜙1, Φ, and 𝜙2 Bunge Euler angles. At each step, the axes in grey are along the original direction (before 

rotation) and black arrows are the rotated axes. 

To calculate the crystal coordinate system or, more importantly in this study, to calculate the 

Schmid factor for different crystal orientations, the Euler angles are used to find a unique 

orientation matrix 𝑔 defining the crystal coordinate system. Different combinations of Euler 

angles can result in the same transformation of coordinate systems and will all yield the same 

orientation matrix. For example, the Schmid factor was calculated for all slip systems in 

Table 2.1 for millions of different loading directions covering an entire inverse pole figure 

to generate Figure 2.11 and Figure 2.12.  

The orientation matrix is obtained from rotation matrices. A rotation matrix is used to rotate 

a vector into a different coordinate system by performing a ccw rotation of a given angle 

around a defined axis. The rotation matrices of the three Bunge Euler angles are defined 

below. 
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First, a rotation matrix of 𝜙1 radians around the 𝑍-axis is defined as: 

𝑅𝑍(𝜙1) = [
cos𝜙1 −sin𝜙1 0
sin 𝜙1 cos𝜙1 0

0 0 1

] (2.27) 

Similarly, a rotation matrix of Φ radians around the 𝑥′-axis is defined as: 

𝑅𝑥′(Φ) = [
1 0 0
0 cosΦ − sinΦ
0 sinΦ cosΦ

] (2.28) 

Finally, a rotation matrix of 𝜙1 radians around the 𝑧′′-axis is defined as: 

𝑅𝑧′′(𝜙2) = [
cos𝜙2 −sin𝜙2 0
sin𝜙2 cos𝜙2 0

0 0 1

] (2.29) 

By multiplication of the rotation matrices in the order given in Figure 2.20 with a vector in 

the sheet coordinate system, the resulting vector will be in the crystal coordinate system. 

First, the (𝑥′, 𝑦′, 𝑧′) coordinate system is obtained by rotation of the sheet coordinate system 

(𝑋, 𝑌, 𝑍) by the rotation matrix 𝑅𝑍(𝜙1): 

[
𝑥′

𝑦′

𝑧′

] = 𝑅𝑍(𝜙1) [
𝑋
𝑌
𝑍
] 

Second, the (𝑥′′, 𝑦′′, 𝑧′′) coordinate system is obtained by rotation of the (𝑥′, 𝑦′, 𝑧′) vector 

by the rotation matrix 𝑅𝑥′(Φ): 

[
𝑥′′

𝑦′′

𝑧′′

] = 𝑅𝑥′(Φ) [
𝑥′

𝑦′

𝑧′

] 

Finally, the (𝑥, 𝑦, 𝑧) crystal coordinate system is obtained by rotation of the (𝑥′′, 𝑦′′, 𝑧′′) 

vector by the rotation matrix 𝑅𝑧′′(𝜙2): 

[
𝑥
𝑦
𝑧
] = 𝑅𝑧′′(𝜙2) [

𝑥′′

𝑦′′

𝑧′′

] 

The orientation matrix is defined as the transpose of the rotation matrix. For the three Euler 

angles, the corresponding orientation matrices are defined as: 

𝑔𝜙1
= 𝑅𝑧(𝜙1)

𝑇 𝑔 = 𝑅𝑥′(Φ)𝑇 𝑔𝜙2
= 𝑅𝑧′′(𝜙2)

𝑇 
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Finally, the orientation matrix of the crystal coordinate system is defined as a combination 

of the orientation matrix of each Euler angle as: 

𝑔 = 𝑔𝜙2
𝑔Φ𝑔𝜙1

(2.30) 

The second order stress tensor for a tensile test along the sheet (disk) 𝑌-axis is defined as: 

𝜎𝑑𝑖𝑠𝑘 = [
0 0 0
0 1 0
0 0 0

] (2.31) 

To transform stress tensor in the crystal coordinate system, the orientation matrix is used as 

follow: 

𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙 = 𝑔 𝜎𝑑𝑖𝑠𝑘 𝑔
𝑇 (2.32) 

Finally, the Schmid factor of a given slip system with normal unit vector to a plane direction 

�̂� and unit slip direction �̂� is given by: 

𝑆𝐹 = (𝜎𝑠ℎ𝑒𝑒𝑡 �̂�T) ⋅ �̂� (2.33) 

A numerical example of the calculation of the Schmid factor using measured crystal 

orientations is provided in section 3.1.1.1. to help future students or professionals to 

implement these equations in a software. 

2.3.9. Single Crystal Stress–Strain Curves 

The mechanical properties of single crystals are often presented on plots of the resolved 

shear stress as function of the resolved shear strain. The normal stress 𝜎 is resolved on the 

slip system with the highest Schmid factor for single glide. However, the activation of 

multiple slip systems, the rotation of a crystal leading to the activation of different slip 

systems (geometrical hardening), and non-Schmid behaviors in BCC metals all complexify 

the calculation of the resolved shear stress. Therefore, multiple studies on the mechanical 

properties of niobium single crystals up to failure in tension report the mechanical properties 

with the engineering stress and strain. The mechanical properties obtained in this study are 

reported with engineering stress–strain curves. The resolved shear stress–resolved shear 

strain curve is however still discussed in this section since it is used to explain the three 

hardening stages often measured during tensile or compression tests. 

Figure 2.21a shows the theoretical resolved shear stress–resolved shear strain curve with the 

three hardening stages. Stage I, called easy glide, has a low linear hardening rate and can be 

absent or extend up to large strains. During this stage, slip occurs on only one slip system. 
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The low interaction of dislocations gliding on parallel planes and in parallel directions with 

the elastic field of neighboring dislocations explains the low strain hardening rate. The 

transition to stage II indicates the activation of a second slip system and, therefore, depends 

on the rotation of the single crystal. The extent of stage I is then highly dependent on the 

initial orientation of the crystal along the loading direction. Stage II has the highest hardening 

rate due to dislocation entanglement and is characterized by an approximately linear stress–

strain curve. Finally, parabolic hardening is observed in stage III, which is associated with 

dynamic recovery [144], and explained by a saturation of the dislocation density and flow 

stress due to the annihilation of dislocations. 

 

Figure 2.21: Stress-strain curve of BCC metals with (a) the shear components for single crystals and  

(b) Lüders band. Redrawn from [105]. 

Figure 2.21b shows a true stress–strain curve with a yield drop and Lüders band that indicate 

a plastic strain heterogeneity. Dislocations are multiplying at the band front that is rapidly 

moving in the specimen, often visible with digital image correlation, until the strain is 

uniform and strain hardening begins. This phenomenon is common in steels due to the 

interaction of dislocations with carbon interstitial atoms. 

2.3.10. Mechanical Properties of Niobium Single Crystals 

The mechanical properties of niobium single crystals at low strain rates have been 

investigated since the 1950s, when the element was still called Columbium [110]. Extensive 

research on the mechanical properties for different orientations, purity levels, heat 

treatments, temperatures, and strain rates of high-purity single crystals mostly took place in 

the 1960s. More interest arose in the 2000s for the fabrication of large grain SRF cavities. 

The tensile mechanical properties of niobium single crystals cut from large-grain disks used 

for the fabrication of SRF cavities have been measured at several universities and research 

laboratories, but never at strain rates larger than 10-1 s-1. The effects of crystal orientation 

[140], [145]–[149], heat treatment [108], [146], [149]–[152], interstitial hydrogen content 

[150]–[152], testing temperature [146], [153], [154] and strain rate [145], [146], [151], [152], 

[155] on mechanical properties of niobium single crystals have been published in literature. 
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Figure 2.22 shows a summary of the number of publications, including peer-reviewed 

journal articles, conference papers, and relevant presentations, on the mechanical properties 

of niobium single crystals, based on the literature review of the author. 

 

Figure 2.22: Number of publications (journal articles and conference papers) and available relevant 

presentations on the mechanical properties of niobium single crystals per decade and region of the first 

author, based on the literature review of the author [20], [27], [32], [108]–[110], [117], [130], [134], [140], 

[145]–[176]. 

Mitchell et al. [145] performed tensile tests at a nominal strain rate of 4.5x10-5 s-1 in seven 

different orientations. No trends were observed for most of the hardening parameters, i.e. the 

hardening rate of the three stages of single crystal deformation and the shear stress at their 

beginning and end. The extent of hardening stages I and II were lower for orientations closer 

to the [001]–[101] symmetry boundary. Specimens on the boundary showed no stage I 

(easy glide), higher yield stress [146], and the lowest strain at failure [145]. The [101] 

orientation is the terminal stable tensile orientation of BCC metals [113]. 

Duesbery et al. [146] observed slip traces on only {110} and {112} planes in niobium single 

crystals with differences in the critical resolved shear stress (𝜏𝐶𝑅𝑆𝑆) for the two families. 

Ermakov et al. [147] observed anisotropic tensile properties in the plastic regime with 

different hardening behaviors and strain at fracture for three different orientations. 

According to Gnäupel-Herold et al. [151], the differences in yield stress, hardening stages, 

and the presence or absence of a yield drop cannot be solely attributed to anisotropy but are 

also probably affected by sample inhomogeneities and purity. 

Baars et al. [148] calculated the Schmid factor of the 24 {110} and {112} potential slip 

system families for large grains within a sliced sheet of a niobium ingot to select the tensile 

orientations of specimens such that the resolved shear stress on selected slip systems is 

maximized. Tests were interrupted before failure and lattice orientation gradients were 

measured to quantify the rotation of the single crystals. A larger misorientation spread within 

the crystal after deformation was measured for three orientations close to the  
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[001]–[111] and [001]–[101] boundaries of the IPF, and these showed the highest strain 

hardening. This could be explained by dislocation tangles in cases where the active systems 

have Burgers vectors in different directions [148]. Finally, it was concluded that the highest 

resolved shear stress might not lead to the activation of that slip system but that a more 

complicated criterion involving non-Schmid behavior governs slip [148]. 

The effects of heat treatment on the tensile mechanical properties were reported by Duesbery 

et al. [108], [146], Myneni [150], Gnäupel-Herold et al. [151], Ricker et al. [152], and Kang 

et al. [149]. A reduction of yield stress caused by annihilation of dislocations after high 

temperature exposure was generally reported. However, an increase in yield stress reported 

by Gnäupel-Herold et al. was explained by the outgassing of interstitial hydrogen atoms 

absorbed during electrical-discharge wire cutting of specimens [151]. Hydrogen atoms are 

known to enhance screw dislocation mobility at room temperature and increase dislocation 

velocity, which could account for softening prior to removing hydrogen [177], [178]. Since 

most heat treatments of niobium are performed in vacuum at temperatures greater or equal 

to 800°C, it is expected that the reduction of dislocation density and the partial outgassing 

of hydrogen are competing factors with opposing influence on mechanical properties. While 

absorption of hydrogen in interstitial sites during the heat treatment could take place during 

the furnace cooldown [150], most of the atoms are expected to be removed from the furnace 

during the high temperature vacuum heat treatment. Kang et al. [149] reported that the 

primary slip system for as-extracted specimens (by electrical-discharge machining (EDM) 

followed by a brief buffered chemical polishing (BCP) etch) was for a {112} plane, in 

contrast to predominant slip on {110} planes for vacuum heat-treated specimens. This was 

established by ranking the ratio of Schmid factor of the primary and secondary slip systems, 

identifying the rotation axes, and by slip trace analyses. The observed change in the preferred 

slip system could be due to an alteration of the core structure of screw dislocations by 

removal of interstitial hydrogen atoms during vacuum heat treatment [149]. Finally, 

Duesbery et al. [108], [146], Myneni [150], and Ricker et al. [152] observed an increase in 

strain at failure for annealed specimens. 

The effect of hydrogen interstitials was studied independently of the heat treatment by 

Myneni [150] following buffered chemical polishing of specimens and by Gnäupel-Herold 

et al. [151] and Ricker et al. [152] following electrical discharge machining of specimens 

immersed in water. A reduction of yield stress was reported in all studies with increasing 

hydrogen content. Ricker et al. [152] noted that residual stresses on the surfaces from EDM 

could affect the mechanical properties and potentially result in greater stresses at that surface 

compared to the bulk of the specimen. The presence of hydrogen interstitial atoms also leads 
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to a reduction of ductility. At a high hydrogen concentration, much higher than the level 

found in SRF cavities, hydrogen embrittlement can occur and it results in a reduction of 

ultimate tensile strength and a change in fracture mode that is detrimental for all sheet 

forming processes [179], [180]. The lack and difficulty of quantification of the hydrogen 

(and other impurity) content in published results complicates any attempt for quantitative 

comparison between different studies. 

The effect of testing temperature on yield stress in niobium single crystals was published by 

Duesbery and Foxall [146], Nagakawa and Meshii [153] and Byun et al. [154] for 

temperature ranges of 77 to 523 K, 4.2 to 77 K, and 77 to 295 K, respectively. A reduction 

of yield stress with increasing temperature was reported in all studies. Nagakawa and Meshii 

compared tensile properties at low temperature of two distinct crystal orientations, one near 

the center of the IPF and the other on the boundary of the IPF, between the [110] and [111] 

orientations. Different stress–strain curves were obtained for the different orientations. A 

load drop was observed for a specimen located on the [110]–[111] boundary of the IPF and 

was caused by the formation of a macroscopic shear band. This specimen also mostly 

deformed by primary slip until severe necking. Duesbery and Foxall [146] and Byun et al. 

[154] observed a reduction in ductility with decreasing temperatures for specimens with 

different tensile orientations. 

The effect of strain rate on the tensile properties were reported by Mitchell et al. [145], 

Duesbery and Foxall [146], Gnäupel-Herold et al. [151], and Ricker et al. [152] for quasi-

static strain rate ranges between 4.5x10-6 s-1 and 1x10-1 s-1. Mitchell et al. and Duesbery and 

Foxall observed significant increases in yield stress for increasing strain rates, a common 

result for BCC metals. Ricker et al. however obtained the opposite trend at nominal strain 

rates of 4x10-5 and 3x10-6 s-1 [152]. Ricker et al. explained the strain rate effect by the 

influence of oxygen and hydrogen based upon the work of Ravi and Gibala [161], [181]. At 

very low strain rates and room temperature, the diffusion rate of hydrogen is significant 

enough to produce strain rate effects due to an increased interaction time between the 

dislocations and the mobile interstitial atoms. At higher strain rates, the dislocations break 

free and travel unimpeded in the grain. This could also explain the reduction in failure strain 

for the case with the smallest strain rate. However, Mitchell et al. [145] performed tests at 

similar rates but observed an increase in yield stress with increasing strain rate. Since the 

impurity content in both studies are not reported no conclusion can be made on the effect of 

strain rate on the yield stress at such low rates.  

Mitchell et al. [145] and Duesbery and Foxall [146] compared the different hardening stages 

of specimens with a similar crystal tensile orientation. The transition from stage I to II was 
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not well defined at the higher strain rates and a lower hardening rate was measured during 

stage II for increasing strain rates. Strain rate sensitivities observed in the two studies are 

different. Mitchell et al. [145] reported a logarithmic dependence of the yield stress with 

strain rate with two slopes, where the higher rate slope occurred from 5x10-3 s-1 to  

1x10-1 s-1. The bi-logarithmic trend was not observed by Duesbery and Foxall whose results 

had a significantly lower yield stress for all rates. 

In compression, Edington [155] performed tests at strain rates of 10-4 to 103 s-1 with a 

universal testing machine and split Hopkinson bars. Niobium single crystals with the same 

orientation (near the center of an IPF) were machined in cylindrical specimens with two 

geometries. Stage I hardening was not observed at all strain rates despite the specimens being 

preferably oriented for single slip. The evolution of the lower yield stress as function of the 

strain rate showed two linear regimes on a semi–log plot. A lower strain rate sensitivity was 

measured at strain rates below 10 s-1. The lower purity of the single crystals used in this 

study, compared with the study of Mitchell et al. [145][145], could explain the differences 

in strain rate sensitivity and hardening. 

Finally, Gnäupel-Herold et al. [151] performed tests at a constant speed on specimens with 

different gage lengths. No effect of the strain rate was reported in this study, but all tests 

were performed at rates in the same order of magnitude. This result is consistent with the 

logarithmic dependency of the strength on the strain rate observed by Mitchell et al [145]. 

These observations will be compared with the present study later in the manuscript. 

The author and collaborators [176] published tensile mechanical property results on niobium 

single crystals deformed at orders of magnitude of strain rates of 10-4 to 103 s-1. Those tensile 

results and compression results, first presented in this thesis, are the part of the first study on 

the mechanical properties of niobium single crystals deformed at strain rates greater than 

about 10-1 s-1. Note that the high strain rate mechanical properties of polycrystalline high-

purity niobium specimens have been reported by Peroni and Scapin [182]. An important 

increase in yield stress and a transition from hardening to softening were measured for 

increasing strain rates [182]. 

2.3.11. Observation of Dislocations in Niobium Single Crystals 

Foxall et al. [109] performed an in-depth study of dislocation content as function of strain, 

crystal orientation, and loading direction (tension vs compression) in niobium single crystals 

using transmission electron microscopy (TEM). Tensile and compression specimens were 

all deformed at a constant temperature of 295 K and a strain rate of 1.3x10-4 s-1. First, during 

stage I, clusters of edge dipoles and short elongated loops were observed in all sections 
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parallel to the primary (011) plane [109]. A screw mechanism was suggested for the 

formation of those dipoles or a representation of the interactions between screw dislocations 

and short loops were observed. During stage II, bundles of dislocations joined to form cell 

walls with decreasing size for increasing stress [109]. About 50% of the dislocations 

observed in the middle of stage II were from the secondary slip systems. Finally, dislocation 

substructures similar to the ones described for stage II were observed during stage III. 

Edington [155] studied the effect of strain rate on the dislocation substructure in niobium 

single crystals with an initial orientation close to the center of an IPF deformed in 

compression at strain rates of 1.2x10-4 s-1 and 1.5x103 s-1. The purity of the specimens in that 

study was lower purity than current state of the art niobium ingots with a RRR greater than 

300. TEM analyses were performed on specimens deformed at shear strains of about 0.037, 

0.054, 0.126, 0.199, and 0.297 for specimens deformed at a low strain rate of 1.2x10-4 s-1 

and at shear strains of 0.028, 0.06, 0.12, and 0.3 for specimens deformed at a high strain rate 

of 1.5x103 s-1. A linear increase in dislocation density was measured for increasing shear 

strains at the same rate for the specimens deformed at low and high strain rates. This result 

suggests that the dislocation density is independent of the strain rate [155]. Edge and screw 

dislocations with different Burgers vectors, indicating the activation of multiple slip systems, 

were observed at low and high strain rates. However, differences in dislocation substructure 

were observed at the different strain rates. At a low strain rate, dislocation cells formed at a 

strain of about 0.297. At a high strain rate, no dislocation cells formed and a higher density 

in homogeneously distributed dislocation dipoles (about twice as high as the specimens 

deformed at a low strain rate) was observed. Finally, since the dislocation density was 

independent of strain rate, the higher strain hardening rate at low strain rate (measured from 

shear stress–shear strain curves) was explained by Edington [155] by cell walls acting as 

more effective hardeners than the homogenously distributed dislocation dipoles. 

Ikeno and Furubayashi [162] performed in-situ TEM measurements of pierced niobium 

single crystal foils deformed in tension at room temperature. The nucleation and motion of, 

mostly screw, dislocations were observed. Note that the stress-state was complex and not 

uniaxial due to the hole in the foil. Ikeno [165] also performed in-situ TEM measurements 

of niobium foils prepared in a similar way but deformed at temperatures of 40 to 300 K. It 

was concluded that edge dipoles from jogs are at the origin of the formation of cells [165]. 

Sung et al. [183] studied the microstructure of tensile specimens deformed up to a strain of 

0.05 at low strain rate with TEM. Cell structures with dense dislocation walls were observed 

and are shown in Figure 2.23. A high dislocation density was also observed in low angle 

grain boundaries (LAGB), with a misorientation angle between 1° and 5° [183].  
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Figure 2.23: Bright field transmission electron microscope images of cross-sectional microstructure (normal 

to the tensile direction) of tensile specimen strained a 0.05, and a schematic of the possible dislocation 

arrangement on sub-boundaries parallel and perpendicular to the tensile axis. (Reprint with permission from 

the journal [183]). 

Dislocations were also observed in niobium single crystal specimens by Wang et al. [184] 

using electron channeling contrast imaging (ECCI). Tensile specimens with different levels 

of work hardening and heat treatments were analyzed. A reduction of dislocation density 

from 9 to 2 μm-2 was measured for undeformed specimens following an annealing heat 

treatment at 800°C for 2h [184]. Slip was observed on {110} and {112} slip systems for 

specimens deformed up to a strain of 0.4, but some of the dislocations on the {112} slip 

systems were pre-existing [184]. Srinivasan et al. [185] studied the dislocation substructure 

of cold rolled niobium single crystals with different orientations. The deformed specimens 

showed regions with a high dislocation density and thick cell walls. 

Finally, Dobromyslov et al. [186] observed dislocations in a niobium single crystal that was 

loaded by spherically converging shock waves. The strain rate in that study was not reported 

but was likely much higher than 103 s-1, the highest order of magnitude presented in this 

thesis. The very high pressure converted the single crystal in a polycrystalline structure. 

Also, the temperature increase in the specimen was sufficient to partially melt the niobium 

single crystal, as droplets were found at the surface of the broken spherical specimen. TEM 

observations showed that the plastic deformation occurred through slip and the formation of 

a vortex structure [186]. Twinning played a small role in the plastic deformation since only 

few twins were found at the microscopic scale. 

In the present study, the TEM measurements performed on specimens deformed in tension 

at 10-3 s-1 and about 1 000 s-1 will be compared with Edington’s study [155] on niobium 
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single crystal specimens deformed in compression at similar strain rates. The observation of 

dislocations in niobium single crystals deformed in tension at a strain rate greater than the 

quasi-static regime of about 10-5 s-1 to 10-3 s-1 is a first and will provide information about 

potential change in deformation mechanisms at high strain rate.  

2.3.12. Effect of Dislocations on Superconducting Properties 

As previously mentioned, SRF cavities are not only structural components acting as pressure 

vessels, but also functional components since they must operate in a superconducting state. 

Therefore, an understanding of the effect of dislocations and other crystalline defects on the 

superconducting properties of niobium is essential. Only a short overview of this topic is 

presented here, since this study focused on the mechanical properties and on the 

microstructure of niobium single crystals, and not on the superconducting properties. 

Antoine [34] reviewed the effect of different crystalline structures, e.g. voids, grain 

boundaries, and dislocations, on the superconducting properties of niobium used in 

radiofrequency applications. Three-dimensional defects, like voids, with a dimension larger 

than the penetration depth have the strongest flux pinning energy, followed by two-

dimensional structures, e.g. grain boundaries. Individual dislocations are linear defects and, 

therefore, have a smaller pinning energy. However, the dislocation density in deformed 

niobium sheets is high, about 1014 m-2 for specimens deformed at a strain of 0.10 [187], 

which results in a high effective pinning energy for dislocations. Also, as shown in  

Figure 2.23, dislocations can accumulate on preferred slip planes and form cell walls or low 

angle grain boundaries which act like 2D structures [34]. The influence of a LAGB on the 

superconducting properties was measured by Sung et al. [183] using magneto optical 

imaging and flux penetration was observed at this microstructural defect. The development 

of the LAGB in that study was likely caused by the interaction of dislocations on competing 

slip planes in the specimen deformed at a low strain rate [183]. 

In conclusion, an investigation of the dislocation substructure at low and high strain rates for 

specimens deformed in tension is essential, since a change in dislocation substructure could 

lead to different superconducting properties. 

2.3.13. Nanoindentation Characterization of Niobium Single Crystals 

To the best knowledge of the author, nanoindentation measurements have not previously 

been performed on deformed niobium single crystals. Wang and Ngan [188] performed 

nanoindentation measurements on annealed niobium specimens with grain size of  

500 ± 200 μm. However, the main objective of their study was to measure the hardness and 

pop-ins for indents at the vicinity of grain boundaries, which is different than this study. For 
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SRF applications, extensive work has been performed at Old Dominion University by  

Dr. Elmustafa on niobium nitride deposited layers [189]–[192]. Therefore, this study 

presents the first nanoindentation measurements performed on niobium single crystals and, 

more precisely, on specimens deformed in tension and compression at strain rates ranging 

from 10-3 to 103 s-1.  

The main objectives were to measure the influence of the different dislocation substructures 

in specimens with different initial crystal orientations and deformed at different strain rates 

on the hardness. Undeformed reference specimens with different crystallographic 

orientations were also indented to measure anisotropic elastic properties and compare 

hardness values due to the nucleation and motion of dislocations on different slip systems. 

2.4. Conclusions and Research Objectives 

Plastic deformation in niobium single crystals will be governed by the motion of screw 

dislocations, which will lead to non-Schmid effects, such as a tension/compression 

asymmetry. By analogy with low temperature tests, more important non-Schmid effects 

could be measured at high strain rate. For the range of strain rate studied, the screw 

dislocations are expected to move between Peierls potentials by the nucleation and motion 

of kink pairs, a thermally activated deformation mechanism. An increase in yield stress is 

expected for increasing strain rate due to smaller thermal contributions to the activation 

energy required to overcome short-range obstacles. A change in dominant deformation 

mechanism could occur at the highest strain rate. Therefore, the activation volume will be 

calculated and analytical modeling of the strain rate as function of the flow stress is used 

with a model considering the nucleation and motion of kink pairs and viscous drag to study 

if the latter mechanism explains a potential increase in flow stress at the highest strain rate. 

The mechanical properties of high-purity niobium single crystals have been extensively 

studied in the literature. However, the effect of crystal orientation on the anisotropic 

mechanical properties have not been studied at strain rates greater than the quasi-static 

regime (10-5 to 10-3 s-1). The effect of strain rate on one crystal orientation has also not been 

studied at strain rates greater than 10-1 s-1. This study will fill the gaps in the literature by 

performing tensile tests at strain rates of up to 103 s-1 and by studying different crystal 

orientations deformed in tension and compression at strain rates of up to 103 s-1. The tensile 

tests at strain rates greater than 10-1 s-1 will answer questions about (1) the strain-rate 

sensitivity at strain rates of up to 103 s-1 and (2) if a change in dominant deformation 

mechanism is measured expected. The tensile and compression tests at different strain rate 

and for different crystal orientations will answer questions about (1) potential changes in 

anisotropic mechanical properties for an increasing strain rate, (2) the effect of crystal 
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orientation on the strain-rate sensitivity, and (3) the contribution of non-Schmid effects, 

measured at high strain rate. 

Observations of dislocation substructures with a TEM in specimens deformed at low strain 

rates showed slip on preferred orientations and the formation of cell walls. The only study 

on single crystals deformed in compression at a strain rate of about 103 s-1 measured the 

same dislocation density as specimens deformed at 10-4 s-1, but observed a higher 

concentration in dislocation dipoles [155]. The dislocation substructure of specimens 

deformed in tension greater than the quasi-static regime has not been reported in the 

literature. Also, dislocations and cell walls are known to act as flux pinning centers, which 

are detrimental for the superconductive properties of SRF cavities. The effect of strain rate 

on the dislocation substructure of niobium single crystals deformed in tension at strain rates 

of 10-3 s-1 to about 103 s-1 is studied with TEM in this thesis. This investigation of the 

microstructure will answer questions about (1) a potential change in the dominant 

deformation mechanism and (2) the effects on superconducting properties. Combined with 

the TEM observations, analyses from EBSD measurements will help explain the measured 

mechanical properties. 
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Chapter 3 Materials and Methods 

Experiments and microstructure analyses were performed at different institutes on niobium 

single crystals. In order to ensure repeatability between measurements and analyses 

performed in different laboratories, it is paramount to develop and respect detailed 

experimental procedures. This chapter describes the method for crystal orientation selection 

and the different sample geometries. The experimental procedures that were used for the 

different mechanical tests (uniaxial tensile and compression tests at strain rates between  

10-4 s-1 and 103 s-1), microstructure analyses (sample preparation for EBSD, nanoindentation, 

and TEM), and data analysis are presented. 

3.1. Materials 

3.1.1. Niobium Single Crystals 

Niobium single crystal specimens were extracted from a 322 mm diameter and 3.8 mm thick 

disk supplied by CERN, see Figure 3.1a. Two identical disks were available, but only one 

was used for the characterization of the mechanical properties. The ten largest grains in the 

disk have principal diagonals between approximately 45 mm x 60 mm and 120 mm x 170 

mm. This allowed for the extraction of small tensile specimens with different crystal 

orientations. The high purity niobium disk with a residual resistivity ratio (RRR) greater than 

300 is normally used for the fabrication of superconducting radiofrequency cavity half-cells. 

The low impurity content is essential for the final application, since the formed components 

are functional and structural parts: the niobium SRF cavity must operate in a superconductive 

state at the applied electromagnetic field and it acts as a pressure vessel. 

 

Figure 3.1: (a) High-purity large grain niobium disk used for single crystal specimens’ extraction.  

(b) Schematic of the disk location in a section of a cylindrical niobium ingot with columnar grains. 
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The disk is a slice of a long electron beam melted cylindrical ingot, see Figure 3.1b for a 

schematic of the disk extraction from an ingot. The large grains in the disk are sections of 

the ingot’s columnar grains. Thus, multiple disks with the same grain dimensions and 

crystallographic orientations can be produced. Buffered chemical polishing (BCP) was used 

on the disks after cutting, which revealed the grain boundaries and resulted in smooth 

surfaces. The reader is invited to refer to the review paper on SRF cavities published by 

Singer [23] for additional details on ingot and disk fabrication. 

3.1.1.1. Grain Orientation Measurement 

The crystal orientation of the ten largest grains in the disk was measured at Michigan State 

University using a non-destructive Laue X-ray diffraction method developed by Kang et al. 

[174]. Measurements were performed at multiple locations in the largest grains of the disk 

used for mechanical testing. No orientation gradients were measured within grains. See 

Figure 3.2a for the measurement locations, Figure 3.2b for a normal orientation map with 

unit cells, and Table 3.1 for the measured Bunge Euler angles (the frame of reference is 

shown in Figure 3.2b). Additional measurements were performed on the adjacent disk 

extracted from the same ingot. The same grain orientations were measured in the second 

disk. An average difference in Bunge Euler angles of 0.3 ± 0.1°, 0.2 ± 0.2° and 0.9 ± 0.4° 

for 𝜙1, Φ, and 𝜙2, respectively, was measured between the two disks for three locations in 

grains 4, 8, and 10. The approximate resolution limit for the method is ~0.1°. 

Table 3.1: Measured Bunge Euler angles for multiple locations in disks 1 and 2 (identified in Figure 3.2a). 

 Disk 1 (used for mechanical testing) Disk 2 

 𝜙1 (°) Φ (°) 𝜙2 (°) 𝜙1 (°) Φ (°) 𝜙2 (°) 

1 30.1 148.7 158.1 

 

2-a 352.1 146.0 185.9 

2-b 353.3 146.9 184.6 

2-c 353.1 145.6 186.3 

3 24.3 147.7 186.8 

4-a 86.3 130.7 124.8 85.9 130.2 123.6 

4-b 85.8 130.6 124.8 

 

4-c 86.0 130.9 124.9 

5-a 53.7 129.0 164.0 

5-b 53.5 129.2 163.9 

5-c 53.0 129.1 163.4 

5-d 53.1 129.8 163.4 

6 240.9 152.1 154.6 
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7 150.8 152.6 134.2 

8-a 44.8 132.9 168.3 44.6 133.0 168.7 

8-b 44.1 132.6 168.0 

 

9 97.7 167.5 143.4 

10-a 350.3 147.6 185.2 

10-b 350.4 147.6 185.1 350.2 147.7 184.0 

 

3.1.1.2. Tensile Specimen Orientation Selection 

From the measured crystal orientations, it is possible to cut tensile specimens with 

orientations where, upon deformation, specific slip systems will likely activate or multiple 

systems will be competing and simultaneously activate. This orientation selection is made 

with the assumption that Schmid’s law is valid and that the critical resolved shear stress is 

equal on all slip systems. Therefore, slip will initiate on the slip system with the highest 

Schmid factor. However, it is well known that the core structure of a screw dislocation leads 

to non-Schmid effects and that BCC metals mostly deform, at room temperature, by the 

motion of screw dislocations (see section 2.3. for more details). Therefore, the assumption 

of the Schmid law is not perfectly accurate for niobium single crystals, but it is believed to 

be the best approximation for the purpose of orientation selection. The Schmid factor 

calculation, for the purpose of tensile specimen orientation selection, is presented below with 

different approaches. The first method is inspired on the work performed by Dr. Baars during 

his PhD thesis [140], also on niobium single crystals. 

 

Figure 3.2: (a) locations where orientation measurements were performed in the ten largest grains of the 

used disk (disk 1) and a second disk (disk 2) and (b) grain normal direction orientation map with unit cells 

showing crystal orientations. 
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Recall from section 2.3. that slip in niobium single crystals was only experimentally 

observed on the {110}<111> and {112}<111> slip systems [108]–[110]. Therefore, only the 

24 slip systems of those families, listed in Table 2.1, are considered. Knowing the slip 

systems that can be activated, the Schmid factor 𝑆𝐹 can be calculated for each of them for 

specific loading direction in each grain. 

The Schmid factors for all known active slip systems are calculated for varying Bunge Euler 

angle 𝜙1 between 0 and 180 degrees for each grain. The rotation by 𝜙1 is equivalent rotating 

the tensile loading direction of a specimen in a grain. The blue and green lines in Figure 3.3 

show the change in Schmid factor for each slip system for a rotating tensile specimen in 

grain 2. Orientations with a high Schmid factor for a specific slip system indicate a high 

likelihood for slip to occur on that slip system for a tensile specimen pulled in that tensile 

direction. Similarly, orientations where the highest Schmid factors are equal for more than 

one slip systems indicate that slip will likely compete on those systems. To align the tensile 

direction of a specimen with the desired 𝜙1  angles, the rotation angle 𝜙1𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛
, is 

calculated and equal to the difference between the measured and desired angles: 

𝜙1𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛
= 𝜙1𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

− 𝜙1𝑑𝑒𝑠𝑖𝑟𝑒𝑑
(3.1) 

 

Figure 3.3: Schmid factors for all possible tensile orientations and 24 slip systems of a tensile test in grain 

two. The specimen orientation for the measured orientation (parallel to y in Figure 3.2b) and examples of 

orientations with competing or dominant Schmid factors are shown. 
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The specimen is rotated counterclockwise, from an initially horizontal position, by 

𝜙1𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛
 on the disk. This operation was repeated for the 33 different tensile specimen 

orientations. This approach is ideal to identify specific slip systems, but it does not give 

information about the crystal orientation along the tensile axis. A second and complimentary 

method was then used to ensure that specimens with different crystal orientations covering 

most of a tensile axis inverse pole figure were cut in the large grain sheet. Since the tensile 

specimens can only be rotated around the direction normal to the sheet, an inverse pole figure 

with the possible crystal orientations for the rotation of the specimen from 0 to 180° was 

generated for each grain. Figure 3.4 shows such IPF for grains 2 and 5. This figure clearly 

shows that not all crystal orientations are accessible for a given grain and helps in the 

decision making of crystal orientations. In combination with the IPFs of the two slip systems 

with the highest Schmid factor and the relation between their Burgers vectors in Figure 2.12, 

this method becomes an efficient visual tool for orientation selection. Appendix B shows the 

IPFs, like in Figure 3.4, with the possible crystal tensile orientations for all grains. 

  

Figure 3.4: Possible crystal orientations in the tensile direction for grains 2 and 5. Colored numbers are the 

counterclockwise rotation angles in degree of a horizontal specimen to obtain the crystal orientation at the 

location of the tensile axis IPF. 

Figure 3.5a shows the final disk layout with tensile specimens colored based on the tensile 

axis IPF, presented in Figure 3.5b. The long tensile specimens were used for tests at up to 

~100 s−1 and the short tensile specimens were used with split Hopkinson bars (more details 

about the sample geometries in section 3.2.). The layout was converted to the dxf format for 

specimen cutting with wire electrical-discharge machining (EDM). The specimen 

nomenclature in Figure 3.5b and through the thesis is: grain number-rotation angle. For 

example, specimen 1-95 is from grain 1 and the specimen was rotated counter-clockwise 

about a vector normal to the face of the disk by 95°, from an originally horizontal position, 

i.e. along the 𝑦-axis in Figure 3.2b. Details about each specimen orientation, Schmid factors, 
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and Burgers vectors, for the two slip systems with the highest Schmid factors, are presented 

in Table 4.1. 

 

Figure 3.5: (a) Tensile specimen layout in the nine measured grains and (b) tensile axis IPF of the different 

specimens. The specimen’s color in (a) represent the tensile axis IPF colors in (b). 

The following grey shaded section provides a numerical example of the Schmid factor 

calculation for different specimen tensile directions and a measured crystal orientation. This 

methodology was implemented in MATLAB to perform the same calculations for all grains 

and Appendix B presents the flowcharts of the different MATLAB codes written for that 

purpose. 

Example of Schmid factor calculation for different slip planes 

The calculation of the Schmid factors for all possible tensile orientations by rotating the 

tensile axis from 0 to 180° around the normal direction of the disk is explained below with 

a numerical example. This approach was used to select tensile orientations of interest in 

niobium and can be adapted for different lattice structures. 

The calculation of the Schmid factors for different regions of the IPF is a purely 

geometrical relationship between the direction of applied stress and the slip system, i.e. 

the slip and slip-plane normal directions.  

1. Measure grain orientations 

First, the orientation of the crystal in each grain of the physical sheet are measured. The 

approach used for this study was developed by Kang specifically for large–grain niobium 

disks [174]. However, a small specimen could also be extracted and measured with EBSD 
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to obtain the grain orientation. Three Euler angles 𝜙1, Φ, and 𝜙2 are obtained from this 

experimental step. The Bunge Euler convention is used throughout this thesis. The angles 

describe the crystal orientation compared with the sheet orientation see Figure 3.6. The 

three standard sheet directions (X,Y,Z) are used. Since we are working with single 

crystals, X and Y are based on the reference system used during grain orientation 

measurement due to absence of rolling. These directions must be clearly identified to avoid 

confusion during following calculations. 

Grain 1 is used for this numerical example: 𝜙1 = 30.0°, Φ = 148.7°, and 𝜙2 = 158.1°. 

 

Figure 3.6: Disk and the crystal coordinate systems and tensile specimens’ orientations for different  

rotation angles. 

2. Identify the slip systems that could activate for the lattice structure of the material 

Since niobium is a BCC metal, slip occurs on the direction with the highest packing 

density, i.e. <111>, and on three possible slip planes families: {110}, {112}, and {123}. 

As previously mentioned, slip was experimentally observed and numerically predicted on 

the {110} and {112} slip planes. A total of 24 slip systems exist for the {110}<111> and 

{112}<111> families and are presented in Table 2.1. 

The example below for the (101)[111] slip system must be repeated for the other slip 

systems. The slip direction and slip-plane normal direction are: 

𝑏 = [1,1,1] and 𝑛 = [−1,0,1] 

These vectors are normalized as follow: 

�̂� = [
1

√3
,

1

√3
,

1

√3
] and �̂� = [−

1

√2
, 0,

1

√2
] 

3. Define the stress tensor 

The stress tensor representative of the loading that the specimen is subjected to is 

established. The directions used to define the stress tensor are with respect to the X and Y 

axes defined during the measuring case and the 0° initial position of the specimen. In this 
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study, the X and Y directions were defined as pointing downward and to the right, 

respectively, during the orientation measuring phase (see Figure 3.2b as a complement to 

Figure 3.6). The specimens for the uniaxial tensile tests had an initial horizontal position, 

which indicates that the tensile axis is oriented along Y. The 2nd order stress tensor was 

then defined as follow: 

𝜎𝑑𝑖𝑠𝑘 = [
0 0 0
0 1 0
0 0 0

] 

4. Rotation of the stress tensor in the crystal reference system 

To calculate the Schmid factor, the stress tensor orientation must be rotated to be in the 

reference frame of the crystal and not of the disk. This is accomplished by first calculating 

the orientation matrix 𝑔: 

𝑔 = 𝑔𝜙2
𝑔Φ𝑔𝜙1

 

where the individual orientation matrices are defined as: 

𝑔𝜙2
= [

cos𝜙2 sin𝜙2 0
−sin𝜙2 cos𝜙2 0

0 0 1

], 𝑔Φ = [
1 0 0
0 cosΦ sinΦ
0 −sinΦ cosΦ

] and 

 𝑔𝜙1
= [

cos𝜙1 sin𝜙1 0
−sin𝜙1 cos 𝜙1 0

0 0 1

] 

For the specific case of grain 1 and 𝜙1 = 0°: 

𝑔 = [
cos 158.1 sin 158.1 0
−sin 158.1 cos 158.1 0

0 0 1
] [

1 0 0
0 cos 148.7 sin 148.7
0 −sin 148.7 cos 148.7

] [
cos 0 sin 0 0
−sin 0 cos 0 0

0 0 1
] 

𝑔 ≈ [
−0.928 0.373 0
−0.373 −0.928 0

0 0 1
] [

1 0 0
0 −0.854 0.520
0 −0.520 −0.854

] [
1 0 0
0 1 0
0 0 1

]

≈ [
−0.928 −0.319 0.194
−0.373 0.793 −0.483

0 −0.520 −0.854
] 

Second, the stress tensor is modified as follow: 

𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙 = 𝑔 𝜎𝑑𝑖𝑠𝑘 𝑔
𝑇 
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𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙 ≈ [
−0.928 −0.319 0.194
−0.373 0.793 −0.483

0 −0.520 −0.854
] [

0 0 0
0 1 0
0 0 0

] [
−0.928 −0.373 0
−0.319 0.793 −0.520
0.194 −0.483 −0.854

] 

𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙 ≈ [
0.102 −0.252 0.166

−0.252 0.628 −0.412
0.166 −0.412 0.270

] 

To rotate the stress tensor in all possible tensile orientations in the grain, the measured 

angle 𝜙1 is not used and angles from 0 to 180° are used instead. Recall that angle 𝜙1 

defines a rotation about the normal direction of the grain. Angles Φ  and 𝜙2  are the 

measured angles of the specific grain.  

5. Schmid factor calculation 

Finally, the Schmid factor is calculated. For this specific example, the Schmid factor is 

calculated as follow. First, the load along the slip direction is calculated: 

𝐹 = 𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙�̂�
𝑇 

𝐹 = [
0.102 −0.252 0.166

−0.252 0.628 −0.412
0.166 −0.412 0.270

] [

1/√3

1/√3

1/√3

] ≈ [
0.009

−0.021
0.014

] 

Second, the load is projected on the slip plane and gives the Schmid factor: 

𝑆𝐹 = 𝐹 ⋅ �̂� 

𝑆𝐹 = [
0.009

−0.021
0.014

] [−1/√2 0 1/√2] ≈ 0.0033 

This procedure is repeated for the all the slip systems in Table 2.1 and for all 𝜙1 angles. 

3.1.1.3. Specimen Cutting 

All niobium single crystal specimens were cut with a water immersed wire EDM machine 

to avoid work hardening the side surfaces of the specimens, reduce material consumption, 

and cut at accurate angles to test the selected crystal orientations. Disk alignment, to respect 

the layout presented in Figure 3.5a, was done using a horizontal saw mark left on the disk 

during sectioning of the ingot, visible in Figure 3.1a. Tensile specimens were all cut through 

their thickness to double the number of available specimens. 

Markings with permanent markers were applied on the disk to identify the original locations 

of the cut specimens. Texts were written in black and red in different languages and in 

perpendicular directions. Random lines were also traced with a ballpoint pen. For future 
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references, it is recommended to use fine point markers or ballpoint pens since the small 

specimens might only have a fraction of a letter on their entire surface after cutting, which 

can make the “puzzle” difficult to assemble. Figure 3.7 shows the disk after cutting of all 

tensile and compression specimens. A total of 372 tensile and 161 compression specimens 

were cut. 

 

Figure 3.7: Large grain niobium disk after cutting with markings to identify specimens’ original location. 

3.1.1.4. EBSD Sample Preparation 

Deformed tensile and compression specimens were analyzed with electron backscatter 

diffraction (EBSD). The following procedure was used to prepare the surface of specimens 

for adequate indexing of the Kikuchi patterns of niobium.  

First, specimens were cut lengthwise using a diamond wire saw (Well Diamond Wire Saw 

Series 3000) to analyze the microstructure in the gage section. Second, the cut specimens 

were cold mounted in a methyl-methacrylate based resin (Lam Plan resin 609). Third, 

grinding of the excess resin and flattening of the specimen was performed with silicon 

carbide (SiC) grinding papers P800. Additional grinding and polishing of the specimen were 

done with SiC grinding papers P1200, P2400, and P4000. Polishing clothes with  

3 µm and 1 μm diamond suspension solutions for soft materials were used. The final 

polishing step used vibratory polishing (Buehler Vibromet 2) with a colloidal silica solution 

for 4 to 12 hours. The colloidal silica solution had the following content: 200 mL of distilled 

water (H2O), 200 mL of colloidal silica (0.05 μm), and 20 mL of hydrogen peroxide (H2O2) 

with a concentration of 30%. 

Before analysis in the scanning electron microscope, the specimens were extracted from the 

resin by dissolving the resin in acetone for approximately 48 hours. The specimens were 

mounted in a holder with screws applying pressure on the grip section, see Figure 3.8a. The 

specimen holder was securely installed in a 70° tilted stage for alignment of the reflecting 

electron beam with the EBSD detector. The resulting microstructure showed a low 
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geometrically necessary dislocation (GND) density in undeformed regions and high 

confidence index through the whole specimen, which confirmed that the sample preparation 

methodology was adequate. 

 

Figure 3.8: (a) Mounted tensile specimen in holder and (b) specimen holder location on a tilted stage for 

EBSD scans. 

3.1.1.5. Nanoindentation Sample Preparation 

Tensile and compression specimens deformed at low and high strain rates were analyzed 

with nanoindentation. The surface that was analyzed for the EBSD measurements was also 

used for the nanoindentation and was not repolished between the two studies. Since the 

cross-section of the specimen was polished and the resin was dissolved for EBSD 

measurements, cold mounting with a methyl-methacrylate resin was used to provide a flat 

surface on the opposite side of the polished surface. Figure 3.9 shows three specimens in the 

chamber of the nanoindenter and a schematic of the cold mounted specimen. The niobium 

single crystal specimen was held with a plastic support with the polished surface facing 

upward. After cold mounting, the bottom surface was not polished since it was sufficiently 

flat. However, a thin glass lamella, used in light microscope for observation of biological 

samples, was glued at the bottom of the specimen with a cyanoacrylate adhesive. This 

insured a more uniform contact with the stage of the nanoindenter and removed the high 

amount of noise found in load–indentation depth curves of specimens with no glass lamella. 

 

Figure 3.9: (a) Three niobium single crystal specimens in the chamber of the nanoindenter and (b) a 

schematic of the cold mounted specimen. 
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3.1.1.6. TEM Sample Preparation 

Tensile specimens deformed at low and high strain rates were analyzed with a transmission 

electron microscope (JEOL JEM-2200FS). All samples were prepared by Dr. Leonardo 

Agudo Jácome and Dr. Anna Manzoni of BAM. To avoid ion implantation, mechanical 

polishing and electropolishing were used instead of focused ion beam (FIB). Figure 3.10 

shows a schematic of the steps followed to prepare electron-transparent niobium single 

crystal specimens. This method was developed to analyze the cross-section of specimens. 

First, a diamond wire saw was used to cut slices with a thickness of about 0.5 mm. Second, 

two slices were affixed to a steel block with parallel top and bottom surfaces using a wax 

with a melting point of 120°C. Third, the specimens were manually polished using rotating 

silicon carbide papers (P320, P600, and P1200) and water. The thickness of the slices was 

measured during the polishing process to remove about 200 μm. At that point, the wax was 

melted, the slices were flipped upside down, and reattached to the steel block. The 

mechanical polishing was then repeated to remove again about 200 μm. The wax was then 

melted and the ~100 μm thick slices were removed. The thickness of each slice was 

measured with an optical microscope to adjust the electropolishing time. A circular punch 

was used to cut 3 mm holes in the slice. Each 3 mm long specimens, hereafter disks, were 

placed in a numbered TEM grid storage box. The order and identification number of each 

disk was tracked to ensure that specimens in the deformed gage length were analyzed and to 

know the proximity with the fracture surface. 

Finally, a disk was electropolished (Struers Tenupol-3) with a solution of 895 mL of 

methanol, 525 mL of ethylene glycol, and 90 mL of perchloric acid. The solution was cooled 

at a temperature of −16.5°C and a flow rate machine parameter of ~3.1 was used with a 

current and voltage of 0.1 A and 30 V, respectively. The electropolishing was performed in 

two steps. First, a small circular platinum aperture (Ø 500 μm) was used for  

3 to 5 minutes to create a thinner region at the center of the specimen. Second, a larger 

circular platinum aperture (Ø 1250 μm) was used until a hole was detected by the 

photosensitive detector of the machine. The specimen was then taken out of the polishing 

machine and rinsed in methanol and ethanol to remove all traces of the electrolytic solution. 

A one-step procedure was originally used, but the holes were consistently on the edge of the 

aperture which resulted in excessive thinning or polishing artefacts. Figure 3.11 shows 

pictures of the equipment used and the step numbers correspond to the numbers in the 

schematic presented in Figure 3.10. 



Chapter 3 – Materials and Methods 

71 

 

Figure 3.10: Sample preparation for TEM analysis at BAM for cross-section analysis using mechanical 

polishing and electropolishing. The scales used are for a low strain rate tensile specimen. Numbers 

correspond to the pictures in Figure 3.11. 

 

Figure 3.11: Pictures of the specimen and the equipment used at different steps of the TEM sample 

preparation of the cross-section of tensile specimens with mechanical polishing and electropolishing. 
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3.2. Specimen Geometries and Surface Preparation for Digital Image 

Correlation 

3.2.1. Tensile and Compression Tests 

Two different tensile sample geometries with rectangular cross-sections were used: (a) a 

miniature coupon for niobium single crystals using a split Hopkinson bar system and (b) 

short dog bones with or without holes in the fixture for low and intermediate strain rate tests 

on niobium single crystals. Figure 3.12 shows the different specimens with labels for their 

main dimensions. The applied strain rates and the length of the main dimensions are listed 

in Table 3.2. 

 

Figure 3.12: Tensile specimen geometry and main dimensions for all tests performed on niobium single 

crystals. Specimen (b) was used in two different configurations, with or without the hole shown on the left 

side. 

The geometry of the miniature tensile specimen (Figure 3.12a) was developed and used at 

ASU in studies of nanocrystalline materials with gage lengths of 3 mm, 4.75 mm, and 5 mm, 

gage widths of 1 mm and 2 mm, and specimen thicknesses of 1 mm and 2 mm [193]–[195]. 

The geometry in Figure 3.12b was based on recommendations in the ASTM E8 standard 

[196] for a reduced version of the proposed subsize specimen. Compression tests were 

performed on cylindrical specimens and had an equal thickness and diameter of 3.8 mm. 

Table 3.2: Characteristics of the different tensile specimens used in Part I of this study. 

 
Strain rate (s-1) L0 (mm) Ltot (mm) t0 (mm) w0 (mm) 

a 1 000 3 11 ~1.8 1 

b 10-4 to 100 13 35 ~1.8 3.2 

3.3. Methods for Material Characterization 

Tensile and compression tests were performed at strain rates of 10-4 to 103 s-1 in different 

institutes. Screw-driven (mechanical) and hydraulic systems were used for tests at strain 

rates lower or equal to about 100 s-1. Tests at higher strain rates were performed with split 

Hopkinson bar systems. Table 7.2 provides a summary of the different institutes where the 

tests were performed and the range of strain rate and materials studied. The following 

acronyms are used in the table for the name of the institutes: Arizona State University (ASU), 

Imperial College London (ICL), and Michigan State University (MSU). Detailed procedures 
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for the different test rigs and the relevant equations for the data analysis are provided in the 

following subsections. 

Table 3.3: Summary of the different tensile and compression tests performed during this study, grouped per 

testing system and institutes. (All acronyms are defined in the text.) 

System Institute Strain rate (s-1) Tension/Compression 

Mechanical MSU 10-4–10-1 T, C 

Hydraulic ICL 1–100 T 

Split Hopkinson ASU 103 T, C 

 

3.3.1. Low Strain Rate Testing Methodologies (10-4 to 1 s-1) 

3.3.1.1. Michigan State University – Niobium Single Crystals 

A screw-driven table-top Instron 4302 was used at Michigan State University (MSU) to 

perform tensile and compression tests on niobium single crystals, as shown in Figure 3.13 

with the camera used for DIC analyses. All tensile tests were performed at constant 

crosshead speeds of 0.1 mm/min, 1 mm/min, 10 mm/min, 50 mm/min, and 100 mm/min, 

equivalent to nominal strain rates of 1.28x10-4 s-1, 1.28x10-3 s-1, 1.28x10-2 s-1, 6.41x10-2 s-1, 

and 1.28x10-1 s-1. The compression tests were performed at constant crosshead speeds of  

0.1 mm/min, 1 mm/min, and 10 mm/min, equivalent to nominal strain rates of  

4.39x10-4 s-1, 4.39x10-3 s-1, and 4.39x10-2 s-1. In compression, no lubricant was used between 

the niobium specimen and the steel anvils. 

 

Figure 3.13: Screw-driven machine used for tensile and compression tests at MSU configured for digital 

image correlation. (Inset) Pictures of the specimens acquired by the high-speed camera at the beginning and 

the end of the test. 
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Figure 3.14 shows a typical load–displacement curve obtained at MSU for tensile tests. Five 

important features of the curve are numbered and described. First, a plateau of constant load 

is observed at the beginning of each test. Since all curves presented the same feature, this is 

likely an artefact of the tensile machine, such as the stretching of different gaps in the grips 

and the machine, and not a response of the specimens. The same plateau was observed in 

experimental curves obtained by Dr. Baars who used the same instrument during his thesis 

[140]. Points 2 and 3 show the upper and lower yield points, respectively. This phenomenon 

was not observed for all tests. Finally, points 4 and 5 show the onset of diffused and localized 

necking, respectively. 

 

Figure 3.14: Typical load vs displacement curve obtained at the Michigan State University. 

All tensile curves were corrected to remove the constant load plateau. A modulus correction 

was performed to remove the influence of the machine and grip stiffness in the measured 

crosshead displacement since no extensometer was used. Displacements larger than the 

length of the initial gage length of 13 mm were measured at fracture, which limits the type 

of extensometer that can be used. Digital image correlation of three tensile tests on 

specimens with different crystal orientations was used to accurately measure the elastic 

modulus of each specimen. A detailed study of elastic anisotropic properties was not 

conducted and an average machine stiffness value was instead used. Figure 3.15 shows a 

schematic of the stiffness of the machine, the specimen, and the effective (total) stiffness.  

 

Figure 3.15: Schematic of the machine and specimen stiffness for the modulus correction. 
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Since the machine–specimen stiffness is considered as two springs in series, the following 

equation of the effective stiffness is used: 

𝑘effective = (𝑘𝑚𝑎𝑐ℎ𝑖𝑛𝑒
−1 + 𝑘𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛

−1 )
−1

(3.2) 

Rearranging the terms yield the following equation to calculate the stiffness of the machine: 

𝑘𝑚𝑎𝑐ℎ𝑖𝑛𝑒 =
𝑘effective 𝑘𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛

𝑘𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 − 𝑘effective

(3.3) 

Three tests were performed with DIC at a constant crosshead speed of 10 mm/min for 

specimens 2-59, 7-152, and 10-158. A Photron FASTCAM SA-Z high speed camera was 

used at 60 frames per second and all specimens were painted in the gage section following 

the methodology presented in section 7.2.3. The GOM Correlate software was used for the 

2D DIC analysis. The machines stiffness was calculated for the different orientations. An 

average stiffness of 2 060.3 N/mm and a standard deviation of 1 193.6 N/mm were 

calculated. The large standard deviation is not ideal, but no additional tensile tests with DIC 

were performed. The correction also looked reasonable for all the crystal orientations tested, 

i.e. no over corrected elastic modulus, that would have resulted in a negative strain, was 

obtained. The following equation was used to correct the stiffness for all tests: 

Δ𝑦𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 = Δ𝑦𝑐𝑟𝑜𝑠𝑠ℎ𝑒𝑎𝑑 −
𝐹

𝑘𝑚𝑎𝑐ℎ𝑖𝑛𝑒

(3.4) 

where Δ𝑦𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛  and Δ𝑦𝑐𝑟𝑜𝑠𝑠ℎ𝑒𝑎𝑑  are the vertical displacements of the specimen after 

correction and measured with the crosshead of the machine, respectively. 

Finally, since no pre-loading was used to remove potential gaps between the specimen and 

the grip and differences in manual grip tightening between the specimens is expected, a final 

correction was performed. A vertical translation of the load–displacement curve was 

performed for specimens where the load after rupture was different than zero. All final load 

should be equal to zero, since the load cell was tarred before inserting a new specimen. 

However, this curve correction is useful to ensure uniformity between the results since 

human errors, such as zeroing the load cell after tightening the specimen, are likely to have 

happened due to the high quantity of tests that were performed. 
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3.3.2. Intermediate Strain Rate Testing Methodologies (1 to 100 s-1) 

3.3.2.1. Imperial College London – Annealed and Hard OFE Copper and Niobium 

Single Crystals 

Tensile tests at intermediate nominal strain rates in the order of 1 s-1, 10 s-1, and 100 s-1 were 

performed using a servo-hydraulic (Instron VHS) tensile machine at Imperial College 

London. Annealed and hard OFE copper and niobium single crystal specimens with the 

geometry presented in Figure 3.12b with a circular hole in the grip were tested. The hole 

could not transfer the entire load without deforming the specimen in the region of the grip. 

Therefore, an aluminum holder clamping the specimen was used to partially transfer the 

machine’s load to the specimen through friction forces. 

A lost-motion rod [92] was used to ensure that the tests were performed at constant hydraulic 

piston speeds of approximately 0.013 m/s, 0.13 m/s, and 1.3 m/s, equivalent to nominal strain 

rates of 1 s-1, 10 s-1, and 100 s-1. A schematic of the working principle of the lost motion rod 

during a tensile test is presented in Figure 3.16. The test is divided in three important steps: 

(1) acceleration of the piston to the desired testing speed without deforming the specimen, 

(2) the lost motion rod engages with the cylinder to start deforming the specimen, and (3) 

specimen deformation until rupture. No ringing issues due to the impact of the lost motion 

rod with the piston were measured at piston speeds of up to 1.3 m/s. 

 

Figure 3.16: Servo-hydraulic tensile test sequence. (1) Motion of the piston, (2) engagement with the lost 

motion rod, and (3) deformation of the specimen until rupture. 

The load was measured with a load cell located at the bottom of the assembly and the 

displacement was measured using digital image correlation. A high-speed camera (Phantom 

Miro M310) was used at up to 65 000 frames per second, resulting in images with square 

pixels of approximately 150 μm side lengths. Individual slip bands could not be observed at 
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this resolution and only the overall specimen deformation was measured. An uncooled 

thermal camera (FLIR A655sc) was used at 200 frames per second to measure the 

temperature evolution of specimens in time and space during the tests. The sample 

preparation method described in section 7.2.3. was used for DIC and for the thermal camera 

since the matte paint provided a high and uniform emissivity. 

 

Figure 3.17: Servo-hydraulic tensile machine setup with high-speed and thermal camera. 

The high-speed camera pictures were imported in the GOM Correlate software for 2D DIC 

analysis. The specimen displacement between two points at the boundaries of the gage 

section was exported from the software. This approach, shown in Figure 3.18, was used since 

the strain in the single crystal is not uniform across the gage section. An average engineering 

strain was calculated in MATLAB by dividing the increase in measured length with the 

initial length of about 13 mm. The stiffness of the machine and the grip is not affecting the 

result since the strain is measured directly on the specimen. 

 

Figure 3.18: Schematic of engineering strain measurement method using DIC. 

Different acquisition rates were used for the high-speed camera and the load cell. The data 

acquisition systems of the camera and the load cells were not synchronized, which 

complicated the calculation of stress–strain curves. The signals were manually adjusted by 

removing the zero load and absence of deformation during the displacement of the lost 

motion rod to have both signals starting at approximately the same time. This visual 

correction of the different data sets proved to be crucial, due to the high sensitivity of an 
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incorrect data alignment. Repeatable stress–strain curves were measured for specimens with 

the same crystal orientation, which confirmed the adequacy of the technique. Due to large 

deformations of the speckle pattern and a lower resolution at high strain rates, a loss of image 

correlation sometimes occurred at large strains. A linear fit of the increasing rate of specimen 

extension was used to account for the missing data points. 

3.3.2.2. Imperial College London – Thermal Camera Calibration 

The infrared thermal camera was calibrated in a static manner by measuring the cool down 

of a tungsten–tantalum (WTa) block and an OFE copper sheet, see Figure 3.19. Half of the 

WTa block was painted with a stochastic pattern, like for DIC, and a uniform white matte 

coat was applied on half of the copper sheet. Thermocouples were tapped on the painted and 

bare metal regions on the front and back faces of the metallic pieces. 

 

Figure 3.19: Thermal camera calibration setup on a tungsten–tantalum alloy block and an OFE copper sheet. 

 

Figure 3.20: Thermal camera calibration measurements on bare metal and painted surface with 

thermocouples and camera. 
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The instrumented WTa block and the OFE copper sheet were placed in a furnace and heated 

to approximately 100°C. The furnace was opened and the thermal camera measured the 

cooldown of both pieces on the painted and bare metal regions. The temperature measured 

with the infrared camera was compared with the one measured with the thermocouples, see 

Figure 3.19. It was concluded that the thermal camera was well calibrated for the painted 

surfaces and that the speckled and uniformly white surfaces both provided a uniform 

emissivity. Note that the lower temperature of the thermocouple taped to the painted copper 

(blue line in Figure 3.19) was due to a poor contact between the thermocouple and the sheet 

due to a peeling-off tape. Access to spot welding to weld a thermocouple on a tensile 

specimen would have been ideal to ensure that the calibration is also accurate for higher 

heating rates by repeating the calibration with in-situ measurements during a tensile test. 

3.3.3. High Strain Rate Testing Methodologies (> 1 000 s-1) 

3.3.3.1. Arizona State University – Niobium Single Crystals 

Tensile and compression tests at high strain rates of about 1 000 s-1 in tension and 4 000 s-1 

in compression were performed at Arizona State University (ASU) with different split 

Hopkinson bar systems. The tensile specimen geometry used in the split Hopkinson bars is 

presented in Figure 3.12a and cylindrical specimens with equal diameter and thickness of 

3.8 mm were used in compression. 

 

Figure 3.21: Split Hopkinson setup used at ASU for tensile tests with its main components. 

Figure 3.21 shows the tensile split Hopkinson setup used at ASU and its main components. 

The striker, input and output bars of the tensile split Hopkinson system were made of 

maraging steel (𝐸𝑏 = 200 GPa) [197]–[200]. The input and output bars were 0.5″ (~12.7 mm) 
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in diameter. Thin copper rings were used as pulse shapers to obtain nearly constant strain 

rate deformation in the single crystals [96]. Strains were acquired at a frequency of 2 MHz. 

The strain data acquisition system was triggered by a contact of two wires pushed together 

by the striker before impacting the input bar. This approach proved to be very efficient and 

reliable. The compression bars were also 0.5″ in diameter but made of aluminum (𝐸𝑏 = 71.7 

GPa). The pressurized cylinder was filled to 90 psi (~6.2 bar) with nitrogen for tensile and 

compression tests. 

A few specimens were also painted for DIC measurements and pictures were acquired with 

a high-speed camera (Photron FASTCAM SA-Z) at 100 000 frames per second. Figure 3.22 

shows the tensile split Hopkinson setup with the high-speed camera and lighting fixtures. 

The camera was lent and operated by Larry Vladic of Elite Motion LLC. 

 

Figure 3.22: High-speed camera setup used at ASU for DIC at high strain rates tensile tests with split 

Hopkinson bars. (Inset) Picture of the tensile specimen acquired by the high-speed camera. 

The raw voltage signal from the input and output bars were converted to engineering stress 

and strain using the equations presented in section 2.2. for the tensile and compression tests. 

Additional details about the methodology used at ASU are presented below. The voltage 

measured by the strain gages 𝑉𝑏𝑎𝑟 on the tension (compression) bars was converted to bar 

strain 𝜀𝑏𝑎𝑟 with a strain gage factor 𝑓𝑔𝑎𝑔𝑒 of 6.285x10-4 V-1 (6.254x10-4 V-1):  

𝜀𝑏𝑎𝑟 = 𝑉𝑏𝑎𝑟 𝑓𝑔𝑎𝑔𝑒 

To confirm that an equilibrium stress state was obtained during the test, the engineering 

stresses calculated with the one- and three-wave approximations were compared. The start 

and end of the incident, reflected, and transmitted strain waves were manually identified to 

synchronize the signals. Figure 3.23 shows an example of stress-state equilibrium validation 



Chapter 3 – Materials and Methods 

81 

for a split Hopkinson bar tensile test performed at ASU. For this specimen, equilibrium is 

achieved for a nominal strain of about 0.02. 

 

Figure 3.23: Stress-state equilibrium for a niobium single crystal deformed at high strain rate in tension. 

The strain of the specimen was calculated from the strain rate of the specimen and the 

sampling rate of the data acquisition. The engineering strain rate 𝜀�̇�𝑛𝑔 was calculated at each 

data point, acquired at intervals of 0.5 μs. This time interval Δ𝑡 was multiplied by the strain 

rate of the specimen during each interval and summed to obtain the total strain at any instance 

𝑗 as follow: 

𝜀𝑒𝑛𝑔𝑗
= ∑ 𝜀�̇�𝑛𝑔𝑖

Δ𝑡

𝑗

𝑖=1

 

Finally, the average strain rate of the test was calculated by averaging the strain rate of the 

plateau of the near-square strain rate signal. 

3.3.4. Nanoindentation Analysis 

Figure 3.24 shows the nanoindenter (Bruker Hysitron TI980) used at ENSTA Bretagne to 

analyze niobium single crystal specimens. All indentations were performed at room 

temperature and elastic modulus and hardness values were calculated for each indent by the 

software of the machine. Generally, 16 indents (4x4) were taken to measure the average 

properties of a region. A maximum load of 500 μN, corresponding to an indent width of 

about 1.5 μm with a Berkovich tip, was always used. To avoid thermal drift issues, the 

specimens were left in the chamber for 1–2 hours before starting the measurements. 

Analyses of the evolution of the hardness and elastic modulus along the  

x- or y-directions of the stage or approximately along the tensile direction of a specimen 

were performed using MATLAB. 
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Figure 3.24: Nanoindentation system used at ENSTA Bretagne for the analysis of niobium single crystals. 

(Inset) Side view picture of the indenter during testing. 

3.3.5. Microstructure Characterization 

3.3.5.1. Scanning Electron Microscopy Analyses  

Figure 3.25 shows the scanning electron microscopes used at CERN. The SEM in Figure 

3.25a (ZEISS FEG-SEM Sigma and Oxford Instruments’ Nordlys detector) was used for 

electron backscatter diffraction measurements. EBSD scans with varying step sizes, from 

about 0.5 to 2 μm, were acquired. All EBSD analyses were performed using the free 

MATLAB toolbox MTEX [201]. The SEM in Figure 3.25b (ZEISS Crossbeam 540) was 

equipped with a gallium ion focused ion beam. The FIB was used to machine a thin lamella 

for scanning transmission electron microscopy (STEM) analysis in the same microscope. 

This SEM was also used for fracture surface analyses and elemental analysis using an energy 

dispersive X-ray spectroscopy (EDS) detector. 

 

Figure 3.25: (a) SEM used for EBSD measurements and (b) SEM with a gallium FIB used for STEM 

lamella preparation and fracture surface analysis at CERN [202]. 
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3.3.5.2. Transmission Electron Microscopy Analysis 

Figure 3.26 shows the main components of the field emission TEM (JEOL JEM-2200FS) 

used at BAM for the analysis of niobium single crystal specimens. A specimen holder with 

an additional tilt direction was used and the specimen, prepared following the methodology 

shown in Figure 3.11, was held between beryllium washers. Different tilt angles were used 

for each specimen to optimize the imaging condition for the observation of dislocations. 

 

Figure 3.26: Main components of the TEM used at BAM for the analysis of niobium single crystals and 

closer views of the specimen holder. 
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Chapter 4 Mechanical Properties of Niobium 

Single Crystals 

The tensile and compressive mechanical properties of high-purity niobium single crystals 

deformed at strain rates varying from approximately 10-4 to 103 s-1 for different 

crystallographic orientations are presented in this chapter. The results are organized in the 

following subsections: (1) the effect of crystal orientation and strain rate on uniaxial tensile 

tests; (2) macroscopic spatial heterogeneity using in-situ digital image correlation on tensile 

specimens deformed at quasi-static and dynamic strain rates and (3) a comparison with in-

situ temperature measurements at intermediate strain rate; (4) the effect of crystal orientation 

and strain rate on uniaxial compression tests; (5) tension/compression asymmetry for similar 

crystal orientations and strain rates; and (6) modeling of the flow stress as a function of strain 

rate, based on the nucleation and motion of kink pairs. Figure 4.1 shows the crystal 

orientation in the loading direction of the tensile and compression specimens, as previously 

discussed in section 3.1.1.2. and shown in Figure 3.5 for tensile specimens. Note that some 

tensile specimens were not tested. 

 

Figure 4.1: (a) Specimen layout in the large-grain niobium disk and (b) loading axis inverse pole figure for 

tensile and compression specimens. The color of the specimens in (a) represent the loading (tensile or 

compression) axis IPF colors in (b). 

The slip plane normal and slip direction of the two slip systems with the highest Schmid 

factor were calculated for each tensile and compression specimen and are presented in Table 

4.1. According to Schmid’s law, dislocations will initially glide on the slip system with the 
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highest resolved shear stress, equivalent to the highest Schmid factor. Recall from Chapter 

6 that Schmid’s law is often not followed in  CC metals due to the out of plane stress 

components in the core of a screw dislocation. However, using Schmid’s law remains, to the 

best of the author’s knowledge, the most appropriate approach to predict which slip systems 

will likely activate, if dislocation glide will simultaneously take place on multiple systems, 

and allows for an orientation-based comparison of mechanical properties. 

Table 4.1: Slip systems with the highest Schmid factors for all tensile (T) and compression (C) specimens, 

comparison of the slip directions of the two slip systems (S=same, D=different), ratios of Schmid factors and 

the strain rate of the tests performed on the specimens (QS=quasi-static, D=dynamic, N/A=no test performed). 

𝑛𝑖, 𝑏𝑖, and 𝑆𝐹𝑖  denote, respectively, the slip normal, slip direction, and Schmid factor of slip system 𝑖. 

Specimen # 𝒏𝟏 𝒃𝟏 𝑺𝑭𝟏 𝒏𝟐 𝒃𝟐 𝑺𝑭𝟐 Slip dir SF2/SF1 Tests 

1-95 (T) (112) [111] 0.497 (101) [111] 0.438 S 0.881 QS, D 

2-14 (T) (211) [111] 0.412 (110) [111] 0.393 S 0.954 N/A 

2-43 (T) (101) [111] 0.437 (112) [111] 0.428 S 0.979 N/A 

2-59 (T) (211) [111] 0.471 (101) [111] 0.459 D 0.975 QS, D 

2-87 (T) (211) [111] 0.496 (211) [111] 0.483 D 0.974 QS, D 

2-123 (T) (112) [111] 0.459 (101) [111] 0.418 S 0.911 N/A 

2-158 (T) (110) [111] 0.484 (211) [111] 0.479 S 0.990 QS, D 

3-8 (T) (110) [111] 0.487 (211) [111] 0.473 S 0.971 QS, D 

4-14 (T) (112) [111] 0.495 (101) [111] 0.439 S 0.887 N/A 

4-27 (T) (112) [111] 0.430 (101) [111] 0.418 S 0.972 N/A 

4-99 (T) (211) [111] 0.436 (101) [111] 0.413 S 0.947 QS, D 

4-113 (T) (211) [111] 0.497 (110) [111] 0.438 S 0.881 QS, D 

4-163 (T) (011) [111] 0.495 (112) [111] 0.450 S 0.909 D 

5-7 (T) (110) [111] 0.479 (121) [111] 0.477 S 0.996 QS, D 

5-34 (T) (121) [111] 0.377 (211) [111] 0.373 D 0.989 QS, D 

5-85 (T) (211) [111] 0.464 (110) [111] 0.403 S 0.869 QS, D 

5-111 (T) (112) [111] 0.429 (101) [111] 0.399 S 0.930 N/A 

5-133 (T) (101) [111] 0.497 (101) [111] 0.454 D 0.913 QS 

5-176 (T) (110) [111] 0.500 (110) [111] 0.468 D 0.936 D 

6-127 (T) (112) [111] 0.499 (011) [111] 0.443 S 0.888 QS, D 

7-42 (T) (011) [111] 0.496 (112) [111] 0.454 S 0.915 QS, D 

7-152 (T) (112) [111] 0.408 (011) [111] 0.354 S 0.868 QS, D 

8-62 (T) (211) [111] 0.500 (101) [111] 0.434 S 0.868 QS, D 
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8-107 (T) (101) [111] 0.445 (112) [111] 0.443 S 0.996 QS 

8-173 (T) (110) [111] 0.477 (121) [111] 0.452 S 0.948 N/A 

8-176 (T) (110) [111] 0.465 (121) [111] 0.455 S 0.978 QS, D 

9-0 (T) (112) [111] 0.480 (112) [111] 0.461 D 0.960 N/A 

9-145 (T) (121) [111] 0.494 (011) [111] 0.464 D 0.939 N/A 

9-152 (T) (011) [111] 0.492 (121) [111] 0.470 D 0.955 N/A 

9-160 (T) (011) [111] 0.499 (011) [111] 0.463 D 0.928 N/A 

9-169 (T) (011) [111] 0.477 (112) [111] 0.476 S 0.998 N/A 

9-174 (T) (112) [111] 0.482 (011) [111] 0.452 S 0.938 N/A 

10-64 (T) (211) [111] 0.498 (101) [111] 0.450 D 0.904 QS, D 

10-158 (T) (110) [111] 0.490 (211) [111] 0.474 S 0.967 QS, D 

1 (C) (101) [111] 0.489 (211) [111] 0.464 S 0.949 QS, D 

2 (C) (101) [111] 0.481 (211) [111] 0.468 S 0.973 QS, D 

3 (C) (101) [111] 0.487 (211) [111] 0.465 S 0.955 QS, D 

4 (C) (121) [111] 0.425 (011) [111] 0.373 S 0.877 QS, D 

5 (C) (211) [111] 0.495 (110) [111] 0.454 S 0.917 QS, D 

6 (C) (101) [111] 0.490 (211) [111] 0.445 S 0.908 QS, D 

7 (C) (011) [111] 0.443 (101) [111] 0.437 D 0.986 QS, D 

8 (C) (211) [111] 0.499 (110) [111] 0.442 S 0.886 QS, D 

9 (C) (112) [111] 0.497 (101) [111] 0.461 D 0.927 QS, D 

 

4.1. Tensile Mechanical Properties 

Tensile tests were performed at constant crosshead speeds of 1 mm/min and 10 mm/min, 

equivalent to nominal strain rates of 1.28x10-3 s-1 and 1.28x10-2 s-1, at MSU for 17 different 

tensile orientations. Additional quasi-static tests were conducted at speeds of 0.1, 50, and 

100 mm/min for an orientation close to the center of the IPF. Tests at intermediate strain 

rates, of approximately 1, 10, and 100 s-1, were performed at Imperial College for few 

orientations. Finally, tensile split Hopkinson bars were used at ASU to conduct tests at strain 

rates of ~1 000 s-1. More details about the different testing procedures are available in 

Chapter 7. Note that the majority of the tensile test results, e.g. mechanical properties and 

microstructure analysis, have been published by the author [176]. The article is open access, 

which allows for the reproduction of the original work. The sections below are then 

reproduced from the article and more details and analyses are provided when available. 
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4.1.1. Effect of Orientation 

Figure 4.2a and b show engineering stress–strain curves for 17 and 18 different samples 

deformed in tension at nominal strain rates of 1.28x10-3 s-1 and 1.28x10-2 s-1, respectively. 

Tensile axis IPF colors are used on a gray background to identify trends related to initial 

orientation. A minimum of two tests were performed for each orientation, but only one curve 

is presented for orientations that were highly repeatable. Large differences in hardening 

behavior are observed between the different orientations, for both quasi-static strain rates. 

Since plasticity in niobium single crystals is related to the thermal activation of dislocations 

gliding on slip planes, the anisotropy results from the activation and interaction of different 

slip systems. 

 

Figure 4.2: Engineering stress–strain curves of tensile specimens with different crystallographic orientations 

at nominal strain rates of (a) 1.28x10-3 s-1, (b) 1.28x10-2 s-1, approximately (c) 10 s-1, and (d) 1 000 s-1, colored 

by initial crystallographic tensile axis (see IPF inset). Split Hopkinson results are not up to fracture, since 

only the first strain wave was used for analysis. However, the strain to failure of specimen 3-8, measured 

with DIC, is plotted for reference. The black dash-dotted line represents the mean flow stress at 0.05 strain at 

a strain rate of 1.28x10-3 s-1 to enable comparison between the different stress scales [176]. 

A comparison of Figure 4.2a and b shows an increase in yield stress with increasing strain 

rate. An initial strain softening is observed for most samples deformed at 1.28x10-2 s-1, but 
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is only visible for a few samples at the lower strain rate. Figure 4.2c shows engineering 

stress–strain curves for 9 different tensile orientations deformed at an intermediate nominal 

strain rate of approximately 10 s-1. All curves show an initial hardening, followed by 

softening at some strain level. Different softening behaviors are observed for the different 

orientations, especially for orientations near [001] and [111]. Temperature increases of 

approximately 40°C and 85°C were measured using an infrared camera at the onset of 

necking and in the neck before rupture, respectively. These values are low compared to the 

melting point of niobium (~2 477°C). Moreover, as softening is observed at very low strain 

for some orientations, it cannot be attributed only to adiabatic heating effects. The apparent 

softening could be a consequence of presenting the results with the engineering stress, since 

a constant true stress would show as a reduction in engineering stress due to the reducing 

cross-sectional area that is not considered in the calculation of the latter. Different 

dislocation substructures at low at high strain rate, could also explain the apparent softening 

if the dislocation substructure generated during a high strain rate test offers less resistance 

to dislocation motion. 

 

Figure 4.3: Engineering stress–strain curves of tensile specimens with different crystallographic orientations 

at nominal strain rates of (a) 1.28x10-3 s-1, (b) 1.28x10-2 s-1, and approximately (c) 10 s-1, colored based on the 

slip plane of the two dominant slip systems for the initial crystallographic tensile axis (d). Orientations in the 

region of the IPF (d) with wavy white lines have parallel Burgers vectors on the two dominant slip systems. 

{110} {112}

{112} {110}

{112} {112}

{110} {110}

(a) (b)

(c) (d)

  
 
      

 

  
 
 different   

 

2 5 

2 5 



Part I 

90 

Figure 4.3 shows the same stress–strain curves as in Figure 4.2a–c, but colored based on the 

slip plane of the two slip systems with the highest Schmid factor. For example, the slip plane 

fraction notation {110}/{112} in Figure 4.3d indicates that the first and second highest 

Schmid factors are for {110}<111> and {112}<111> slip systems, respectively. In addition, 

the relation between the orientation of the Burgers vectors for the different slip systems 

(same or different) are presented based on the wavy pattern (see Table 4.1 for more 

information about the two dominant slip systems of each specimen and section 2.3.2. for 

more details about the IPF in Figure 4.3d). 

Crystals oriented in the {112}/{112} regions of the IPF (green) show the highest flow stress 

at strain rates between 1.28x10-3 s-1 and ~10 s-1. Bieler et al. [156] also measured the highest 

flow stress for tensile specimens with a similar initial tensile orientation. Dislocations in 

those specimens are likely intersecting due to their different Burgers vectors and the impeded 

motion results in important strain hardening. However, the different Burgers vectors 

condition is not sufficient alone. The lowest flow stress measured at a strain rate of 1.28x10-

3 s-1 was for the tensile specimen in the blue region (5-133) which also has Burgers vectors 

in different directions. The stress–strain curves in Figure 4.3 and the IPF in Figure 4.3d 

suggest that the dominant slip system must be of the {112}<111> family for the condition 

to be valid. The only specimen with an orientation in the black region and with Burgers 

vectors in different directions (2-59) also shows a higher flow stress than the average 

specimen deformed at a strain rate 1.28x10-2 s-1, which confirms this hypothesis. 

The effect of orientation on the mechanical properties at an engineering strain of 0.05 is 

presented in Figure 4.4 for all crystal orientations tested and at strain rates of 1.28x10-3 to 

~1 000 s-1. The distribution in flow stress appears to change between the different strain 

rates, but it is consistently high for specimen 5-34 (identified in Figure 4.4a) at all strain 

rates and low around the center of the IPF at all strain rates lower or equal to ~10 s-1. The 

effect of strain rate on mechanical properties and strain rate sensitivity are further discussed 

in section 4.1.3. Specimens with an initial tensile orientation on the right dashed-boundary 

of the IPF (with equal Schmid factors for {110}<111> and {112}<111> slip systems) do not 

show higher flow stresses, which was originally expected due to the interaction of 

dislocations on different slip planes. As discussed in the previous paragraph and based on 

Figure 4.3d, this is likely due to Burgers vectors sharing the same direction for the slip 

systems with different slip planes. 
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Figure 4.4: Engineering stress at a strain of 0.05 plotted in tensile axis IPFs of the initial crystal orientations 

at strain rates of (a) 1.28x10-3 s-1, (b) 1.28x10-2 s-1, (c) ~10 s-1, and (d) ~1 000 s-1. 

4.1.1.1. Hardening Stages 

Stress–strain curves of single crystals are often described with three hardening stages. Stage 

I, also called easy glide, has a low strain hardening rate and one primary slip system is active. 

Stage II starts with the increasing activation of secondary slip systems and the interaction of 

primary and secondary dislocations causes a higher and nearly constant hardening rate. 

Finally, stage III features a decreasing hardening rate and a saturating flow stress due to the 

dynamic annihilation of dislocations by cross-slip. Figure 4.5 shows the same engineering 

stress–strain curves shown in Figure 4.2, but for only four initial crystal orientations to ease 

the identification of different hardening stages and other differences in flow stress. 

The tensile specimens deformed at the lowest strain rate of 1.28x10-3 s-1 and with the lowest 

yield stress all show the three hardening stages, as shown in Figure 4.2a and Figure 4.5a. At 

a strain rate of 1.28x10-2 s-1 (Figure 4.2b and Figure 4.5b), most tensile orientations exhibit 

a qualitatively very similar three-stage hardening behavior as observed at 1.28x10-3 s-1. 

Consistent with this observation, Gnäupel–Herold et al. [151] observed three stages in their 

tensile tests at strain rates of 10-4 s-1 or smaller with different hardening rates and strain 

intervals between the stages for different orientations. As demonstrated for a particular 

tensile orientation in Figure 4.7, the presence of a clear stage I and II hardening gradually 
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disappears at strain rates between 10-1 and 10 s-1 (see also Figure 4.2c and  

Figure 4.5c). This implies that multiple slip systems are activated after yield. Such behavior 

is not unexpected because of the high strain-rate sensitivity of niobium. It is likely that the 

initially most stressed slip system gradually reaches the limit of its capacity (given by mobile 

density and maximum dislocation velocity) to accommodate ever higher imposed 

deformation rates. Therefore, part of the imposed (total) deformation rate results in 

increasing elastic deformation until further slip systems become sufficiently active at higher 

stress. The immediate (in terms of plastic strain) interaction of dislocations on intersecting 

slip planes then results in the absence of stage I hardening. The activation of multiple slip 

planes directly after yield was not directly observed because it would have required slip trace 

analysis, such as done in-situ by Kang et al. [20] for low strain rates up to 2.2x10-4 s-1. The 

disappearance of stage I for increasing strain rate up to about 10-1 s-1 was also observed by 

Mitchell et al. [145].  

 

Figure 4.5: Engineering stress–strain curves of tensile specimens with different crystallographic orientations 

at nominal strain rates of (a) 1.28x10-3 s-1, (b) 1.28x10-2 s-1, approximately (c) 10 s-1, and (d) 1 000 s-1, colored 

by initial crystallographic tensile axis (see IPF inset). Split Hopkinson results are not up to fracture, since 

only the first strain wave was used for analysis. The black dash-dotted line represents the mean flow stress  

at 0.05 strain at a strain rate of 1.28x10-3 s-1 to enable comparison between the different stress scales. 
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The absence of stage II for strain rates greater or equal to ~10 s-1, shown in Figure 4.2c and 

d, is probably due to a combination of different parameters: (1) the annihilation of 

dislocations by cross-slip, which is linked to the motion of dislocations on multiple slip 

systems (e.g. cross slip from {110} to {112} planes, and vice versa), (2) diffuse necking 

happened sooner, as indicated by the maximum flow stress at a lower strain in the stress-

strain curves for higher strain rates and, and (3) thermal softening. These conclusions are 

based on the changes in the hardening and softening behavior exhibited in the stress-strain 

curves and especially the reduction of anisotropy at the highest strain rate. Mitchell and 

Spitzig [203] studied the mechanical properties of tantalum single crystals deformed at 

different strain rates and observed a similar behavior. They suggested that the hardening 

effects were “masked by unstable plastic flow and rapid necking” due to the initially high 

flow stress at high strain rate or low temperature. 

4.1.1.2. Orientation-Dependent Strain to Failure 

Figure 4.6 shows the average engineering strain to failure, defined as the value at the 

intersect of an engineering stress–strain curve with the strain-axis in Figure 4.2, at constant 

cross-head speeds of 1 mm/min and 10 mm/min, equivalent to nominal strain rates of 

1.28x10-3 s-1 and 1.28x10-2 s-1. The values are plotted on a tensile axis IPF with inner 

boundaries (dashed lines) at regions where the Schmid factor is equal on the {110} and 

{112} slip planes. The lowest strain to failure were 0.520 and 0.691 lower than the most 

ductile specimens at strain rates of 1.28x10-3 s-1 and 1.28x10-2 s-1, respectively. Those values 

were measured for orientations close to the [001]–[101] boundary of the IPF and in regions 

with similar Schmid factors on different slip planes. The most ductile specimens had initial 

tensile orientations close to the center of the IPF and the right inner boundary of similar 

Schmid factors. At that boundary, the slip systems with different slip planes share the same 

Burgers vectors. 

 

Figure 4.6: Strain to failure at nominal strain rates of (a) 1.28x10-3 s-1 and (b) 1.28x10-2 s-1 as function of the 

initial crystal orientation along the tensile axis. 
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4.1.2. Split Hopkinson Tensile Bars 

Figure 4.2d shows the tensile properties of niobium single crystals deformed in 19 different 

crystallographic orientations with split Hopkinson bars at strain rates close to 103 s-1. The 

high strain rate tests show a significant increase in the 500–650 MPa yield stress compared 

to the 50–70 MPa for the tests performed at the lowest strain rate (1.28x10-3 s-1). Moreover, 

the anisotropy is significantly reduced as the flow curves are much more similar for many 

orientations. This could also be explained by the combined effects of activation of multiple 

slip systems to accommodate for the imposed plastic strain at high rate, adiabatic heating 

effects, and strain heterogeneity from the split Hopkinson bar tests (see section 4.2.2.). The 

flow stress in all orientations reduces directly after yielding and through all the plastic 

domain. However, this apparent softening behavior does not necessarily imply a plastic flow 

localization. The high strain-rate sensitivity of the material may contribute to stabilize the 

plastic flow and delay the onset of localized necking [98], [204]. The high-speed camera 

observation did not reveal any occurrence of localized necking during the loading induced 

by the first incoming wave, but significant strain heterogeneities due to sample length and 

the nature of the split Hopkinson bar tests, as shown in Figure 4.12 [205], [206]. 

The maximum engineering strains measured during the SHTB tests are around 0.2. This 

value is however not the strain at fracture, but the strain of the specimen after deformation 

from the first incoming strain wave. The use of a high-speed camera showed that specimens 

usually failed after the third strain wave. Since the second and third waves are the 

consequences of the reflection of the initial wave at the end of the bars, the signal becomes 

difficult to analyze and consequently mechanical properties are only presented for the first 

wave. 

Due to the dynamic nature of the tests, adiabatic heating from dissipation of mechanical 

energy into heat is expected. If significant enough, the concentration of heat in the neck leads 

to a strength reduction. In-situ measurements of the temperature were performed on single 

crystals deformed at 1 s-1, 10 s-1, and 100 s-1. An average maximum temperature of 85°C 

was measured in the necks before failure for three specimens deformed at 10 s-1. The 

temperature is expected to be higher for the tests performed at 1 000 s-1. However, the 

experimental results of Mitchell et al. [145] showed that the temperature dependence of flow 

stress of niobium single crystals is low for temperatures above 298 K. Moreover, the 

apparent softening observed in the SHTB tests cannot be attributed only to adiabatic heating 

effects as it takes place directly after yield. A decrease in the peak force strain and a decrease 

in hardening at high strain rates is often observed for BCC polycrystalline metals, as reported 

by Peroni and Scapin [182] for niobium and Hoge and Mukherjee [126] for tantalum. This 
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phenomenon has been analyzed by Ghosh [98] and Zerilli and Armstrong [207]. The strain 

rate sensitivity of BCC materials is almost independent on the dislocation density and the 

plastic strain for polycrystalline materials [208]. In other words, an increase in strain rate 

causes an overstress with a magnitude independent on the plastic strain level. For this reason, 

the Considère criterion is met at a smaller strain when the strain rate is increased. 

The observation made in section 4.1.1.1. on the activation of multiple slip systems after yield 

for higher strain rates is extrapolated to the dynamic tests. Since anisotropy is enhanced by 

the activation of limited slip systems, the activation of multiple slip systems for all 

crystallographic orientations leads to similar flow behavior for different orientations.  

4.1.3. Effect of Strain Rate 

The effect of strain rate on crystals with tensile directions near the center of the tensile axis 

IPF (crystals 2-158 and 3-8), for nine different strain rates is compared. Because the two 

orientations are very similar, results for both crystals are presented on the same plot to 

determine the strain rate sensitivity. Figure 4.7 combines the stress–strain curves for both 

orientations across all strain rates. 

 

Figure 4.7: Tensile engineering stress–strain curves with a logarithmic stress scale for strain rates from 

1.28x10-4 to approximately 1 000 s-1 on specimens 2-158 and 3-8 with a crystallographic orientation near  

the center of the IPF. (Dotted lines are repeat measurements for the same strain rate [176].) 

Figure 4.7 reveals a systematic increase in flow stress with increasing strain rate. The 

elongation to failure is maximal at about 6.41x10-2 s-1, and drops quickly with increasing 

strain rate as the work hardening rate becomes level or negative. A larger dispersion in 

fracture strain occurred for tests performed at 1 s-1 and 10 s-1. This transition also corresponds 
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with a notable yield drop at about 120 MPa (~10-1 s-1). The lack of yield drops at lower strain 

rates is probably caused by longer times for thermal activation of dislocation motion and 

hence a higher probability for dislocation detachment from pinning sites. Pinning is more 

dominant when there is less opportunity for thermally assisted detachment, so that the upper 

yield point (and its disappearance at higher rates) represents a locally saturated interstitial 

atom concentration in the dislocation core [200], [209]. Barely noticeable yield drops, less 

than 1 MPa in magnitude, were also observed by Gnäupel-Herold et al. [151] for different 

orientations, but for tensile tests performed at strain rates of 10-4 s-1 or lower. 

 

Figure 4.8: (a) flow stress at ε = 0.05 from the literature and this study with symbols colored by the tensile 

axis (black if not known) and (b) strain to failure across eight orders of magnitude of strain rate for an 

orientation near the center of the tensile axis IPF (specimens 2-158 and 3-8) and for three orders of 

magnitude of strain rate for 7 additional orientations. A white line of constant strain rate sensitivity slope  

of 0.14 is plotted in (a). (Error bars are not plotted when the standard deviation is smaller than the  

marker size or only one test was performed [176].)1 

To compare properties of specimens with similar dislocation substructures at the different 

strain rates, strain rate change tests are often conducted to calculate the strain rate sensitivity. 

In this study, the strain rate sensitivity was calculated for engineering strains of 0.05 since 

no rate change tests were performed and stress equilibrium in split Hopkinson bars is often 

not reached at strains lower than 0.05 [94]. The flow stress in tension for the same crystal 

orientation as function of strain rate across eight orders of magnitude is presented in Figure 

4.8a in light green together with seven additional crystal orientations colored according to 

their respective tensile axis IPF colors and tested over three orders of magnitude in strain 

rate. The strain rate sensitivity of the specimen near the center of the tensile axis IPF 

deformed at room temperature, 𝑚 = (𝜕 ln 𝜎𝑇 /𝜕 ln 𝜀̇)𝜀=0.05 = 0.14, is consistent over all but 

 
1 The flow stress in Duesbery’s study [146] was calculated assuming that the specimen geometry was 

the same as in the study of Mitchell [145] (tests performed at same laboratory and the difference in 

calculated axial stresses is similar to the difference in reported shear stresses). The flow stress in 

Myneni’s study [171] required to extract data from two sources to obtain the load [171] and calculate 

the likely specimen cross-sectional area by extracting the stress of one specimen [150]. 
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the highest strain-rate data, as shown with the line of equal slope in Figure 4.8a. The 

resistance from the inertial forces opposing the deformation were estimated to be about  

12 MPa [49]. This contribution is too small to explain the deviation at the highest rate. Figure 

4.8a also provides a comparison with the literature. Despite different single crystal 

processing techniques and purity levels, the flow stresses at strain rates of the same order of 

magnitude are similar. 

Figure 4.8b shows a reduction of the strain to failure with decreasing strain rates below  

10-2 s-1 for different orientations. A similar result was obtained by Mitchell et al. [145] at a 

similar strain rate and by Ricker et al. [152] for tests at 10-5 s-1 and 10-6 s-1 and was explained 

by the increased interaction time between dislocations and mobile hydrogen interstitial 

atoms at the lowest strain rate, i.e. dynamic strain aging. The opposite trend is observed for 

the specimens deformed at intermediate strain rates, where the strain to failure is lower 

compared with the quasi-static specimens, for all orientations. 

4.1.4. Activation Volume 

Crossing of short range dislocation barriers, such as the Peierls–Nabarro stress, point defects 

(e.g. vacancies and self-interstitials) and other dislocations intersecting the slip plane, are 

temperature and strain rate dependent [100]. The resistance to dislocation motion is then 

dependent on a thermal term and the identification of the dominant thermally activated 

mechanism is possible by calculating the activation volume [100]. The activation volume is 

defined as the derivative of the activation enthalpy with respect to the thermal component of 

the stress and is calculated as 

𝑣∗ =
√3𝑘𝐵𝑇

𝜎𝑇
(

𝜕 ln 𝜀̇

𝜕 ln 𝜎𝑇
)

𝑇

(4.1) 

where 𝑘𝐵 is the Boltzmann constant, 𝑇 is the absolute temperature and 𝜕 ln 𝜀̇ /𝜕 ln 𝜎𝑇 is the 

inverse of the strain rate sensitivity. Mitchell et al. calculated activation volumes for high-

purity niobium single crystals using the strain rate sensitivity at yield, and activation volumes 

of 75 b3 and 30 b3 were obtained at strain rates of 4.5x10-6 s-1 and 1x10-1 s-1, respectively 

[145], [210]. Using the same method, the activation volumes are calculated for specimens 2-

158 and 3-8 for all strain rates using constant (𝑚 =  0.14) and rate-specific strain rate 

sensitivities at ε = 0.05 from Figure 4.8. Figure 4.9 shows excellent agreement between 

Mitchell et al. [145] and the present study, where 𝑣∗ decreases from 60.6 b3 to 2.6 b3 with 

increasing flow stress. The decrease in activation volume in inverse proportion to the flow 

stress is consistent with a constant strain rate sensitivity and not uncommon for the range of 
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strain rates studied. An increase in strain rate sensitivity at the highest strain rate, as shown 

in Figure 4.8, results in a higher rate of reduction of activation volume. 

According to Conrad [100], the decreasing activation volume from quasi-static to dynamic 

rates corresponds to the thermal activation of two mechanisms observed in BCC metals. 

First, overcoming of the Peierls–Nabarro stress, which is probably responsible for the 

increase in flow stress at the higher strain rates [211], [212]. See Figure 2.13 for a schematic 

of the kink pair nucleation mechanism to overcome Peierls–Nabarro stress. Second, cross-

slip, i.e. a change in slip plane during dislocation glide (see Figure 2.6d), as observed by 

Duesbery et al. [108] in shear bands on the surface of deformed single crystals. The 

increasing activation volume with decreasing flow stress represents the volume over which 

thermal activation must operate to dissociate a dislocation from an interstitial pinned 

atmosphere. 

 

Figure 4.9: Activation volume as a function of the flow stress at ε = 0.05 [176]. 

4.2. Digital Image Correlation and Spatial Strain Heterogeneity in Tensile 

Specimens 

4.2.1. Quasi-Static Strain Rate Spatial Strain Heterogeneity 

Digital image correlation (DIC) was used to measure the distribution of total strain for three 

different specimens. Figure 4.10 shows the strain distribution at six different engineering 

strains in specimen 7-152, with a tensile orientation near the [111] direction, deformed at a 

nominal strain rate of 1.28x10-2 s-1. Strain maps are numbered with their corresponding 

strains to show the strain distribution in the softening and hardening regimes at the 
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macroscopic scale. Plots of the total tensile strain distribution in the gage section of each 

strain map are presented for quantitative comparison in the top right of Figure 4.10. Pictures 

3 and 4 show a region of high strain at the bottom of the specimen, indicating the onset of 

localized necking with thinning through the specimen thickness. However, the specimen did 

not fail in this region because it started to harden and did not deform further at a global strain 

of 0.25. Pictures 5 and 6 show more uniformly distributed total strain in the gage length, 

which corresponds to the hardening section of the curve. 

The activation of different slip systems due to a rotation of the crystal could explain the 

transition from softening to hardening, since crystal rotation was measured with EBSD 

orientation maps. A change in the interaction of dislocations with each other or with 

interstitial atoms is also potentially responsible for the change in hardening rates. An 

expanding band, similar to a Lüders band in steel, was not observed with DIC, but the 

successive increase in strain in adjacent regions represents a strain propagation band in the 

specimen. 

 

Figure 4.10: Strain localization in specimen 7-152 with a [111] tensile orientation deformed at 1.28x10-2 s-1. 

(The strain reduction in the neck in 5 and 6 is not physical, but an artefact of the 2D DIC method [176].) 

Figure 4.11 shows a similar analysis for specimen 2-59, with a tensile orientation on the 

lower half of the [001]–[111] boundary of the IPF and deformed at a nominal strain rate of 
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1.28x10-2 s-1. The stress–strain curve of this specimen has no softening component and a 

much lower elongation at failure than the specimen with a tensile orientation near [111]. 

From Table 4.1, the (211)[111] and (101)[111] slip systems have similar Schmid factors 

of 0.471 and 0.459, respectively. The high hardening behavior and the absence of stage I 

hardening is then likely caused by the interaction of dislocations on the different slip 

systems. Finally, picture 3 of Figure 4.11 shows that strain localizes in the top of the 

specimen, where a neck forms and where the specimen ultimately fails. 

 

Figure 4.11: Strain localization of specimen 2-59 with a tensile orientation on the [001]–[111] boundary of 

the IPF deformed at 1.28x10-2 s-1.  

A third specimen (10-158) with a tensile orientation in the center of the IPF was deformed 

at a nominal strain rate of 1.28x10-2 s-1 and analyzed with DIC. This specimen showed a 

more uniform strain distribution, a strain to failure of ~0.72, and failed in the middle of the 

gage section. The different strain heterogeneities measured with DIC for three different 

crystal orientations are directly correlated to the anisotropic hardening behaviors observed 

in Figure 4.2. Finally, as mentioned in section 3.3.1.1., the elastic strain measured with DIC 

in the gage section of the three specimens deformed at a nominal strain rate of 1.28x10-2 s-1 
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was used for stiffness correction of all stress-strain curves obtained at MSU for nominal 

strain rates of 1.28x10-4 to 1.28x10-1 s-1.  

4.2.2. High Strain Rate Spatial Strain Heterogeneity  

Figure 4.12 shows strain localization in four specimens deformed at high strain rates with 

split Hopkinson tensile bars with different crystallographic orientations. Strain 

heterogeneities appears rapidly in the specimen. It is also interesting to observe that the 

region where the strain reaches its maximum is generally not located at the center of the 

specimen. This phenomenon is probably related to wave propagation effects [205], [213]. 

Moreover, the rather short length of the specimens used in the slip Hopkinson bar tests 

probably also contributes to the strain field heterogeneity [205], [206]. However, the 

heterogeneity of the strain distribution does not grow very much during the deformation of 

the specimen and localized necking is not reached during the first wave loading as the 

specimens failed after the third wave loading.  

 

Figure 4.12: DIC strain maps of four specimens deformed at high strain rates (~1 000 s-1) showing strain 

localization at low engineering strains. The initial tensile direction for each specimen is shown as dots on the 

inverse pole figure in the lowest strain image of each sample [176]. 

4.2.3. Strain to Failure in Split Hopkinson Bar Tests after Three Strain Waves 

Figure 4.13a shows a plot of the engineering strain as function of time for the three waves 

required to break specimen 3-8, with a tensile orientation in the center of the IPF. From this 

figure, the strain rate can be approximated as the slope of a linear regression of each wave. 

The strain rate of the first, second, and third waves are approximately equal to  

893 s-1, 734 s-1, and 597 s-1. A 33.2% reduction in strain rate between the first wave, during 
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which the stress–strain curves in Figure 4.2 were calculated, and the strain to failure was 

measured and caused by losses in the split Hopkinson bars. The engineering strain at failure 

of the specimen was calculated using two DIC measurements and is equal to 0.39–0.40. 

Figure 4.13b shows the strain distribution in the specimen during the first wave. The strain 

distribution indicates that the strain reaches is maximum at the center of the specimen, as 

discussed for other orientations in Figure 4.12. The large increase in engineering strain of 

about 0.20 between the end of the first wave and failure indicates that the apparent necking 

in Figure 4.13b is diffused and that the high strain rate sensitivity of niobium single crystal, 

about 0.14 for a similar orientation, stabilizes the post-necking deformation. 

 

Figure 4.13: Evolution of (a) the engineering strain as a function of time for specimen 3-8 deformed high 

strain rate for three strain waves to calculate the strain to failure, (b) the strain distribution at the center of the 

specimen during the first wave, and (c) in-situ pictures from the high-speed camera at the beginning of the 

test and at the end of each wave. 

Finally, the in-situ pictures of the specimen (Figure 4.13c) show that rupture occurs close to 

the center of the gage section. Flakes of paint, visible at the end of waves 2 and 3, caused 

issues for all other specimens deformed with split Hopkinson bars. The strain to failure could 

only be calculated for this specimen since the paint did not flake in the gage section. A loss 

of image correlation at large strains for the other specimens made the analysis impossible 

and this motivated the need to use a different paint or other strain measurement techniques 
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for future tests with ductile specimens deformed at high strain rates. Few specimens were 

tested without the white paint layer, but too much reflection from the lighting system made 

the image correlation impossible. Note that this approach was successfully used during the 

analysis of larger electron beam welded specimens, presented in Chapter 9. 

4.3. Intermediate Strain Rate In-Situ Temperature Measurements 

Thermal and high-speed cameras were used at Imperial College to investigate potential 

heterogeneities in the gage section, such as multiple necks or other elements that could not 

have been observed with digital image correlation. Figure 4.14 shows the temperature 

distribution along a line in the center of the gage length of specimens 5-34, 8-62, and 10-64 

deformed at a strain rate of ~10 s-1. The temperature was extracted from the beginning of the 

test up to the fracture of the specimen. However, since data was acquired at a low frequency 

of 200 Hz, the last frame is not always equal to the time of failure for different specimens. 

Therefore, the final and highest temperature in Figure 4.14 is constantly lower than the 

maximum temperature at failure and comparisons of absolute values can lead to wrong 

conclusions. The short analysis presented below is then based on the temperature distribution 

at the different frames. 

 

Figure 4.14: Temperature distribution along the center of the gage length of specimens 5-34, 8-62, and 10-64 

deformed at ~10 s-1, from the beginning of the test to fracture. 

The specimen selection was based on the different hardening behaviors observed in Figure 

4.2c. Specimen 5-34 has the highest flow stress, but the lowest strain to failure. Specimen 

10-64 has the second largest flow stress and a strain to failure similar to most other crystal 

orientations, resulting in the largest plastic strain energy. Finally, the hardening behavior of 

specimen 8-62 is similar to all other crystal orientations. 
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All orientations show only one peak, indicating that only one neck was formed. The low 

ductility of specimen 5-34 correlates with a more acute neck, as shown by the narrower 

temperature peak and high temperature reached after 45 ms in Figure 4.14. Necking, and 

ultimately failure, did not occur in the center of the gage section for specimens 8-62 and  

10-64. This behavior was not uncommon, as previously shown with DIC for specimen  

2-59 deformed at a low nominal strain rate of 1.28x10-2 s-1. Due to a lack of correlation at in 

some regions of the gage section at large strains, the strain history of the specimens is not 

compared with the thermal data. For this reason, the thermal data was used to identify the 

number of necks at intermediate strain rates and to evaluate the temperature rises during the 

tests, but not used for quantitative analyses. The modest measured temperature increases 

suggest that adiabatic heating effects are unlikely to play a significant role in the present 

experiments. 

4.4. Compression Results 

Compression tests were performed along the thickness of the large grain sheet presented in 

Figure 4.1a. Specimens from grains 1 to 9, with initial crystal orientations given in Figure 

4.1b, were deformed at a constant crosshead velocity equivalent to a nominal quasi-static 

strain rate of 4.4x10-3 s-1. Additional quasi-static tests at nominal strain rates of 4.4x10-4 s-1 

and 4.4x10-2 s-1 were performed on specimens from grains 4, 5, 6, 7, and 9. Finally, high 

strain rate (~4 000 s-1) split Hopkinson bar tests were performed on specimens with all crystal 

orientations. More details about the experimental procedures are provided in section 7.3.  

Similar to the tensile tests, the effect of crystal orientation and strain rate is studied. The 

tensile and compression results are also compared for similar orientations and strain rates in 

the next subsection to quantify tension/compression (T/C) asymmetry. 

4.4.1. Effect of Orientation 

Figure 4.15 shows the mechanical properties of niobium single crystals deformed in 

compression at nominal strain rates of (a) 4.4x10-4 s-1, (b) 4.4x10-3 s-1, (c) 4.4x10-2 s-1, and 

~4 000 s-1 for nine different crystal orientations. The colors of the different true stress–true 

strain curves represent the crystal initial orientation in the loading direction. The majority of 

the stress–strain curves show at least two hardening stages at quasi-static strain rates and a 

gradient of hardening properties for orientations with stage I and II at a strain rate of  

4.4x10-3 s-1 (Figure 4.15b). To quantitatively compare the different crystal orientations with 

the hardening behaviors and flow stresses, the projection angles θ and α on the  

[001]–[111] and [101]–[111] boundaries of the inverse pole figure were calculated for 

crystals in region A of Figure 4.16c. Angles θ and α are schematically shown for a unit 

sphere and an IPF in Figure 4.16a and b. This choice of projection angles is based on the 
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expected crystal rotation for BCC metals deformed in compression. Single crystals with an 

initial orientation along the loading direction in region A or B in Figure 4.16c will rotate 

toward the [111] or [001] end stable orientations, respectively [113] (more details in section 

2.3.8.). 

 

Figure 4.15: True stress–strain compression curves for specimens deformed at nominal strain rates of  

(a) 4.4x10-4 s-1, (b) 4.4x10-3 s-1, (c) 4.4x10-2 s-1, and (d) ~4 000 s-1. Colors represent the initial  

compression axis orientation. 

The single crystal specimens deformed in this study all have an initial crystal orientation in 

zone A, except for grain 9 that is in zone B (orientation shown in Figure 4.15d). Specimens 

from grain 9 show the highest flow stress at all strain rates and softening, followed by an 

additional hardening stage, at a true strain of approximately 0.15. The latter was not observed 

for specimens from region A. Finally, parabolic, compared with three-stage, hardening is 

observed for specimens cut in grains 9 and 7. The initial orientation of grain 7 specimens is 

on the [001]–[111] boundary IPF, which indicates that the Schmid factor is equal on the 

primary and conjugate slip systems. The activation of both slip systems and the interaction 

of dislocations explain the absence of stage I hardening. 
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Figure 4.16: Projection of crystal compression direction on the [001]-[111] and [101]-[111] boundaries of 

the IPF in (a) 3D and (b) 2D on an inverse pole figure and (c) stable end orientations for BCC crystals 

deformed in compression, reproduced from Hosford [113]. 

Figure 4.17a shows the calculated projection angles θ and α, and their sum for the initial 

crystal orientations of grains 1 to 8. The crystal rotation toward the [001]–[111] boundary 

by θ represents the theoretical extent of single-slip and stage I hardening. The activation of 

the conjugate slip system, corresponding with the onset of stage II hardening, is only 

expected upon rotation of the crystal up to the [001]–[111] boundary. The parabolic 

hardening and absence of stage I hardening of specimen 7, as previously discussed, is 

quantitatively confirmed by the small θ projection angle. 

 

Figure 4.17: (a) Projection angles θ, α, and θ+α on the boundaries of the IPF for specimens with an initial 

crystal orientation in region A of the IPF (the projections are sorted by increasing θ+α). (b) True stress at a 

true strain of 0.2 for tests at a nominal strain rate of 4.4x10-3 s-1 as function of θ+α. Colors represent the 

initial compression axis orientation. 

For specimens with stage I and II hardening, the reduction in the extent of stage I, and 

corresponding increase in flow stress, is positively correlated with the increasing sum of the 

projection angles (θ + α). The sum of the projection angles is analogous to the total rotation 

required to reach the [111] stable end orientation. This result indicates that the θ projection 

angle is not dictating the extent of single slip. The activation of a second slip system is then 
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expected to occur before the specimen orientation in the compression axis has reached the 

[001]–[111] boundary. In-situ measurements of the change in crystal orientation and the 

activated slip systems during the compression tests would be required to confirm this 

hypothesis. Finally, the correlation between the flow stress and the total projection angles in 

Figure 4.17b, for a nominal strain rate of 4.4x10-3 s-1 at a true strain of 0.2, is likely caused 

by the activation of multiple slip systems during crystal rotation, leading to impeded 

dislocation motion and strain hardening. 

The effect of the initial crystal orientation on the three hardening stages was reported by 

Mitchell et al. [145] for niobium single crystals deformed in tension at room temperature 

and at a strain rate of 4.5x10-5 s-1. The extent of easy glide (stage I) for specimens with an 

initial orientation closer to the [001]–[101] boundary, the double-glide boundary analogous 

to the [001]–[111] boundary in compression, was the smallest. This result is again in 

agreement with the hardening behavior of grain 7 specimens deformed in compression, but 

not with the specimens from other grains, such as grain 4. Mitchell et al. [145] also observed 

that the onset of double glide (stage II) was premature compared with the sample rotation 

reaching that IPF boundary, which would support the hypothesis of the previous paragraph. 

However, those trends were not observed for tensile tests performed during this study 

(Figure 4.2) and could be caused for by the lowest strain rate used in the literature. 

4.4.2. Effect of Strain Rate 

A large increase in yield stress from approximately 30 to 400 MPa was measured in Figure 

4.15 for strain rates of 4.4x10-4 s-1 and 4 000 s-1, respectively. Similar strength anisotropies 

were observed at quasi-static and high strain rate, e.g. the specimens with the highest and 

lowest flow stresses are from grains 9 and 4, respectively. This differs from the tensile 

specimens deformed at ~1 000 s-1 where the strength anisotropy was reduced. The reduction 

of anisotropy is then not only caused by the increase in strain rate and the activation of 

multiple slip systems, but appears to be dependent on the nature of the test and potentially 

necking. However, on a logarithmic stress scale, as presented in Figure 4.18, the flow stress 

at a true strain of 0.05 is less scattered at a high strain rate. 

The three-stage hardening behavior is not observed at high strain rate and the stress–strain 

curve of the specimen with an orientation close to [111] is softening through the whole 

plastic domain (Figure 4.15d). Specimens from this orientation were heavily deformed, with 

a large relative displacement of the top and bottom surfaces and large shear strain. Figure 

5.21 shows a schematic of the final geometry of specimens from grain 4 compared with other 

specimens (with a visible barreling effect). The activation of one slip system and the extent 

of easy glide at a strain rate of 4.4x10-2 s-1 in Figure 4.15c are probably responsible for the 
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final geometry of grain 4 specimens. Softening at ~4 000 s-1 is then likely a consequence of 

the activation of only the primary slip system. 

 

Figure 4.18: True flow stress as function of strain rate at a strain of 0.05 for compression and tensile 

specimens for strain rates between 1.28x10-4 s-1 and 4 000 s-1. Colors represent the initial crystal orientation 

in the loading direction. 

4.5. Tension/Compression and Twinning/Anti-Twinning Asymmetries 

To assess the effect of non-Schmid behaviors on tension/compression (T/C) asymmetry at 

low to high strain rates, the flow stress measured in tension and compression are compared. 

Figure 4.18 shows the true flow stress as function of strain rate at a true strain of 0.05 for 

compression specimens deformed at strain rates between 4.4x10-4 s-1 and ~4 000 s-1 and for 

tensile specimens deformed at strain rates of 1.28x10-4 to ~1 000 s-1 for all crystal 

orientations tested in this study. The compression results follow a linear distribution in the 

log–log plot, indicating that the same deformation mechanism operates for the entire range 

of strain rates studied. This is not the case in tension, where the increase in flow stress in at 

~1 000 s-1 suggests a change in dominant deformation mechanism, such as the occurrence of 

viscous drag effects. However, as further discussed in section 4.6., this is unlikely the case 

based on modeling of kink pair nucleation and motion and the high viscous drag coefficient 

required to model the higher flow stress. 

The higher T/C asymmetry at the highest strain rate is then likely caused by more important 

non-Schmid effects due to a reduction of thermal energy to assist in the nucleation and 

motion of kink pairs, as measured by Chang et al. [166] at low temperature. The consistently 

higher flow stress in tension for a variety of orientations with positive and negative values 

of 𝜒, the angle defining the twinning and anti-twinning (T/AT) slip directions, schematically 
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shown in Figure 4.19, also differs from ideal T/AT asymmetry in BCC metals [214] and 

experimental data at low temperature [215] for cyclic tests. This suggests that the 

contribution of non-Schmid effects for T/C asymmetry, e.g. the activation of different slip 

systems in each loading direction, is sufficiently high for the T/AT asymmetry phenomenon 

to differ from the literature that states that the critical resolved shear stress is smaller in the 

twinning direction [106], [117], [140]. 

 

Figure 4.19: (a) Definition of the 𝜒 angle for different orientations in an IPF and (b) the corresponding iso-

Schmid factor IPF plot assuming pencil-glide [113]. 

Figure 4.20 shows the flow stress as function of strain rate for orientations close to [001]  

(𝜒 < 0) and [111] (𝜒 > 0), where slip is expected to occur on different {112} planes, and 

close to the center of the IPF (𝜒 ≈ 0), where slip is expected to occur on a {110} plane. The 

theoretical and experimental boundaries between orientations where slip occurs on the {110} 

or {112} slip planes are shown in the IPF in the inset of the figure (also shown in Figure 

2.18). The experimental boundaries for tensile and compression tests are based on results of 

Duesbery et al. [108]. 

To assess T/C asymmetry for tests performed at strain rates lower than 1 000 s-1, log–log 

linear regression trend lines of the flow stress at a strain of 0.05 as function of the strain rate 

are traced in Figure 4.20. For this comparison, the dynamic results obtained in tension are 

not used in the log–log linear regression due to the upturn in flow stress that does not follow 

the linear trend observed at low and intermediate strain rates. For orientations close to the 

[001] direction ( 𝜒  < 0), the flow stress is higher in compression at quasi-static and 

intermediate strain rates. The opposite asymmetry was measured for specimens close to the 

[111] direction (𝜒 > 0). The same T/C asymmetry trends were observed by Duesbery et al. 
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[108] for high-purity niobium specimens deformed at ~10-4 s-1. Finally, specimen with a 

crystal orientation at the center of IPF (𝜒 ≈ 0) have similar flow stresses in tension and 

compression. 

 

Figure 4.20: Flow stress as function of strain rate for orientations close to [001], [111], and the center of the 

IPF and (inset) IPF with the theoretical and experimental boundaries of the regions where slip occurs on the 

{110} or {112} slip planes. The experimental boundaries are from the literature [108]. 

T/AT asymmetry was assessed by measuring the flow stress at strains of 0.05, 0.1, and 0.2 

for specimens with different crystal orientations, i.e. different 𝜒 angles, deformed at the 

same strain rate. The distribution of flow stress as function of 𝜒 for specimens deformed in 

tension and compression at strain rates of 10-4 to 103 s-1 did not follow equation 2.26. More 

precisely, in compression, the difference in flow stress as function of 𝜒 is more pronounced 

at low strain rate and the flow stress is higher for orientations with 𝜒 < 0, which is the 

opposite of the result expected from equation 2.26. In tension, plots of the flow stress as 

function of 𝜒 at strain rates of 1.28x10-3 s-1 and 1.28x10-2 s-1 and for all orientations tested 

during this study showed no angle-based trends. From previous analyses presented in section 

4.1.1. and Figure 4.3, the flow stress appears to be dependent on the slip systems with the 

highest Schmid factor and the slip planes and Burgers vectors of the two dominant slip 

systems. As shown in Figure 4.19b, orientations with the same angle 𝜒 can have different 

Schmid factors. Therefore, the dependence of the flow stress as function of 𝜒 ,  

i.e. the T/AT asymmetry, is not further investigated. 

Figure 4.21 shows a comparison of the average strain rate sensitivity, 𝑚 = 𝜕 ln 𝜎𝑇 /𝜕 ln 𝜀̇, 

in tension and compression for orientations with experimental results at more than two strain 
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rates. The strain rate sensitivity 𝑚 in tension, considering the high strain rate results, is 

consistently higher than in compression and varies between 0.141 and 0.169. To continue 

the comparison from the previous paragraphs, the strain rate sensitivity in tension without 

the high strain rate results is compared in Figure 4.21 and discussed below.  

The strain rate sensitivity in tension for tests performed at strain rate below 1 000 s-1 reduces 

by ~0.29 to 0.113–0.140 and is now comparable to the strain rate sensitivity of 0.105–0.144 

for compression tests performed at all strain rates. Specimens with initial crystal orientations 

along the loading axis close to the [001] direction and on the [001]–[111] boundary of the 

IPF have some of the highest flow stress at all strain rates in tension (specimen 10-64) and 

compression (grains 7 and 9), but the lowest strain rate sensitivity. The highest strain rate 

sensitivity was measured for specimens close to the [111] direction and on the [101]–[111] 

boundary of the IPF. The compression specimen with this orientation (grain 4) had the lowest 

flow stress at all strain rates. These results suggest that the strain rate sensitivity is orientation 

dependent and similar for specimens loaded in tension and compression. 

 

Figure 4.21: Strain rate sensitivity at a strain of 0.05 in compression and tension as function of the initial 

orientations along the loading axis. High strain rate tensile tests were not considered in the calculation of  

the strain rate sensitivity. 

4.6. Modeling of the Flow Stress at Different Strain Rates 

In this section, modeling of the flow stress measured in tension and compression as function 

of strain rate, based on the nucleation and motion of kink pairs and on viscous drag, is 

presented. The objectives of this study are (1) to identify parameters that accurately model 

the general strain rate dependency in tension and compression for single crystals by force 

fitting the experimental data, and (2) to assess if viscous drag accurately models the apparent 
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increase in flow stress at 103 s-1 for the tensile specimens. The models used for the numerical 

fitting of experimental data are presented in section 2.3.6. This section is separated in three 

sub-sections. 

First, the experimental results and parameters of the models measured and estimated by 

Hoge and Mukherjee [126] and Steinberg and Lund [84], respectively, for polycrystalline 

tantalum deformed in tension and compression at strain rate of up to 104 s-1 are used to assess 

the implementation of the models in MATLAB.  

Second, the experimental flow stress as a function of strain rate from polycrystalline niobium 

specimens deformed at strain rates of up to 103 s-1 are used to assess the validity of the 

material parameters of niobium found in the literature. The study of Peroni and Scapin [182] 

on specimens deformed in tension at strain rates of up to 103 s-1 and the experimental results 

of electron beam welded polycrystalline niobium sheets deformed at similar strain rates, 

presented in Part II of this thesis, were used.  

Third, the experimental results measured for niobium single crystals deformed in tension 

and compression at strain rates between 10-4 s-1 and 103 s-1 are used with the analytical 

models. The experimental data of individual single crystal specimens are not considered 

separately and a detailed modelling of the measured anisotropic properties is not performed. 

Finally, the parameters identified for niobium single crystals are compared with the 

parameters obtained for polycrystalline niobium specimens. 

4.6.1. Model Validation with Tantalum  

The model implementation in MATLAB was validated by comparing the experimental 

results obtained by Hoge and Mukherjee [126] for polycrystalline tantalum, which were 

manually extracted using WebPlotDigitizer [216]. The parameters used for this material 

were extracted from the work of Steinberg and Lund [84], who also fitted the data of Hoge 

and Mukherjee and modified their model to include specimens deformed at higher strain 

rates. The Peierls stress was lowered from 880 to 800 MPa for a more accurate fit and all 

other parameters were not modified and are presented in Figure 4.22 with the experimental 

data [126] and the predicted curves. Despite the slight change in Peierls stress, this short 

analysis confirms that the thermal activation and thermal activation and drag models 

presented in equations 2.22 and 2.24, respectively, were properly implemented in MATLAB 

and can be used for niobium. 
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4.6.2. Validation of Material Parameters for Niobium with Polycrystalline 

Experimental Results 

The objective of the second part of the analytical modeling of Orowan’s equation is to 

validate if the material parameters for niobium identified in the literature and discussed in 

section 2.3.6. are accurate. Since the models of Hoge and Mukherjee were [126] used for a 

polycrystalline material, experimental results for polycrystalline niobium specimens 

deformed at strain rates of 10-3 to 103 s-1 are used for this validation. First, estimations of the 

initial dislocation density and the athermal stress for an annealed niobium single crystal is 

presented. These single crystal parameters are used in the polycrystalline niobium models 

and summarized in subsection 4.6.2.3.  

 

Figure 4.22: Validation of the model given by Hoge and Mukherjee [126] with parameters identified by 

Steinberg and Lund [84], but with a lower Peierls stress of 800 MPa. 

4.6.2.1. Initial Dislocation Density 

The mobile dislocation density in the annealed high-purity niobium single crystals was not 

measured in this study. Different types of analyses could have been performed, such as  

X-ray diffraction (XRD) [217], electron channel contrast imaging (ECCI) or transmission 

electron microscopy, to predict the dislocation density of the undeformed crystals. However, 

it was reported [187] that “well annealed” and 10% strained niobium single crystals have 

dislocations densities in the order of 1010 and 1014 m-2, respectively. These values are 

reasonable and comparable to the mobile dislocation density used in the modeling of high-

purity polycrystalline tantalum specimens (~1011 m-2 [84]) and were used as a starting point 

in the models to fit the experimental data. 



Part I 

114 

4.6.2.2. Athermal Stress and Shear Modulus 

From experimental tests, the flow stress 𝜎𝑇 is known. Since no high temperature tests were 

performed in this study or in the study of Peroni and Scapin [182], the athermal stress 

component 𝜎𝐴 was approximated from the literature by extracting the flow (resolved shear) 

stress at elevated temperatures from Mitchell et al. [145]. The purity of the niobium used in 

that study is assumed to be similar to this study due to the similar results obtained at different 

strain rates (see Figure 4.8a). The temperature dependent shear stress–shear strain curves 

were extracted and converted to engineering stress–strain curves, as shown in Figure 4.23. 

The identical stress–strain curves obtained at 473 and 513 K indicate that the majority of the 

measured stress at those temperature is equal to the athermal component. The engineering 

stress at a strain of 0.05 was then extracted for the specimens tested at 473 K and 513 K and 

are approximately equal to 25.03 MPa and 24.85 MPa. 

 

Figure 4.23: (a) Raw shear stress-shear strain curves and (b) calculated engineering stress-strain curves at 

different testing temperature and at a strain rate of 4.5x10-5 s-1 from [145]. 

The shear modulus was then extracted from different studies in the literature [218]–[223] to 

approximate its value at 293 K, 473 K, and 513 K. Figure 4.24 shows all the data available 

from the literature and the large distribution found between these studies. The shear modulus 

measured by Armstrong and Dickinson [222] is used since values are available at all 

temperatures of interest and the data is in agreement with the work of Hubbell and Brotzen 

[219] for temperatures of 105–373 K and with Wasilewski [221] at 293 K. The 𝐺293/𝐺𝑇 

ratio is equal to 0.989 and 0.983 at temperatures 𝑇 of 473 and 513 K, respectively, for an 

average room temperature athermal stress of 24.77 ± 0.35 MPa. 
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Figure 4.24: Shear modulus as function of temperature from different studies [218]–[223]. 

4.6.2.3. Summary of Parameters and Model Validation 

Finally, the material parameters are summarized in Table 4.2. The values used in the 

analytical models for niobium were based on literature discussed in Chapter 2 and on 

estimates made in the two previous subsections. The parameters used for polycrystalline 

tantalum are presented for comparison. 

Table 4.2: Materials parameteris for niobium and tantalum used in the numerical models. 

Variable Description Unit Nb Ta [84], [126] 

𝐵 Viscosity coefficient MPa. s 1.7 × 10−11 [135] 10−10 

𝑈𝑘 Kink nucleation energy eV 0.34 [112] 0.31 

𝑏 Burgers vector m 2.8585 × 10−10 2.86 × 10−10 

𝑎0 Lattice constant m 3.3068 × 10−10 [127] – 

𝜌 Mobile dislocation density m−2 1010–1014 1011 

𝑇 Absolute test temperature K 293 300 

𝜈 Debye frequency s−1 5.42 × 1012  1013 

𝑤 Kink pair width m 21.5 𝑏 [129] 24 𝑏 

𝑎 
Distance between Peierls 

valleys 
m 4.78 × 10−10 [112] 𝑏 

𝐿 
Length of dislocation 

segment 
m - 104𝑏 

𝜎𝑃 Peierls (shear) stress at 0 K MPa 450–890 [129], [134] 999.8 and 880 

𝜎𝐴 
Athermal (shear) stress 

component 
MPa 24.77 [145] 124.1 

The accuracy of the parameters presented in Table 4.2 was verified by fitting the engineering 

flow stress at a strain of 0.05 of Peroni and Scapin [182] and of electron beam welded 

specimens from this study (see Chapter 9) as function of strain rate for high-purity 

polycrystalline niobium sheets. The specimens were deformed in tension at strain rates of 



Part I 

116 

10-3 to 1 600 s-1, a range of strain rates similar to the one of the single crystal specimens. The 

optimized material parameters for the polycrystalline specimens were used as a first step in 

the modeling of the behavior of single crystals deformed in tension and compression. 

All parameters but the Peierls stress 𝜎𝑃, the mobile dislocation density 𝜌, and the athermal 

stress 𝜎𝐴  were fixed. The large dispersion of Peierls stress values in the literature, the 

unknown initial dislocation density, and the approximated athermal stress motivated the 

decision to vary those parameters. The optimization material parameters were limited at 

physically reasonable lower and upper bounds (350 MPa ≤ 𝜎𝑃 ≤  1 500 MPa,  

1010 m-2 ≤ 𝜌 ≤ 1014 m-2, and 5 MPa ≤ 𝜎𝐴 ≤ 50 MPa) and the initial parameters were as 

follow 𝜎𝑃 = 890 MPa, 𝜌 = 1012 m-2, and 𝜎𝐴 = 24.9 MPa. 

Figure 4.25 shows the thermal activation and thermal activation and drag models for 

optimized material parameters 𝜎𝑃 = 723.96 MPa, 𝜌 = 1012 m-2, and 𝜎𝐴 = 43.30 MPa and the 

polycrystalline niobium experimental data. The flow stress calculated with the two models 

is the same at all strain rates, meaning that the viscous drag term has no influence at strain 

rates of 10-5 to 104 s-1. This is likely a consequence of a niobium viscosity coefficient 𝐵 

about one order of magnitude lower than for tantalum. This also indicates that the dislocation 

velocity is far from the critical velocity of 1 997 m/s around which the viscosity coefficient 

rapidly increases [137]. The agreement between the models and the experimental data at 

strain rates of up to 1 600 s-1 confirms that the parameters found in the literature or estimated 

in this study are reasonable for niobium and are used in the next subsection for niobium 

single crystals.  

 

Figure 4.25: Validation of the model with experimental tensile data from Peroni and Scapin [182] and from 

EB welds characterized at the JRC (Chapter 9) for polycrystal niobium. 
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4.6.3. Application to Niobium Single Crystals 

Finally, after validation of the models’ implementation with polycrystalline tantalum and of 

the material parameters identified for niobium, the models are used with the experimental 

tensile and compression results obtained for niobium single crystals and presented in 

sections 4.1. and 4.4. As discussed at the beginning of section 4.6., accurate modeling of the 

anisotropic mechanical properties measured for tensile and compression tests is outside of 

the scope of this study. The main difficulties associated with an accurate modelling of 

anisotropic mechanical properties are (1) proper calculation of the resolved shear stress 

based on the active slip systems, (2) consideration of out-of-plane slip components,  

(3) orientation dependent critical resolved shear stress, (4) initial dislocation density, and  

(5) impurity content impeding dislocation motion. For practicality reasons, the material is 

then considered as a continuum and modeling of the experimental data is performed by force 

fitting equations 2.22 and 2.24. As previously stated, the objective is to capture the general 

strain rate dependency of the single crystals in tension and in compression and compare the 

obtained parameters with those of the polycrystalline specimens. 

 

Figure 4.26: Modeling of the flow stress as function of strain rate for polycrystalline and single crystalline 

niobium single crystals deformed in tension and compression. 

First, only the tensile specimens are considered. Figure 4.26 shows the experimental tensile 

data and predicted curves for the polycrystalline specimens, as shown in Figure 4.25, and a 

niobium single crystal specimen (2-158) with a crystal orientation in the center of the tensile 

axis IPF. The flow stress in tension of the polycrystalline specimens is higher at all strain 

rates below ~400 s-1 and this is probably due to pile-up of dislocations at grain boundaries 

(Hall-Petch effect). The lower flow stress of the single crystal specimens is modeled by 

(2 158)

= 43.2 5 MPa          =  .2 8 MPa
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changes in the Peierls and athermal stresses, from 723.96 to 614.09 MPa and from 43.30 to 

9.30 MPa, respectively. Note that the lower Peierls stress remains in the 450–890 MPa range 

found in the literature [129], [134]. Compared with the athermal stress estimated from the 

data of Mitchell et al. [145], the value found for single crystal specimens is about 62.5% 

lower. 

Second, the compression specimens are considered. Figure 4.26 also shows the experimental 

data in compression for grains 4 and 7, with the lowest and highest hardening at low strain 

rates, respectively, and the average fit for both crystal orientations. Since there is no upturn 

in flow stress in compression at ~4 000 s-1, the viscosity coefficient found in the literature is 

used. Like for the polycrystalline specimens, the influence of viscous drag is not visible, 

which indicates that dislocation motion is mainly caused due to thermal activation 

mechanisms. Peierls and athermal stresses of 870.54 MPa and 12.71 MPa were respectively 

found. The large difference in flow stress at strain rates lower or equal to 4.4x10-2 s-1, 

discussed in section 4.4., suggests that different parameters would be more suited for the 

different crystal orientations. 

The sudden increase in flow stress in tension at ~103 s-1 for the single crystal, which could 

be explained by a change in dominant deformation mechanism from thermal activation to 

viscous drag, does not follow the thermal activation and drag model using the viscosity 

coefficient 𝐵 of 1.7x10-5 Pa.s. To force the numerical fitting of those results, the viscosity 

coefficient was increased to 4.25x10-2 Pa.s. Note that a lower estimate of the dislocation 

density would lead to a lower and more reasonable 𝐵 to fit the experimental data, e.g. a 𝜌 of 

1010 m-2 would require an increase of 𝐵 from 1.7x10-5 Pa.s to about 3.4x10-4 Pa.s. For both 

higher viscosity coefficient, the high contribution of viscous drag suggests that screw 

dislocations are traveling at close to the critical velocity. However, if dislocations are 

travelling at the critical velocity in the single crystals deformed in tension (𝜀̇ ≈ 1 000 s-1), 

the velocity of the dislocations travelling in compression specimens (𝜀̇ ≈ 4 000 s-1) should 

not be at such a lower speed that viscous drag is not the dominant deformation mechanism. 

Therefore, the stress upturn observed with niobium single crystals loaded in tension could 

be caused by more important tension/compression asymmetry at high strain rate. Since 

analytical modeling suggests that the dominant deformation mechanism remains a thermally 

activated mechanism at high strain rate, the analogy between low temperature, where more 

important non-Schmid behaviors have been reported, and high strain rate could explain this 

higher T/C asymmetry at 103 s-1.  

Note that an experimental artefact also cannot be excluded. However, the specimen 

geometries used in tension were previously used for other materials [193]–[195] and finite 
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element modeling of the high strain rate tensile test was performed to measure the stress-

state in the gage length and the inertial forces. Isotropic material properties were used in the 

numerical model to study the effect of the specimen geometry. The stress-state extracted in 

the gage length was uniaxial and inertial forces were small, which confirms the validity of 

the specimen geometry used in split Hopkinson bar tensile tests. 

4.7. Conclusions on the Mechanical Properties of Niobium Single Crystals 

In conclusion, a lower anisotropy was measured in niobium single crystals deformed in 

tension at about 1 000 s-1 and is likely a consequence of dislocation glide on multiple slip 

systems. A reduction of nominal strain to failure was measured at strain rates greater than 

1.28x10-2 s-1. 

Digital image correlation was used on tensile specimens deformed at strain rates of  

1.28x10-3 s-1 and ~1 000 s-1. Different spatial heterogeneities were measured in the 

specimens deformed at a low strain rate and the effect of orientation hardening due to the 

rotation of the single crystals during the tests was observed. At high strain rate, a more 

homogeneous strain distribution was observed for all orientations.  

In-situ temperature measurements of specimens deformed at an intermediate strain rate of 

about 10 s-1 showed that only one hot spot, analogous to one neck, was observed and a low 

maximum temperature of less than 80°C was measured. 

In compression, the reduction of anisotropy was not as pronounced at high strain rate. A 

positive linear relation between the flow stress at a true strain of 0.2 and the total projection 

angle from the initial crystal orientation to the [111] stable end orientation was measured. 

Tension/compression asymmetry was also measured at low strain rates, with a higher flow 

stress in tension close to the [111] orientation and in compression close to the [001] 

orientation. At high strain rate in the order of 103 s-1, the flow stress was higher in tension 

for all crystal orientations. This is likely caused by more important non-Schmid effects at 

high strain rate.  

An orientation dependent strain rate sensitivity was also measured. The lowest logarithmic 

strain rate sensitivity exponent of 0.105 was measured for an initial crystal orientation close 

to the [001] direction and the highest exponent of 0.144 was close to the [111] direction and 

near the [101]–[111] boundary of an inverse pole figure. 

The relationship between the measured flow stress at a low strain of 0.05 as function of the 

applied strain rate was modeled without taking anisotropic properties in account (a single set 

of parameters is used for all orientations loaded in tension or in compression). The model 
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suggests that the dominant deformation mechanism in tension and compression is thermally 

activated and not dependent of viscous drag effects. 
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Chapter 5 Microstructural Investigations of 

Deformed Niobium Single Crystals 

In this chapter, the deformed niobium single crystals discussed in the previous chapter are 

analyzed with different optical and electron microscopy techniques, and with 

nanoindentation measurements. First, the fracture surface of tensile specimens deformed at 

quasi-static and high strain rates are analyzed with a scanning electron microscope. The same 

specimens are used to investigate the chemical composition of impurity particles found at 

the surfaces cut with wire EDM. Second, the crystal orientation in the cross-section of tensile 

and compression specimens deformed at quasi-static and dynamic strain rates is measured 

with electron backscatter diffraction. Inverse pole figure orientation maps and kernel average 

misorientation maps are used to assess to rotation of the single crystalline specimens and 

strain distributions, respectively. Third, electron-transparent tensile specimens were 

prepared and analyzed with a transmission electron microscope to observe the influence of 

strain rate and initial crystal orientation on the dislocation substructures. Finally, 

nanoindentation measurements were performed to quantify the hardness and elastic modulus 

of specimens with different crystal orientations and previously deformed at different strain 

rates, and therefore with different dislocation substructures, and in regions with different 

densities of geometrically necessary dislocations. 

5.1. Fracture Surface Analysis 

Tensile specimens deformed at low and high strain rates were analyzed to measure the effect 

of strain rate and crystal orientation on the fracture surface. Secondary electron pictures of 

the top surface (along the tensile axis) and the front of the specimens were taken at MSU 

and CERN. Figure 5.1 shows the setup used at MSU to acquire low and high resolutions 

images of the top surface of multiple high strain rate specimens. 

Figure 5.2 compares top views of fracture surfaces of tensile specimens with three different 

initial tensile orientations and deformed at strain rates of 1.28x10-2 s-1 and ~1 000 s-1. The 

macroscopic specimen rotation is often similar at quasi-static and dynamic strain rates, as in 

specimens 2-158 and 7-152. However, the longer gage section and nominal strain to failure 

in quasi-static specimens leads to a larger rotation, as shown for specimen 5-85 in Figure 

5.2e. 
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Figure 5.1: SEM layout for analysis of the fracture surface of SHTB specimens. 

Figure 5.3 shows secondary electron front and top views of fracture surfaces of all tensile 

specimens deformed at about 1 000 s-1. For these specimens, the strain rate at rupture is 

expected to be lower than 1 000 s-1 since fracture occurred after being deformed by the third 

strain wave passing through the bars, which had dissipated energy after each wave.  

 

Figure 5.2: Secondary electron top views of rupture surfaces of specimens 2-158 (a, b), 7-152 (c, d), and  

5-85 (e, f) deformed at quasi-static and high strain rates. The initial tensile direction for each specimen is 

shown as dots on the inverse pole figure in (f). (a, b, d, e, and f share the same scale bar [176].) 

To ease the identification of trends based on the initial crystal orientation in the tensile 

direction, the unit cell of specimens from six different orientations are drawn for the front 

and top views and their exact tensile orientations are indicated in the IPF of Figure 5.4. 

Considerable variations in fracture surface morphology for specimens deformed at high 

strain rate are visible. However, no orientation-based trends in fracture surface edge rotation 

and length are observed. Specimens with initial tensile orientations in the center or on the 
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[101]–[111] boundary of the tensile axis IPF showed both short and rotated (specimens 7-42 

and 6-127), and long and straight (specimens 2-158 and 7-152) fracture surface edges. 

 

Figure 5.3: Front and top views, along the z- and y-axes, respectively, of 17 different SHTB specimens 

arranged by approximate location in the tensile axis (𝑦-axis) IPF. The color of the borders is the initial 

orientation in the tensile axis IPF. 

The number of active slip systems at rupture should influence the rupture surface 

morphology, i.e. the crystal rotation and neck geometry, as schematically shown in Figure 

5.5. The case of slip on only one slip system (Figure 5.5a) was not expected for the tensile 

tests performed at low and high strain rate, because the ends of the specimens are fixed in 

the tensile machine and the split Hopkinson bars. As previously discussed, this forces the 

single crystal to rotate as it elongates, which changes the Schmid factor of all slip systems. 

A change in the slip system with the highest resolved shear stress results in the activation of 

a different or of multiple slip systems. Fracture surfaces with two- and four-fold symmetries 

were observed in the literature for copper single crystals deformed at different temperatures 

by Simoto et al. [224] and presented in Figure 5.6. 

The long and straight fracture surface of specimens 2-14, 2-158, 3-8, 7-152, 8-62, and  

10-158 in Figure 5.3 and Figure 5.4 suggest that the deformation took place on two slip 

systems. However, no orientation-based trends were identified to explain this fracture 

surface morphology. Studies were conducted using the length and rotation angle of all 

fracture surfaces and the specimen 𝑥, 𝑦, and 𝑧 axes, as defined in Figure 5.3, and the rotation 
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normal vector 𝑟, equal to the cross-product of the active plane normal 𝑛 and slip direction 

(Burgers vector) 𝑏 (𝑟 = 𝑛 × 𝑏). There appears to be a relationship between long and straight 

fracture surfaces and the initial crystal orientation along the specimen 𝑥-axis (specimen 

transverse direction). Figure 5.7 shows that all long fracture surfaces, with a length of more 

than 950 μm, are located close to the [001]–[101] boundary of the 𝑥-axis IPF, except for 

specimen 2-14. The causation of this orientation-based trend is currently unknown. 

 

Figure 5.4: Fracture surface of niobium single crystals deformed at high strain rate in tension for six 

different orientations with unit cells of undeformed initial orientations normal to each view [176]. 

 

Figure 5.5: Different types of ductile rupture in single crystals for slip on (a) one, (b) two or (c) multiple slip 

systems. Redrawn from [225]. 
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Figure 5.6: (a) Appearance of fracture in a [001] copper crystal pulled at 78 K showing the symmetry from 

equal slip on four {111} planes. (b) Appearance of fracture in a [001] copper crystal pulled at 273 K showing 

the two-fold symmetry from slip on only two {111} planes. Images are at 13x magnification [224]. 

A ductile rupture with a chisel-edge profile was observed in all specimens, as shown in the 

high-magnification fracture surface images in Figure 5.8. This is common for single crystals 

of high purity deformed at low strain rates [203], [226] and also the case for the niobium 

single crystals deformed at high strain rate. Despite the rotation and activation of multiple 

slip systems, especially for the high strain rate specimens, no specimen shows a single crystal 

drawn to a point, as schematically presented in Figure 5.5c. This could be a consequence of 

the lower strain rate at fracture since the specimens fail at the third strain wave. 

 

Figure 5.7: Length of the fracture surfaces of high-strain rate specimens on a specimen 𝑥-axis IPF. 

In Figure 5.8a and c, i.e. specimens 4-99 and 5-85 deformed at high strain rate, more 

impurities (darker particles) are visible on the side of the specimens and close to the fracture 

surface than for specimen 4-99 deformed at a low strain rate (Figure 5.8b). Note that no 

impurities are visible in specimen 5-85 deformed at low strain rate (Figure 5.8d) since it was 

chemically polished before testing and about 44 μm was removed on all sides of the 

specimen.  
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Figure 5.8: Secondary electron images of the fracture surface of specimen 4-99 deformed at (a#)  

1.28x10-2 s-1 and (b#) ~1 000 s-1 and specimen 5-85 deformed at (c#) 1.28x10-2 s-1 and (d#) ~1 000 s-1.  

The scale bar for images acquired at magnifications of 25x (x1), 500x (x2), and 2 000x (x3) are indicated  

in sample a#. The number sign (#) and the letter “x” represent numbers 1–3 and letters a–d, respectively. 

5.1.1. Chemical Composition of Impurity Particles near the Fracture Surfaces 

Large particles (5–50 μm) were observed on the sides of all non-chemically polished 

specimens during fracture surface analysis with an SEM. Electron diffraction X-ray 

spectroscopy was used to identify the elements in the particles and investigate the source of 

the contamination. 

A high concentration of copper and zinc was found in the particles. Those two elements are 

the main components of the brass (CuZn37) electron discharge machining wire used at 

Michigan State University (AC Brass 900, Georg Fisher Machining Solutions). In addition, 

the particles were only visible on the cut surfaces. Therefore, the Nb-Cu-Zn particles are 

deposits of the material being vaporized and condensing during EDM and can be removed 

with buffered chemical polishing (BCP), as it was done for grain 5 specimens to obtain a 

mirror finish for post-mortem slip trace analysis. Carbon traces were also found on the large 

particles and are probably due to contamination during the cutting, testing or shipping steps. 

Figure 5.9 to Figure 5.11 show the EDS maps of three specimens deformed at ~1 000 s-1. 

Source currents of 5 kV and 20 kV were used to identify the presence of niobium, copper, 

and zinc due to the values of their major transmission lines (Nb: Kα = 1 .581 keV and  

Lα = 2.1   keV, Cu: Kα = 8.040 keV and Lα = 0. 30 keV, and Zn: Kα = 8. 30 keV and  

Lα = 1.012 keV). 
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Figure 5.9: EDS composition map at 20 kV of particles on the side of specimen 7-152 deformed at a high 

strain rate of ~1 000 s-1. 

 

Figure 5.10: EDS composition map at 5 kV of particles on the side of specimen 5-85 deformed at a high 

strain rate of ~1 000 s-1. 

 

Figure 5.11: EDS composition map at 20 kV of particles on the side of specimen 4-99 deformed at a high 

strain rate of ~1 000 s-1. 

The presence of foreign metallic particles on the sides of specimens could affect the observed 

fracture surface and ductility. The presence of a Nb-Cu-Zn particle in the chisel-edge, as 
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seen in Figure 5.12 for sample 4-99 deformed at high strain rate, is a site prone to the 

presence of voids that can reduce the specimen’s ductility. However, only few similar 

occurrences were observed and since the particles are only on the surfaces machined with 

EDM, the influence on the bulk properties is likely not significative. 

The pickup of hydrogen during the EDM step could affect the mechanical properties by 

diffusion in the bulk [151]. The use of chemical etchants to remove the particles can also 

increase the hydrogen content in the specimen. The author believes that the effect of EDM 

on the specimen contamination depends on the system and parameters used. Polycrystalline 

niobium specimens cut with deionized water jet cooled EDM produces specimens with a 

blue-oxidized surface, while specimens cut in deionize water-immersed systems, like at 

MSU, do not change the specimen’s color from heating and oxidation. A systematic study 

on the effect of the two different EDM systems on the increase in interstitial hydrogen atom 

content should be conducted to better understand the ideal system to avoid degrading the 

mechanical and superconducting properties of niobium specimens. 

 

Figure 5.12: Fracture surface of specimen 4-99 SHTB showing a foreign particle in the chisel-edge. 

5.2. Microstructural Analyses – Crystal Orientation and Rotations 

EBSD measurements were performed on polished cross-sections of low and high strain rate 

tensile specimens to measure the change in crystal tensile orientation between the 

undeformed grip section and the fracture surface, schematically shown in Figure 5.13. 

Similarly, for compression specimens, EBSD measurements of a large section of the 

specimen, approximately from the bottom to the top surface of the cross-section, were 

performed. All specimens were polished following the methodology described in section 

3.1.1.4.  
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Figure 5.13: Location of different EBSD scans in the cross-section of broken tensile specimens to measure 

the crystal rotation from the grip to the fracture surface. 

5.2.1. Microstructure of Tensile Specimens 

Based on slip theories [113], all tensile BCC single crystal specimens should rotate toward 

the terminal stable [101] orientation. While no macroscopic rotation is observed in the 

fracture surfaces of specimens 2-158 and 7-152 deformed at high strain rate in Figure 5.4, 

microscopic orientation rotations toward [101] were measured with EBSD. 

While stress anisotropy is reduced at dynamic rates the crystal rotation appears to be a 

macroscopic kinematic strain-driven process. The specimen dimensions, which affect the 

post necking behavior and consequently the strain-to-failure, could be the main factor 

influencing the extent of the rotation occurring in single crystals with the same orientation. 

The direction of the rotation should be the same for crystals with similar initial orientations 

as it is dictated by the active slip systems. EBSD measurements confirmed similar rotations 

for the quasi-static and dynamic specimens with the same initial tensile orientation, see 

Figure 5.14b and Figure 5.15b. 

Figure 5.14a shows the crystallographic orientation, in the tensile direction, and local 

average misorientation (LAM) maps for five different sections of specimen 8-176, with an 

initial orientation near the center of the IPF (white areas on the orientation maps are regions 

with poor pattern indexation and artifacts of polishing). The rotation occurs around the 

previous defined rotation normal vector 𝑟, equal to the cross product of the slip plane normal 

and slip direction of the active slip system, which is approximately the out-of-plane direction 

in Figure 5.14a. This was observed for all specimens with no shear bands. A rotation toward 

the terminal stable [101] direction was measured for this orientation and three others shown 

in Figure 5.14b. An increase in GND density between the fixture and the fracture surface is 

evident in the local average misorientation map. Interestingly, the orientation in the grip 

differs from the original orientation for few specimens and is likely caused by alignment 

Gage section FractureGrip section

Crystal rotation from grip to fracture

Confirmation of initial orientation

z x

y
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errors during specimen cutting and measurements, and also because measurements were 

taken in a region of the grip where biaxial strain probably took place, as schematically shown 

in light red on a half-tensile specimen in Figure 5.14b and Figure 5.15b. 

 

Figure 5.14: (a) EBSD orientation map in the tensile direction and misorientation of specimen 8-176 with an 

initial crystallographic orientation near the center of the IPF deformed in tension at 1.28x10-2 s-1. (b) 

Orientations in the grip (square), near the fracture surface (triangle) and theoretical (crosses) for six 

specimens deformed at low strain rates. A half-specimen schematically shows the location of the grip 

measurement and possibly deformed region within the grip in light red [176]. 

Figure 5.15a shows EBSD scans for a specimen with the same tensile orientation as in Figure 

5.14a, but deformed at high strain rate. In contrast to the quasi-static specimen that has a 

gradually increasing GND density from the fixture to the fracture, the dynamic specimen has 

a high GND density at the fracture surface and a low misorientation elsewhere. This is 

probably caused by the formation of a neck at a lower strain and a more intense straining in 

the neck region in the dynamic test. The deformation, and consequently the highest GND 

density, is then concentrated in the vicinity of the fracture surface. Similar observations in 

local misorientation distribution between low and high strain rate specimens were made for 

specimens 2-158 (Figure 5.16) and 7-152. 

The insets in Figure 5.15a show higher resolution maps (step size of 0.5 μm compared to  

2 μm). Note that the bands of higher misorientation angle (~1–2°) converging at the fracture 

surface edge in the low-resolution scan are an artefact of the large step size and represent the 

overall specimen rotation. Figure 5.15b compares the crystal rotation from the grip to the 

fracture surface for three specimens deformed at high strain rate, which are similar to the 

rotations observed for the same orientations at low strain rate in Figure 5.14b, except for 

specimen 2-158 where the low strain rate rotation is toward the [111] direction. 
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Figure 5.15: (a) EBSD orientation map in the tensile direction and misorientation of specimen 8-176 with an 

initial crystallographic orientation near the center of the tensile axis IPF deformed in tension at 103 s-1. (b) 

Orientations in the grip (square), near the fracture surface (triangle) and theoretical (crosses) for three 

specimens deformed at high strain rates. A half-specimen schematically shows the location of the grip 

measurement and possibly deformed region within the grip in light red [176]. 

 

Figure 5.16: EBSD orientation map in the tensile direction and misorientation of specimen 2-158 with an 

initial crystallographic orientation near the center of the IPF deformed in tension at (a) 1.28x10-2 s-1 and  

(b) ~1 000 s-1. 

Specimen number 5-34, which has a tensile axis where there are equally low Schmid factors 

for the {110} and {112} slip systems, showed the highest hardening and lowest elongation 

for the tensile tests at 1.28x10-2 s-1. The specimen also showed shear bands on its top and 

bottom surfaces after deformation, as illustrated in the image of the sample in the top of 

Figure 5.17. An EBSD analysis confirmed that the bands at the surface were shear bands 

with very different crystal orientations as shown by the contrasting colors in Figure 5.17. 

The heterogeneous slip behavior of the bands and the matrix resulted in a composite-like 

structure, which could account for the stress-strain curve with high hardening, associated 

with different slip directions in adjacent regions, and low ductility that results from 
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instabilities caused by formation of grain boundaries during deformation, and hence, 

adjacent orientations that are relatively harder or softer. 

 

Figure 5.17: (Inset) optical image of specimen 5-34 showing large shear bands on the top surface of the 

specimen. EBSD orientation maps in the tensile direction with the corresponding orientation of 10 000 points 

of each map on tensile axis inverse pole figures, showing the crystal rotation from the fixture to the fracture 

surface, and LAM maps of the specimen deformed in tension at 1.28x10-2 s-1 [176]. 

Shear bands were also observed in specimen 4-99 (Figure 5.18), with an initial orientation 

close to specimen 5-34. The two slip systems with the highest Schmid factors in specimen 

4-99 have similar resolved shear stresses on different slip planes sharing the same slip 

direction. This orientation also showed a low ductility and a high hardening rate. Softening 

shortly after yield was observed in the stress–strain curves of both specimens 4-99 and  

5-34 and is likely caused by the formation of the shear bands [227], [228]. Baars et al. [148] 

also observed regions with distinct orientation splitting in specimens with the highest 

hardening and where slip is expected to occur in different <111> directions. Because some 

crystal orientations will deform in a manner that leads to orientation splitting, this can 

account for a wide range of ductility, such as observed in polycrystals with texture banding 

[229]. Clearly, it is important to be able to predict which crystal orientations are most likely 

to generate orientation splitting when considering formability of large grain material. 

However, this prediction is difficult to make since the initial orientation of specimens 4-99 

and 5-34 are similar, with low Schmid factors, but the slip direction in the two slip systems 
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with the highest Schmid factors were the same for 4-99, and different for 5-34 (which 

showed orientation splitting). 

 

Figure 5.18: EBSD orientation map in the tensile direction of specimen 4-99 with an initial crystallographic 

orientation near the top of the IPF deformed in tension at 1.28x10-2 s-1. 

5.2.1.1. Slip Trace Analysis on Top and Side Surfaces of Specimen 5-34 

Experimental slip trace analyses on deformed niobium single crystals were performed in two 

different studies. Duesbery and Foxall observed slip traces on both {110} and {112} planes 

[108], [109] and Maddin and Chen [110] observed slip traces only on {110} planes, both for 

temperatures above 175 K. The orientation dependence of operative slip system in tension 

and compression at 295 K showed differences compared with Schmid law-based theory 

[109], as previously shown in Figure 2.18 for tensile and compression tests. 

Slip trace analysis of the top and side surfaces of specimen 5-34 deformed at a nominal strain 

rate of 1.28x10-2 s-1 was performed after fracture using an SEM. Detailed analyses, such as 

the identification of the activated slip planes was not performed for two main reasons. 

Firstly, the specimen was deformed up to failure, equivalent to a large engineering strain of 

~0.55, which resulted in significant crystal rotation and the activation of multiple slip planes. 

The local orientation of the crystal should have been measured with EBSD post-mortem in 

the region of interest for any attempt at identifying the planes of the slip traces. Secondly, 

the possible annihilation of screw dislocations at the free surface of the specimen can lead 

to misinterpretation of slip trace analysis and TEM should be used for this purpose to 

characterize the bulk dislocation structure, which dictates the bulk plasticity of the specimen, 

instead of surface properties [114]. 

Before testing, the specimen was chemically polished which provided enough contrast to see 

slip steps (traces) at the surface of the specimen after deformation. Figure 5.19 shows the 

top and sides surfaces of the region studied. On the top surface (Figure 5.19b), wavy slip 

lines, which are common at room temperature in BCC metals [114], are observed and 

intersecting at an average angle of 23° (see the black and white lines). The wavy slip lines 

could be generated by the motion of the screw segment of long dislocation loops [230]. The 

wavy/intersecting slip traces are aligned along much longer and parallel features (green lines 
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in Figure 5.19b) that are at an average angle of 49° (counterclockwise angle with respect to 

a straight horizontal line parallel to the edge separating the top and side surfaces and the 

tensile axis). 

 

Figure 5.19: (a) Secondary electron images of the top and side surfaces of specimen 5-34 deformed at a 

nominal strain rate of 1.28x10-2 s-1. Higher magnification images of the (b) top and (c) side surfaces with 

counterclockwise angular measurement, in degrees, of slip traces with respect to a horizontal line 

approximately parallel to the tensile axis of the specimen. (Inset) Schematic of the region of the tensile 

specimen captured with the SEM. 

Note that slip in BCC metals is complex, as reviewed by Weinberger et al. [114], and slip 

could appear to take place on non-crystallographic slip planes [231], such as the maximum 

resolved shear stress (MRSS) plane, or a plane with low resolved shear stress, resulting in 

anomalous slip. However, anomalous slip observed in tungsten micropillars by Marichal et 

al. [232] was the consequence of a multidislocation process, cross kinks, which could result 

in the observation of multiple slip lines on the surface of the specimen since it was heavily 

deformed. Also, as previously discussed, the interaction of dislocations on the intersecting 

planes likely explains the EBSD results presented in Figure 5.17 and the highest hardening 

in Figure 4.2b. 

Finally, nearly perpendicular larger scale features, described as hills and valleys and parallel 

to the red lines in Figure 5.19b, are visible. Those larger features are also visible with an 

optical microscope (inset of Figure 5.17) and likely correspond to the bands of different 

orientations previously presented in the IPF orientation maps of the specimen in Figure 5.17. 
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The side surface (Figure 5.19c) also shows intersecting slip traces suggesting that long 

dislocation loops on the {110} and {112} slip planes observed on the top surface extend to 

the side of the specimen. However, this surface also shows a ~14 μm wide band filled with 

short and parallel dislocation bands at an angle of 73°. The difference in slip traces between 

the perpendicular faces was previously observed in niobium single crystals [108] and caused 

by the observation of short edge segments and long screw segments of a dislocation loop on 

the different surfaces [230]. 

5.2.2. Microstructure of Compression Specimens 

EBSD measurements were performed on cross-sections of specimens from grain 4, 7, and 9 

deformed at quasi-static (4.4x10-3 s-1) and dynamic strain rates (~4 000 s-1). Figure 5.20 

shows the IPF orientation and the local average misorientation maps measured for the 

different crystal orientations and strain rates. Dash lines indicate the approximate dimensions 

of the regions of the specimens that were not analyzed with EBSD. 

 

Figure 5.20: Orientation and LAM maps of specimens deformed at quasi-static (4.4x10-3 s-1 for a, c, and e) 

and dynamic (4 000 s-1 for b, d, and f) strain rates in compression for grains 4 (a and b), 7 (c and d), and  

9 (e and f) showing different bands for the different orientations. All IPF orientation maps share the same  

scale bar. Dash lines show the approximate dimensions of the entire specimen’s cross-section. 

Specimens from grain 4 (Figure 5.20a and b), the orientation with the lowest flow stress and 

longest stage I hardening at all strain rates in Figure 4.15, show a diagonal band with 

different orientations across the whole specimens. The band connects the top left and bottom 
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right corners which correspond to the initial top and bottom surfaces of the specimens that 

glided on the anvils of the Instron machine or the faces of the split Hopkinson bars, as 

schematically shown in Figure 5.21. This relative motion between the faces of the specimen 

and the testing equipment was only observed for grain 4. Barreling, often not symmetrical 

about the center of the specimen due to dislocation glide on only few slip planes, was 

observed on specimens cut in the other grains. Since the same testing procedure, e.g. use of 

lubricant and strain rate, was used for all tests, the difference in specimen morphology is 

related to the activation of different slip systems. At low strain rate (Figure 5.20a) a band 

with a high misorientation angle was measured at the same location as the band with different 

orientations. Inversely, at high strain rate (Figure 5.20b), the region with a higher 

misorientation angle intersects the band with different orientations. 

 

Figure 5.21: Schematic of the cylindrical compression specimen morphologies (left) before and (right) after 

testing. 

In addition to barreling, specimens from grain 7 (Figure 5.20c and d) show a zone with little 

or no deformation, often called a dead metal zone [99], at the top of the specimens. The dead 

metal zone is observed due to important friction forces between the specimen and the testing 

equipment and intense shearing often in an “x” shape connecting the corners of the 

specimens, as shown in Figure 5.20d. The asymmetrical misorientation angle distribution in 

the specimen deformed at high strain rate could be caused by wave reflections [233]. Finally, 

IPF orientation maps for specimens from grain 9 (Figure 5.20e and f) show regions with 

different orientations close, but no clear trends. These specimens also have the lowest final 

strain, shown by the largest final thicknesses. For the low strain rate tests, the end-of-test- 

criterion was a maximum load of ~3.5 kN and, for the split Hopkinson tests, the same inlet 

pressure was used for all tests, equivalent to a constant striker velocity for all orientations. 

The higher final strain is then a consequence of the high resistance to deformation of 

specimens with a near-[001] crystal direction aligned with the compression axis, shown in 

Figure 4.15 with the highest flow stress at all strain rates (except at 4.4x10-4 s-1 since the 

tests for grain 5 were stopped at a higher load of ~4.0 kN). 

Grain 4

load

load

                           

z

x
y
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Figure 5.22 shows the change in crystal orientation in a compression axis IPF along four 

lines (a, b, c, and d) intersecting bands with different orientations for a specimen from grain 

7 deformed at ~4 000 s-1. The change in crystal orientation is plotted on inverse pole figures 

with unit cells for lines (a) and (b). The orientations of lines (c) and (d) are similar than (a) 

and (b), respectively, and therefore not plotted. Figure 5.23 shows that the crystal orientation 

is nearly symmetric about the center of the compression specimen. Recall that single crystal 

specimens with an initial orientation in zone A or B of the IPF in Figure 4.16 deformed in 

compression rotate toward the terminal stable [001] and [111] orientations, respectively. The 

boundary between these zones is equal to the region of equal Schmid factors for the {110} 

and {112} slip planes closest to the [001] orientation and drawn with dash lines in the IPFs 

of Figure 5.22.  

 

Figure 5.22: IPF orientation maps with line scans of four regions (a, b, c, d) of a specimen from grain 7 

deformed at a strain rate of approximately 4 000 s-1. Inverse pole figures (a) and (b) show the crystal rotation 

across the corresponding lines in the orientation maps. Unit cells are drawn for different orientations to help 

understanding how the crystal rotates. All IPFs are along the loading axes. 

The initial crystal orientation is close to the boundary which lead to a rotation of the crystal 

toward the [001] direction between points 1 and 2. However, the shear band (region of high 

misorientation angle) around point 2 lead to a sudden change in orientation toward the center 

of the IPF (point 3). Note that the crystal rotation likely overshoots the [001]–[101] boundary 

of the IPF at point 2. This is not visible in the standard triangle of the IPF due to symmetries 

in the cubic structure. The crystal rotation from 3 to 4 due to slip on the primary slip system 

is in agreement with the literature and Figure 4.16. The activation of the conjugate plane at 
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the [101]–[111] boundary leads to a crystal rotation along this boundary of the IPF and 

toward the terminal stable [111] orientation. 

 

Figure 5.23: Horizontal line scans of three regions of specimen 7 deformed at ~4 000 s-1 intersecting the 

diagonal shear bands superposed on an IPF orientation map in the compression direction and a LAM map 

with corresponding plots of misorientation angle, with respect to the reference orientation (left extremity of 

the line scans). 

Smaller changes in crystal orientation are measured along line (b). The green (orientation 

close to [101]) band at point 6 separates two regions of similar orientations (points 5 and 7) 

that are close to the [111] direction. The band at point 6 is also similar to the bands of intense 

shearing at the boundaries of the dead metal zone in the literature [99], spans over ~150 μm 

and have a misorientation of about 15 to 20° with respect to points 5 and 7. Finally, the 

“rebound” at point 5 could again be caused by an overshoot of the [001]–[101] boundary of 

the IPF. 

5.3. Dislocation Substructures with STEM and TEM 

Table 5.1 lists the niobium single crystal specimens analyzed with a transmission electron 

microscope at the German Federal Institute for Materials Research and Testing (BAM). An 

undeformed specimen from grain 4 was first analyzed to characterize the dislocation 

substructures of the as-received large grain niobium disk. The results obtained for this crystal 

orientation were then extrapolated to all other large grains and used as a comparison with 

deformed single crystal specimens to understand the change in dislocation substructure due 

to different testing conditions, i.e. different crystal orientations in the tensile direction and 

strain rates. The deformed specimens (5-34 and 2-158) were selected due to the different 

EBSD results (IPF orientation and LAM maps) measured and presented in the previous 
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section. Finally, the specimen deformed at a high strain rate has the same orientation than 

the quasi-static specimen 2-158 to evaluate the influence of strain rate on the dislocation 

substructure. All lamellae were prepared following the methodology described in section 

3.1.1.6. and the majority of the bright field (BF) and dark field (DF) images presented in the 

following subsections were acquired in scanning transmission electron (STEM) mode due 

to sharper contrasts between dislocations and the matrix. Therefore, convergent-beam 

electron diffraction (CBED) patterns are more often shown than traditional selected-area 

diffraction (SAD) patterns of the reciprocal space obtained in traditional TEM mode with a 

parallel electron beam, instead of a converging beam in STEM mode. An advantage of 

CBED patterns is that Kikuchi lines are visible and can be associated with families of slip 

planes [234]. The abovementioned acronyms will be used throughout the following 

subsections. 

Table 5.1: Characteristics of the niobium single crystal specimens analyzed with a TEM. 

Specimen Strain rate (s-1) IPF map LAM map 

4-99 N/A Undeformed Undeformed 

5-34 1.28x10-2 
Bands of different 

orientations 

Shear bands with a high 

misorientation angle 

2-158 1.28x10-3 Rotated crystal 

Gradient of increasing 

misorientation angle from grip to 

fracture regions 

2-158 ~1 000 Rotated crystal 
High misorientation angle only 

close to the fracture surface 

 

5.3.1. Reference Specimens from Grain 4 

The first specimen analyzed was a reference undeformed quasi-static tensile specimen from 

grain 4 (4-99, close to the center of the large grain disk). This specimen was used to optimize 

the sample preparation technique for cross-section analyses using mechanical polishing and 

two electro-polishing (EP) steps. Analyses were conducted in the thin, electron transparent, 

regions of the specimens around the nearly oval hole with approximate principal dimensions 

of 99.8 μm and 185.2 μm formed during the last EP step and shown in the bottom right of 

Figure 5.24. Three areas of region A in Figure 5.24, namely areas A1, A2, and A3, where 

analyzed. 

Figure 5.24 also shows the BF and DF STEM images obtained at a 20kx magnification for 

the three areas along zone axis 𝑧5 (parallel to the <111> direction) and the CBED pattern 

acquired in area A2. The area closest to the hole (A1) shows a high dislocation density close 

to the hole and an abrupt reduction in dislocation density. Since this area is the thinnest, the 
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dislocation density is likely an artefact of the sample preparation. The high pressure of the 

EP jets could reasonably have deformed this thin area. Therefore, measurements that are too 

close to the hole are not considered representative of the bulk dislocation structure of a 

specimen. Likewise, the dislocations aligned with the {110} plane in area A2 and in the 

bottom left corner of area A3 are considered artefacts of the sample preparation, due the low 

thickness, shown in the DF images.The dislocation substructure of area A3, with a low 

dislocation density and short dislocation segments, is representative of an undeformed high-

purity niobium single crystal specimen extracted from the large grain disk. 

 

Figure 5.24: (left) BF and (right) DF STEM images of areas A1, A2, and A3 of the reference undeformed 

specimen from grain 4 along the zone axis 𝑧5. CBED pattern of the 𝑧5 axis, acquired in area A2, with the 

trace of a {110} plane. (Bottom right) BF STEM image of the hole formed during EP and the region (A) 

where high resolution images and diffraction patterns were obtained in the undeformed reference specimen 

from grain 4. 

5.3.2. Specimen 5-34 QS – Low Strain Rate Test with Shear Bands 

The objective of the TEM characterization of specimen 5-34 deformed at a nominal quasi-

static strain rate of 1.28x10-2 s-1, was to identify the dislocation substructure in the bands 

with different orientations and, more importantly, in the shear bands separating those regions 
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(see Figure 5.17 for EBSD results). A higher dislocation density is expected in the latter, 

based on the LAM maps presented in Figure 5.17. Before presenting the TEM results 

obtained at BAM, it is paramount to present STEM results obtained at CERN using a lamella 

prepared with a gallium focus ion beam (FIB) in a scanning electron microscope. This 

analysis was performed before the TEM study and the lack diffraction patterns acquisition 

and the lower resolution with the SEM in STEM mode justified the need for TEM. 

The main steps of the lamella preparation with a FIB are shown in Figure 5.25 and detailed 

as follow: (a) selection of the area of interest (e.g. a shear band/low angle grain boundary 

perpendicular to the width of the lamella); (b) deposition of approximately 3 μm of platinum 

over the area of interest to prevent contamination of the top surface and deep cuts around 

this region; (c) undercut of the lamella; (d) introduction of the micromanipulator needle and 

soldering between the lamella and the needle using platinum deposition; (e) cutting the side 

of the lamella for extraction from the bulk to move and affix the lamella on a copper TEM 

grid using platinum; (f) removal of the micromanipulator needle by cutting the platinum and 

additional thinning and cleaning of the lamella with low FIB acceleration voltage and current 

to reach the thickness below 100 nm. The FIB parameters used for all the different steps are 

given in Appendix A. 

 

Figure 5.25: Steps for the extraction of a niobium single crystal lamella with a focus ion beam and imaging 

in STEM mode in an SEM. 

Figure 5.26 shows the FIB lamella of specimen 5-34 analyzed at BAM with a TEM in STEM 

and conventional TEM (CTEM) modes. Large bend contours spanning across the entire 

specimen are visible and, in area G1, a line with a higher dislocation density appears to show 

a low angle grain boundary. While contrasts between dislocation rich and poor areas are 
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shown, individual dislocations are not visible, especially with CTEM. Gallium ion 

implantation is likely a source of distortion in the lattice and motivated the use of EP. 

However, it was possible with FIB to identify features on the surface of the specimen to 

prepare a lamella with a shear band. For example, in Figure 5.25a, a thin line is visible at the 

surface of the specimen and in valleys that are shown in the optical microscope image in 

Figure 5.17 and aligned with the shear band in the IPF orientation map of that same figure. 

Therefore, multiple disks punched out of the tensile specimen were electropolished in hope 

that a shear band intersects the electron-transparent region surrounding the hole. 

 

Figure 5.26: STEM and CTEM BF and DF images of the lamella prepared with FIB at CERN and analyzed 

at BAM. SAD pattern of the 𝑧4 zone axis was acquired in area G1. 

Figure 5.27 shows the hole formed during EP of a disk of specimen 5-34 and the five 

different regions that were analyzed with the TEM. As discussed for the reference specimen, 

sample preparation artefacts are more present in the thinnest regions of the specimen, that 

are closer to the hole. Regions A and E in Figure 5.27 showed such artefacts and are therefore 

not discussed. 
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Figure 5.27: BF STEM image of the hole formed during EP and the five regions (A, B, C, D, E) where high 

resolution images and diffraction patterns were obtained in specimen 5-34 deformed at a nominal strain rate 

of 1.28x10-2 s-1. 

Figure 5.28 shows the BF and DF STEM images obtained in area B1 at magnifications of 

20kx, 50kx, and 200kx with the corresponding CBED pattern. The four-fold symmetry of 

the CBED pattern indicates that the 𝑔 vector is close to the [100] zone axis. The STEM 

images show a high density of entangled dislocations that are aligned in a preferred diagonal 

direction that appears to follow the trace of the {110} plane. Individual dislocations, instead 

of cell walls that are often found in heavily deformed materials, are observed. From those 

observations, region B is likely from the inside of a band with a normal direction close to 

[001] or [111], based on the orientation of bands measured with EBSD and the 90° rotation 

from the tensile axis IPF in Figure 5.17 and the direction normal to the cross-section of the 

specimen in this case. Figure 5.40 shows the corresponding IPF orientation map for 

specimen 5-34 deformed at low strain rate in the vicinity of the fracture surface. 

Figure 5.29 shows DF and BF STEM images with different 𝑔 vectors in region C of the same 

specimen. At all magnifications, regions with a sharp contrast separating topological features 

(different thicknesses) are visible. The nearly square white (black) features in the BF (DF) 

images are etch pits. Recall that the lighter (darker) shade of grey in the BF (DF) image 

indicates a lower thickness. Similar etch pits were also observed in specimen 2-158 

deformed at a low strain rate, but not in bands. Individual dislocations are visible between 

the etch pits and follow the edges of the square pits, which is likely caused by a relaxation 

of the dislocations following the localized removal of material. 

From the sudden change in dislocation substructure and surface morphology, area C1 of the 

specimen is presenting the effect of a shear band on the dislocation substructure. The higher 

dislocation density in a shear band likely explains the preferential etching, meaning that the 

bands containing the etch pits had a higher dislocation density than the region between the 

bands, where individual dislocations are visible. Also, a change in crystal orientation was 

measured across the dashed line drawn in Figure 5.29.  
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Figure 5.28: (left) BF and (right) DF STEM images of area B1 at 20kx, 50kx, and 200kx magnifications of 

specimen 5-34 along a 𝑔 vector close to the [100] direction. CBED pattern of the 𝑔 axis with the trace of a 

{110} plane. 

 

Figure 5.29: (left) BF and (right) DF STEM images of area C1 at 20kx, 50kx, 100kx, and 200kx 

magnifications of specimen 5-34 along different 𝑔 vectors. The dashed line marks a region where a change  

in crystal orientation was measured. 
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Finally, region D of specimen 5-34 was analyzed and BF and DF STEM images are 

presented in Figure 5.30. This region of the specimen showed features that were not visible 

elsewhere. Bands with different thicknesses (contrasts) and widths of about 0.55 to  

1.12 μm are intersecting at ~47°. Compared with the square etch pits Figure 5.29, preferential 

etching of bands did not leave marks on the surface of the specimen. The interior of the 

bands was difficult to image due to a high dislocation density. In sub-area D2-3 of Figure 

5.30, different imaging conditions were used to reveal dislocations in the different quadrants 

of the intersecting bands. This indicates a strong change in crystal orientation in that sub-

area. 

 

Figure 5.30: (left) BF and (right) DF STEM images of area D2 at 20kx, 50kx, and 100kx magnifications of 

specimen 5-34 along different 𝑔 vectors. White arrows show the locations of small holes. 

Since the substructure in this region is very different than regions B and C, the dislocation 

density is too high in the bands for adequate imaging, and no significant change in crystal 

orientation was measured between the bands, it is difficult to conclude what this corresponds. 

The high dislocation density and heterogeneous substructure suggests that this region is not 

inside a band of normal [001] or [111] direction, as suspected for region B (Figure 5.28). 

Also, the repeating pattern and similar crystal orientation between the bands of varying 

contrast does not suggest that region D is representative of a shear band, as suspected for 

region C (Figure 5.29). Finally, despite the three holes (identified with white arrows in 

Figure 5.30), this substructure is different than previously observed artefacts of sample 

preparation. Therefore, more regions of specimen 5-34 should be prepared for TEM 

characterization to see if this substructure is common. 
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5.3.3. Specimen 2-158 QS vs D – Low vs High Strain Rate Test 

The effect of strain rate, from a quasi-static rate of 1.28x10-3 s-1 to a dynamic rate of  

~1 000 s-1, was studied by comparing the dislocation substructures in tensile specimens 

deformed up to rupture for specimen 2-158, with a tensile orientation in the center of the 

IPF. EBSD characterization were performed on quasi-static and dynamic specimens with the 

same crystal orientation and the IPF and LAM maps were presented in Figure 5.16. 

 

Figure 5.31: BF STEM images of the hole formed during EP of three punched disks, E7, E9, and F2, from 

specimen 2-158 deformed at a nominal strain rate of 1.28x10-3 s-1. Disk F2 is closer to the fracture surface of 

the quasi-static tensile specimen. 

Figure 5.32 shows BF and DF STEM images of areas B2 and C2 in disk E7 of specimen  

2-158 deformed at a nominal strain rate of 1.28x10-3 s-1. A lower dislocation density was 

observed in areas A (not shown in Figure 5.32) and B2 than in area C2. The short and 

dispersed dislocations are similar than in the reference (undeformed) specimen from grain 4 

presented in Figure 5.24. Compared with the dislocation substructures observed in disks E9 

(Figure 5.33) and F2 (Figure 5.34), the dislocation density is much lower in E7 and no cell 

walls are observed. This is likely due to a lower deformation the disk extracted the further 

away from the fracture surface. 

Figure 5.33 shows BF and DF STEM images of area A1 in disk E9 of specimen 2-158 

deformed at a nominal strain rate of 1.28x10-3 s-1. A high dislocation density with no 

preferred orientation is observed. Screw dislocations normal to the surface of the specimen 

are visible in sub-area A1-1 at 50kx magnification and identified based on the black and 

white contrast, as shown in the schematic in Figure 5.33 [234]. The dislocation density in 

the bottom-right corner of sub-area A1-2 is so high that individual dislocations are 

impossible to distinguish. As seen in the DF image, this is due to an important increase in 

specimen thickness across the region scanned. The rapid increase in thickness is detrimental 

to observe the dislocation substructure of heavily deformed specimens. The circular hole 

formed during EP in disk E9 is related to this thickness distribution. 
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Figure 5.32: (left) BF and (right) DF STEM images of areas B2 and C2 in disk E7 at 20kx and 50kx 

magnifications along zone axis 𝑧1 for specimen 2-158 deformed at 1.28x10-3 s-1. 

 

Figure 5.33: (left) BF and (right) DF STEM images of area A1 in disk E9 at 20kx and 50kx magnifications 

along 𝑔 vector for specimen 2-158 deformed at 1.28x10-3 s-1. Arrows in A1-1 point at screw dislocations 

normal to the surface of the specimen, based on the schematic on the right, redrawn from Williams and 

Carter [234]. 
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A third disk, namely F2, from specimen 2-158 deformed at a quasi-static strain rate was 

electropolished and analyzed to compensate for the too high thickness in E9. Figure 5.34 

shows BF and DF STEM images of area A2 of disk F2. Thick (~200 nm in width) cell walls 

with a high dislocation density were observed in this area and in region B. This dislocation 

substructure is different from disks E7 and E9, which were extracted from the same tensile 

specimen. As previously stated, this is probably caused by a higher deformation of the lattice 

in disk F2 that was punched closer to the fracture surface. This correlates with the higher 

misorientation angles measured close to the fracture surface with EBSD for single crystals 

with the same orientation but deformed at a nominal strain rate of 1.28x10-2 s-1 (Figure 5.16). 

 

Figure 5.34: (left) BF and (right) DF STEM images of area A2 in disk F2 at 20kx, 50kx, and 100kx 

magnifications along zone axis 𝑧1 for specimen 2-158 deformed at 1.28x10-3 s-1. CBED pattern of the 𝑧1  

zone axis. 

Figure 5.35 shows the hole formed with EP in the tensile specimen deformed at a strain rate 

of ~1 000 s-1. Two regions, namely A and B, were characterized at high magnifications of 

up to 200kx. Region A is thicker and, therefore, has a dislocation substructure that is likely 

more representative of the bulk of the specimen. 
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Figure 5.35: BF STEM image of the hole formed during EP and the two regions (A, B) where high 

resolution images and diffraction patterns were obtained in specimen 2-158 deformed at a strain rate  

of ~1 000 s-1. 

Figure 5.35 and Figure 5.36 show BF and DF STEM images of two areas (A1 and A2) in 

region A. The dislocation density is higher in A1, but, more importantly, both areas show 

short dislocation segments, no cell walls, and no preferred dislocation alignment directions. 

This differs from the low strain rate specimens with the same orientation (2-158) and with 

shear bands (5-34). Recall that a reduction of strength anisotropy at a strain rate of  

~1 000 s-1 was measured (Figure 4.2) and explained by the activation of multiple slip systems 

at high strain rate to accommodate the imposed deformation. The short and homogeneously 

distributed dislocations in a specimen deformed at high strain rate support this hypothesis. 

The intersection of dislocations on different and intersecting slip planes leads to the 

formation dislocation dipoles (small loops), as shown in the high magnification images in 

Figure 5.36, and the activation of multiple slip systems explains the absence of preferred 

orientations. 

 

Figure 5.36: (left) BF and (right) DF STEM images of area A1 at 20kx and 50kx magnifications along zone 

axis 𝑧1 for specimen 2-158 deformed at ~1 000 s-1. CBED pattern of the 𝑧1 zone axis. 
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Dislocations in the thinner B region of the high strain rate specimen, presented in Figure 

5.38, also show a high density of dislocation dipoles. Slightly longer dislocation segments 

are visible and appear to be aligned in a preferred orientation. However, since this region is 

close to the hole, as shown with the darker region of the DF image at 20kx, artefacts from 

the sample preparation could affect the dislocation substructure. Therefore, the dislocation 

substructure obtained in the thicker A region is considered to be more representative of 

tensile specimens deformed at a high strain rate with an initial crystal orientation close to 

the center of the IPF. 

Edington [155] observed similar differences in dislocation substructures in niobium single 

crystal specimens (with a lower purity) with an initial orientation close to the center of an 

IPF deformed in compression at strain rates of 1.2x10-4 s-1 and 1.5x103 s-1. Dislocations cells 

formed in specimens deformed at a low strain rate and a higher density of homogenously 

distributed dislocation dipoles was observed in the high strain rate specimens. 

 

Figure 5.37: (left) BF and (right) DF STEM images of area A2 at 50kx and 200kx magnifications along zone 

axis 𝑧1 for specimen 2-158 deformed at ~1 000 s-1. CBED pattern of the 𝑧1 zone axis. 
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5.3.4. Effect of the Different Dislocation Substructures on the Superconducting 

Properties 

Since niobium SRF cavities are functional parts that operate in a superconducting state, it is 

essential to understand the effect of different defects on superconducting properties. Antoine 

[34] reviewed the influence of crystalline defects of different dimensions, i.e. from vacancies 

(0D) to inclusions (3D). The effect of dislocations was discussed for cell walls and low-

angled grain boundary (LAGB) as flux penetration was observed by Sung et al. [183] using 

magneto-optical imaging on deformed tensile niobium single crystal specimens. Since a high 

dislocation density was measured in specimens deformed at low strain rates in the cell walls, 

close to the fracture surface of specimen 2-158, or in the shear bands, in the etch pits in 

specimen 5-34, similar flux penetration as observed by Sung et al. is expected. The 

homogeneously distributed short dislocation segments and loops in the specimen deformed 

at high strain rate have a lower dislocation density and are still considered as linear defects, 

compared with the previously cell walls and LAGB. This suggests that the dislocation 

substructure found at high strain rate has weaker pinning centers, which could reduce flux 

trapping and increase the performances of the SRF cavities. This hypothesis must however 

be experimentally confirmed with measurements, which were outside of the scope of this 

thesis.  

 

Figure 5.38: (left) BF and (right) DF STEM images of area B3 at 20kx, 50kx and 200kx magnifications 

along zone axis 𝑧1 for specimen 2-158 deformed at ~1 000 s-1. CBED pattern of the 𝑧1 zone axis. 
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5.4. Nanoindentation of Deformed and Undeformed Single Crystals 

Nanoindentation tests have been performed on undeformed and deformed niobium single 

crystals to quantify the indentation elastic modulus and hardness for different crystal 

orientations and misorientation angles measured with EBSD. First, undeformed compression 

specimens with different crystal orientations were analyzed and the effect of the crystal 

orientation on the elastic modulus and the hardness are presented. Second, results on the 

effect of the crystal orientation for a single crystal specimen deformed at low strain rate and 

with shear bands observed with EBSD are presented. Third, the effect of the strain rate on 

the hardness and elastic modulus is studied for tensile and compression specimens deformed 

at quasi-static (10-2 to 10-3 s-1) and dynamic (103 s-1) strain rates. Fourth, the effect of crystal 

orientation from dynamic compression specimens with low and high hardening behavior is 

presented. 

 

Figure 5.39: Load–displacement curves of specimen 8-176 deformed at a nominal strain rate of 1.28x10-2 s-1 

(a) close to the region of the grip and (b) the fracture surface of the specimen. 

The load–displacement curves were repeatable for all orientations. Large pop-ins were 

observed in most specimens, as shown in Figure 5.39, but not in all regions of the specimens. 

For example, in tensile specimen 8-176 deformed at a low strain rate, more pop-ins were 

observed in the less deformed region of the specimen (Figure 5.39a), i.e. the region farther 

away from the fracture surface. This could be a consequence of a lower pre-existing 

dislocation content in this region. The first pop-ins observed at penetration depths of about 

10 nm are likely due to an oxide layer at the surface of the specimens. The tensile and 

compression specimens were polished for the EBSD study, which was performed 8 or 15 

months before the nanoindentation study, and the specimens were not stored in vacuum. It 

has been reported by Grundner and Halbritter [235], Ma and Rosenberg [236], and Veit et 

al. [237] that a stable Nb2O5 oxide layer of about 5 nm forms at the surface of niobium 

surfaces. A Nb2O5 layer was then likely responsible for the first pop-ins observed in multiple 

8 1    S close to grip 8 1    S close to fracture surface
(a) (b)
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specimens. Finally, no general trend was measured for the pop-in length or depth or load of 

the occurrences. 

5.4.1. Undeformed Specimens from Grains 4 and 7 

First, the effect of crystal orientation on the elastic modulus and the hardness was measured 

with nanoindentations performed on undeformed compression specimens from grains 4 and 

7. The specimens were vibratory polished at ENSTA Bretagne following a procedure similar 

to the one presented in section 3.1.1.5. and analyzed directly after polishing to minimize the 

growth of the stable Nb2O5 oxide layer. Grains 4 and 7 were chosen due to the large 

difference in hardening behavior measured in compression, as shown in Figure 4.15 (low 

flow stress and a long stage I for grain 4 and a high flow stress with parabolic hardening in 

the whole plastic domain for grain 7). While the stress state is more complex under the self-

similar Berkovich tip than it is in uniaxial compression tests, similar differences in hardness 

were measured. Median hardness values of 1.53 ± 0.12 GPa and 2.07 ± 0.13 GPa were 

measured for grains 4 and 7, respectively. Different elastic moduli were also expected due 

to the difference in crystal orientation, as shown in Figure 5.40c. Median elastic moduli of 

103.6 ± 8.39 GPa and 122.4 ± 9.97 GPa were measured for grains 4 and 7, respectively. 

Based on experimental values of the elastic modulus of niobium single crystals along 

different crystal orientations measured by Armstrong and Dickinson [222] and reproduced 

in Figure 5.40c, the elastic modulus for the [100] direction should be higher than the [111] 

direction and approximately equal to 148.29 and 81.04 GPa, respectively, at room 

temperature. The crystal orientations of grains 4 and 7 are not located at the corners of an 

inverse pole figure, but the closer proximity of grain 7 with the [100] direction likely explains 

the higher elastic modulus of that grain. 

 

Figure 5.40: (a) IPF orientation map in the direction normal to the cross-section of the specimen with the 

approximate region indented (black rectangle) and the five bands analyzed and (b) corresponding LAM map. 

(c) Elastic modulus of niobium single crystals along different crystal directions and at different temperatures 

from Armstrong and Dickinson [222] with approximate values at 25°C. 
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5.4.2. Specimen 5-34 QS – Low Strain Rate Test with Shear Bands 

Second, the tensile specimen 5-34 deformed at a nominal strain rate of 1.28x10-2 s-1 that 

showed bands of different crystal orientations with EBSD (Figure 5.17) was analyzed. 

Figure 5.40a shows the IPF orientation map of the specimen close to the fracture surface and 

normal to the cross-section of the specimen, i.e. along the indentation direction, the 

approximate region that was indented and the five bands with different crystal orientations. 

The crystal orientation of the different bands is close to [100] (bands 2 and 4) and [111] 

(bands 1, 3, and 5). Again, based on experimental values of the elastic modulus of niobium 

single crystals along different crystal orientations measured by Armstrong and Dickinson 

[222] (Figure 5.40c), the elastic modulus for the [100] bands should be higher than the [111] 

bands. 

Figure 5.41 shows the elastic modulus and hardness distribution as function of the vertical 

position in the indented area. The median elastic modulus in the five bands, with 

approximate locations highlighted in red and blue in the plot, clearly show higher values in 

regions with a near-[100] orientation. This result confirms that the sensitivity of nano 

indentation is sufficient to measure differences in crystal orientations. However, the average 

elastic moduli measured in each band are different in absolute and relative values than the 

literature [222]. The relative difference measured by Armstrong and Dickinson [222] is 

given by the following relation: 

𝐸[001] ≈ 1.83 𝐸[111] 

 

Figure 5.41: (a) Elastic modulus and (b) hardness as function of the vertical position in specimen 5-34 QS 

deformed at a nominal strain rate of 1.28x10-2 s-1, with respect to the bottom of the indented area. The black 

line represents the median value at each height, the grey area is the standard deviation, and the red and blue 

areas are the approximate locations of the five bands. 
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Elastic moduli between 110–150 GPa and 100–110 GPa were measured for the [100] and 

[111] bands, respectively. The high misorientation angle due to the proximity of the indent 

with the fracture surface and the crystal orientations that are not exactly aligned with [100] 

and [111] are probably responsible for the differences with the literature. Also, the elastic 

moduli measured by Armstrong and Dickinson [222] was obtained from the resonance 

frequency of the different single crystals and might differ from the indentation modulus that 

is affected by material behaviors, such as dislocation pile-up [238]. 

A high hardness was expected at the boundary of two bands due to a higher misorientation 

angle and a similar hardness inside the bands, due to similar levels of strain. An increase in 

hardness was measured between bands 1 and 2 and bands 3 and 4. However, the former 

increase spans over few tens of hundreds of micrometers, which is larger than the width of 

the boundary between bands 1 and 2. The sharp increase between bands 3 and 4 appears to 

be more in agreement with the expected result and was then analyzed with a higher 

resolution, i.e. smaller step size between the indents. 

Figure 5.42 shows the elastic modulus and hardness measured with the high-resolution scan 

done between bands 3 and 4. A sharp increase in hardness to ~2.5 GPa was measured 

between the bands and shown with an arrow in Figure 5.42b. This is explained by a local 

higher dislocation density due to the sudden change in crystal orientation between the two 

bands. 

 

Figure 5.42: (a) Elastic modulus and (b) hardness as function of the vertical position between bands 3 (blue) 

and 4 (red) in specimen 5-34 QS. The black arrow indicates the region with a sharp increase in hardness and, 

therefore, the location of the shear band. 

5.4.3. Specimen 8-176 QS vs D – Low vs High Strain Rate Test 

Tensile specimens 8-176 deformed at strain rates of 1.28x10-2 s-1 and ~1 000 s-1 that showed 

rotated crystals between the grip and fracture surfaces in the EBSD measurements were 

analyzed with nano indentation. The objective of these analyses was to measure differences 
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in elastic modulus and hardness between the specimens deformed at quasi-static (QS) and 

dynamic (D) strain rates. In the QS specimen, the LAM map (Figure 5.14) shows a gradual 

increase in misorientation angle between the grip and the fracture surface while the dynamic 

specimen shows a low misorientation angle in the majority of the specimen and a sharp 

increase close to the fracture surface (Figure 5.15). 

Figure 5.43 compares the elastic modulus and hardness of the specimens deformed at quasi-

static and dynamic strain rates. The normalized position on the 𝑥-axis corresponds to the 

relative distance between the grip (0) and the fracture surface (1). The hardness of the 

specimen deformed at a high strain rate is consistently lower than the specimen deformed at 

a quasi-static strain rate. This is explained by the lower misorientation angle in the gage 

length and is probably also linked to the different dislocation substructures observed with 

TEM. The high dislocation density and thick cell walls observed in the low strain rate 

specimen (Figure 5.33 and Figure 5.34) are likely impeding the motion of dislocations more 

importantly than the short and homogeneously distributed dislocations observed in the high 

strain rate specimen (Figure 5.36 to Figure 5.38), as suggested by Edington [155] for 

specimens deformed in compression at strain rates of 1.2x10-4 s-1 and 1.5x103 s-1. The TEM 

and nanoindentation specimens were not cut from the same grain in the large grain sheet, 

specimens 2-158 and 8-176, but have an initial tensile orientation close to the center of the 

IPF and EBSD measurements showed homogeneous and rotated crystals. The strain rate of 

the quasi-static TEM specimens is of the order of 10-3 s-1, compared with 10-2 s-1 for the 

nanoindentation specimens. However, similar dislocation substructures are expected in both 

specimens since both strain rates are in the quasi-static regime. 

 

Figure 5.43: Plots of (a) elastic modulus and (b) hardness as function of the normalized position from the 

grip (0) to the fracture surface (1) of tensile specimens 8-176 deformed at (red) low (1.28x10-2 s-1) and 

(black) high strain rates (~1 000 s-1). (Inset) tensile axis IPF orientation map and LAM map of the region 

where the ZR1 indents were performed, closer to the fracture surface (see Figure 5.15 for the location of  

the IPF and LAM maps in the specimen). 
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A higher hardness was measured at ZR1, with indent locations closer to the fracture surface 

as shown in Figure 5.43, but for a fewer number of indents. The LAM map of the high-

resolution EBSD scan (with a step size of 0.5 μm) does not show a high misorientation angle 

in the region analyzed. However, the misorientation angle is about 2° in the lower resolution 

image (with a step size of 2 μm) shown in Figure 5.15. This explains the higher hardness 

and the influence of the step size in EBSD measurements to observe features with different 

length scales. For this single crystal, the apparent reduction in misorientation angle at higher 

resolution is a consequence of the continuous crystal rotation with no heterogeneities. 

 

Figure 5.44: LAM maps of the cross-section of specimen 10-64 QS showing complex bands with a 

misorientation angle of 1–2° generated by the indents left by the fixture of the tensile machine. 

The linear increase in hardness between normalized positions of 0.2 and 1 for the quasi-static 

specimen is related to the increase in GND density in the gage length of the broken specimen. 

The lowest hardness of ~1.52 GPa is similar to the values measured in the dynamic 

specimens and is defined as the hardness of the cross-section of an undeformed 8-176 

specimen. The increase in hardness (up to ~1.94 GPa) between the shoulder of the tensile 

specimen, i.e. the beginning of the gage length (normalized position of 0.2), and the gripping 

end of the specimen (normalized position of 0) is caused by an interaction between the 

dislocations generated by the tip of the indenter and the complex dislocation networks left 

by the indents of the grip of the tensile machine. Figure 5.44 clearly shows that the GND 

density is high below the indents left by the grip of the tensile machine and a complex 

residual strain field with bands of 1–2° misorientation angles through the whole thickness of 

the specimen. The motion of the dislocations generated by the nano indenter is then likely 

impeded by the pre-existing dislocations and this explains the higher hardness measured in 

the grip region of specimen 8-176 QS. While the LAM map in Figure 5.44 is not for 

specimen 8-176 QS, but for specimen 10-64 QS, a similar result is expected for all tensile 

specimens deformed at low strain rate since the same equipment (thus the same fixtures) and 

methodology was used. Since the small specimens deformed at high strain rate were not 
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clamped in the split Hopkinson bars by a fixture applying a load on the top and bottom faces 

of the specimens, the grip region of those specimens is still likely undeformed, as confirmed 

with the low hardness measured in specimen 8-176 D. 

5.4.4. Specimen 7 QS vs D – Low vs High Strain Rate Test 

Compression specimens from grain 7 deformed at a quasi-static strain of 4.4x10-3 s-1 and at 

a high strain rate of ~4 000 s-1 were also analyzed with nano indentation measurements. The 

IPF orientation map along the indentation direction of the low strain rate specimen showed 

a similar crystal orientation for the majority of the cross-section of the specimen (Figure 

5.45a). The EBSD measurements on the high strain rate specimen showed very different 

crystal orientations with two large diagonal bands spanning between opposite corners of the 

specimens and intersecting above the middle of the height of the specimen (Figure 5.45b). 

The LAM map of the quasi-static specimen shows a band of higher misorientation angle of 

up to ~3.5° across the width of the specimens. A wider band with a higher misorientation 

angle of up to ~4.25° located below the highest bands with distinct crystal orientations is 

visible in the LAM map of the high strain rate specimen. 

 

Figure 5.45: (top) IPF orientation maps along the indentation direction and (bottom) LAM map of 

compression specimens from grain 7 deformed at strain rates of (a) 4.4x10-3 s-1 and (b) ~4 000 s-1. 

The elastic modulus and indentation hardness of the specimens at different vertical positions, 

identified by the Z1 to Z5 markers in Figure 5.45, were measured and the results are 

compared in Figure 5.46. Similar elastic moduli were measured for both strain rates at most 

positions in the specimens. The distribution is much higher for the dynamic specimen and 

likely caused by the multiple different crystal orientations shown in the IPF orientation map. 

The indentation hardness is the closest near the top surface of the specimen, i.e. at Y = 0 

mm, which is linked to a zone with little to no deformation at the center of the specimen due 
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to high friction forces between the specimen and the anvil and split Hopkinson bars. This 

region is referred to as the dead metal zone [99]. However, like for tensile specimen 8-176, 

the hardness is consistently lower in the dynamic specimen. Since the GND density is higher 

in the dynamic specimen for zones Z3 and Z4, visible by comparison of the LAM maps in 

Figure 5.45 and caused by a higher final strain at the end of the high strain rate test, a higher 

hardness was expected for the dynamic specimen. As suggested for the tensile specimen, 

this difference in hardness is then most likely related to the different dislocation 

substructures formed during the compression test at different strain rates. Based on 

Edington’s study [155] on the effect of strain rate on the dislocation substructure of niobium 

specimens deformed in compression, dislocation cell walls in the specimen deformed at a 

low strain rate are expected to act as more effective hardeners than the homogeneously 

distributed dislocation dipoles in the specimen deformed at a high strain rate. 

 

Figure 5.46: (a) Elastic modulus and (b) hardness as function of the vertical position in compression 

specimen 7 deformed at strain rates of (QS) 4.4x10-3 s-1 and (D) ~4 000 s-1, with respect to region Z1. The 

black and red lines are the median in each region and the light shaded areas are the standard deviation. 

The change in elastic modulus and hardness across the top left shear band of the dynamic 

specimen was also studied. Sixteen indents, 4x4 arrays of indents, were taken at each ZZ1 

to ZZ5 regions in Figure 5.45b and the corresponding scatter plots are presented in Figure 

5.47. The highest hardness was measured at ZZ5, which is in agreement with the high 

misorientation angle of that region in the LAM map of Figure 5.45b. No trends were 

measured for the elastic modulus as the median of each region is within the standard 

deviations of the other regions. A higher modulus was expected for regions ZZ1 to ZZ3 since 

the crystal orientation along the indentation direction is closer to the [101] direction while 

zones ZZ4 and ZZ5 are closer to the [111] direction. 
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5.4.5. Specimens 4 D vs 7 D – Different Crystal Orientations 

To measure the effect of the crystal orientation and the effect of strain rate on hardness and 

elastic modulus, the compression specimen of grain 4 deformed at a strain rate of  

~4 000 s-1 was analyzed with nano indentation and the results are compared with those of 

specimens from grain 7. The choice of specimen was based on the contrasting hardening 

behavior measured in the stress–strain curves of specimens from grains 4 and 7 (Figure 

4.15). Recall that the specimens cut in grain 4 had the lowest hardening with the longest 

stage I hardening and the specimens from grain 7 had the highest hardening with no stage I, 

for orientations rotating toward the terminal stable [111] orientation. 

 

Figure 5.47: Scatter plots of the (a) elastic modulus and (b) hardness across a shear band of compression 

specimen 7 deformed at a strain rate of ~4 000 s-1. 

Measurements were taken at three vertical positions across the center of the cross-section of 

the compression specimen, as shown with the Z1 to Z3 markers in Figure 5.48. The values 

of the elastic modulus and hardness values measured in those zones are compared to grain 7 

in Figure 5.49. The elastic modulus is similar for the two specimens with different 

orientations and hardening behaviors and a narrower distribution was measured in grain 4. 

According to Figure 5.40b, the elastic modulus of the grain 4 specimen should be higher 

than for grain 7 since the indent is performed close to the [110] and [111] crystal direction, 

respectively. Similar than for the bands of different orientations in specimen 5-34, this is 

probably a consequence measuring the elastic modulus of a heavily deformed lattice 

compared to an annealed crystal and to the indentation modulus being affected by 

microstructural effects [238]. 
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The indentation hardness of the dynamic compression specimen from grain 4 is highest in 

the middle of the specimen, i.e. at Z2. This is directly related to the higher misorientation in 

that zone, as shown in the LAM map in Figure 5.48b. The indentation hardness of the grain 

4 specimen is higher than the grain 7 specimen deformed at a similar strain rate in the order 

of 103 s-1, for regions with a similar misorientation angle. Recall from Figure 4.15 that 

specimens from grains 4 and 7 had very different hardening behaviors, which likely resulted 

in different dislocation substructures. Note that the indentation hardness of specimens 4 D 

remains lower than for the grain 7 specimen deformed at a low strain rate in the order of  

10-3 s-1. 

 

Figure 5.48: (a) IPF orientation map normal to the cross-section of the specimen (along the indentation 

direction) and (b) LAM map of a compression specimen from grain 4 deformed at ~4 000 s-1. *The position 

of the ZZ3 zone is approximate. 

The ZZ1 to ZZ3 regions analyzed in the split Hopkinson compression specimen from grain 

4 had similar indentation elastic modulus and hardness. The average modulus and hardness 

measured are of 111.00 ± 3.67 GPa and 2.08 ± 0.06 GPa, respectively. Those values are also 

similar to the average elastic modulus and hardness of 109.59 ± 3.36 GPa and  

2.10 ± 0.08 GPa of the Z1 to Z3 regions. 
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Figure 5.49: (a) Elastic modulus and (b) hardness as function of the vertical position in compression 

specimens 4 and 7 deformed at strain rates of (D) ~4 000 s-1 and (QS) 4.4x10-3, with respect to region Z1  

(Y = 0). For specimens 4 D and 7 D, the black and red lines are the median in each region and the light 

shaded areas are the standard deviation. The grey line of specimen 7-QS in (b) is the median hardness. 

5.5. Conclusions on the Microstructure of Niobium Single Crystals 

In conclusion, similar fracture surfaces were observed in specimens deformed at quasi-static 

and dynamic strain rates, but no orientation-based trends were observed. EBSD orientation 

measurements of the cross-section of tensile specimens showed rotated crystals from the 

undeformed grip region to the fracture surface for most crystal orientations. Shear bands 

separating regions with different crystal orientations were observed in specimens deformed 

at a low strain rate and with an initial crystal orientation with similar Schmid factors for two 

slip systems of the {112} family. Despite the differences in IPF orientation maps and LAM 

maps, specimens deformed at low and high strain rates consistently rotated toward the [101] 

stable end orientation. 

In compression, a more complex IPF orientation map was measured in specimens deformed 

at high strain rate. Different deformed specimen morphologies were observed for specimens 

with different orientations, which suggested that specimens from grain 4 with a long stage I 

hardening in their stress–strain curves mostly deformed by glide on the primary slip system. 

TEM measurements on tensile specimens deformed at low and high strain rates revealed 

different dislocation substructures in the shear bands observed with EBSD and in rotated 

region of the crystals. More importantly, a homogeneously distributed high dislocation 

dipoles density was observed at high strain rate compared with long dislocation segments 

and dislocation cells at low strain rate. 
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Finally, a lower hardness was measured with nanoindentations in the cross-section of tensile 

and compression specimens deformed at high strain rates compared with specimens with the 

same initial crystal orientation deformed at low strain rates. This result was measured for 

different crystal orientations, which suggests that this result is caused by the different 

dislocation substructures observed with TEM. Nanoindentation measurements were also 

capable of detecting the location of the shear bands observed with EBSD and measure 

different elastic moduli for different crystal orientations. 
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Chapter 6 Background 

6.1. Forming Limit Diagram 

A forming limit diagram (FLD) is a useful tool to represent the formability of metal sheets. 

The major and minor strains, 𝜀1 and 𝜀1, are measured at the onset of localized necking for 

different loading conditions, such as uniaxial tension, plane strain, and biaxial tension. 

Figure 6.1 schematically shows a forming limit diagram with the main modes of 

deformations and where they lay on the major strain as function of minor strain plot. During 

sheet–metal forming operations, multiple deformation modes are often present in the same 

part. The FLD is an engineering tool that is often used in finite element software packages 

to determine if a part will fail or if defects are expected during a forming operation. All 

points above the forming limit curve (FLC) are expected to lead to necking, the formability 

limit. Wrinkling of the sheet is expected for points below the uniaxial tension strain path.  

 

Figure 6.1: Schematic of a forming limit diagram with the main linear strain paths and states of strain with 

corresponding specimen geometries. Redrawn from [239]. 

Sheet formability was first extensively studied by Keeler [240]. The ISO 12004-2:2008 [241] 

and ASTM E2218-15 [242] standards are now available to experimentally obtain the FLD 

of a material. The Nakajima (out-of-plane) and Marciniak (in-plane) [243], [244] tests have 

been widely used to obtain the FLD of materials at different temperatures and strain rates. 

With both techniques, blanks with different geometries are used to obtain the different mode 

of deformation shown in Figure 6.1. 
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6.1.1. Experimental Determination of the FLD: Nakajima and Marciniak Tests 

Figure 6.2a shows the schematic of the cross-section of a hemispherical punch used in a 

Nakajima test with recommended dimensions from the ISO 12004-2:2008 standard [241]. 

In-situ measurements of strain are not trivial in this test since the sheet is deformed out-of-

plane. Stereo-correlation with two cameras is required for 3D digital image correlation 

analyses. Also, the ISO 12004-2:2008 standard states that the blank should fail at a 

maximum distance from the top of the hemispherical punch of 15% of the punch diameter. 

Failure may occur at greater distances from the top of the punch due to friction forces 

between the punch and the blank. The standard recommends two different combinations of 

oil/grease and polymer films to reduce friction in the cases of thin sheets and soft materials 

and thick sheets and stiff materials. Since annealed OFE copper and high-purity niobium, 

the two materials studied during this thesis, are ductile and the sheets are 1 mm thick, only 

the approach for ductile materials is summarized: oil or grease should be applied on the 

punch and on the blank. A thin film, in the order of 50 μm, of polyethylene (PE) or 

polytetrafluoroethylene (PTFE), commercially known as TeflonTM, should then be placed 

between the punch and the blank. Finally, the effect of sheet curvature and punch radius was 

also found to influence FLC obtained with Nakajima tests [245]–[247]. 

 

Figure 6.2: (a) Schematic of the cross-section of a hemispherical punch for a Nakajima test and (b) 

schematic of the cross-section of a flat-bottomed punch for a Marciniak test. Redrawn from [241]. 

Figure 6.2b shows the schematic of the cross-section of a flat-bottomed punch used in a 

Marciniak test with dimensions from the ISO 12004-2:2008 standard [241]. As shown in 

this figure, two sheets are required in the Marciniak test: a blank and a blank carrier. The 

role of the blank carrier is to ensure that a uniform deformation and ultimately necking 

occurs above the flat region of the punch and not at the radius of the punch. In-situ 

measurements are more easily done in Marciniak tests since the blank is deformed in-plane. 

Only one camera is required and 2D DIC is used. However, the blank carrier design is 

(a) Nakajima

(b) Marciniak

 lank

 lank carrier
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complicated since the blank must fail before the blank carrier. If the blank carrier fails first, 

a stress concentration over the crack during crack opening leads to near plane strain 

deformation of the blank, resulting in a bi-linear strain path that underestimates the strain at 

necking [248]. A sheet–metal made of a more ductile material or the same material is then 

generally used and friction forces between the blank and the blank carrier is maximized to 

avoid relative motion between the sheets. More details about both techniques are available 

in the ISO standard [241]. 

6.1.2. Effect of Pre-Straining and Strain Path 

With both experimental techniques, linear strain paths must be obtained from the beginning 

of the test to the onset of necking. However, non-linear strain paths are often found during 

sheet–metal forming of complex parts with multiple forming steps. Graf and Hosford [249] 

studied the effect of changes in strain path after pre-straining on the forming limit curve of 

Al 2008-T4 sheets (with mean strain hardening rate (𝑛𝑚), strain rate sensitivity (𝑚𝑚), and 

r-value (𝑟𝑚) of 𝑛𝑚 = 0.284, 𝑚𝑚 < 0, 𝑟𝑚 = 0.583). Different pre-straining levels for uniaxial, 

biaxial, and plane strain tension were induced parallel and perpendicular to the rolling 

direction of the sheets. They observed (1) an increase of the FLC for 𝜀2 > 0 for sheets that 

were pre-strain in uniaxial tension, (2) a decrease in formability for the entire FLC for 

biaxially pre-strained sheets (see Figure 6.3a and b), and (3) an increase of the overall FLC 

for sheets that were pre-strained in plane strain [249]. The location of the lowest point of the 

FLC, hereafter FLC0, also changed for sheets that were pre-strained in uniaxial and biaxial 

tension. A translation of the FLC0 and the entire FLC to negative values of minor strain was 

measured for uniaxial pre-strain and a translation to positive values of minor strain was 

observed for biaxial tension pre-strain. 

 

Figure 6.3: Forming limit diagrams of Al 2008-T4 for different levels of (a) equi-biaxial and (b) uniaxial 

pre-straining. The strain values in the figure indicate the pre-straining amount and the dotted-lines are the  

as-received FLDs. From Graf and Hosford [249]. 
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6.1.3. Effect of Sheet Thickness 

The forming limit diagram of a material is not an intrinsic property. Parameters such as the 

sheet thickness may influence formability. An increase in formability is generally expected 

for thicker sheets [250], but the opposite has also been measured for few aluminum and steel 

alloys [251]. Since forming limit diagrams have been developed for thin sheets with 

thicknesses between 0.2 and ~4 mm [251], the thickness of the sheet used to obtain a FLD 

must be specified and care must be taken when implementing it in FE models to predict the 

formability of a component. 

6.1.4. Effect of Strain Rate Sensitivity and Strain Rate 

An increase in formability has been observed for materials with a high positive strain rate 

sensitivity exponent 𝑚. A local increase of strain rate in the neck results in hardening. Tests 

and models of forming limit diagrams at quasi-static strain rates for materials with different 

strain rate sensitivity exponents 𝑚 showed higher formability for increasing values of 𝑚 

[98], [204], [252], [253]. 

The effect of strain rate on the FLC can be important for materials with viscoplastic 

mechanical properties. An increase in ductility has been reported for stainless steel [254], 

interstitial-free iron [255], copper [49], [256], high strength steel [257], titanium alloys 

[258], aluminum alloys (AA) EN AW-7075 [233], AA 1050a-H24, AA EN AW-5083-H111 

[259], and Al 6061-T4 and 5754 [260], magnesium alloys AZ80 [233], AZ31 [259], [261], 

and ZEK 100 [261]. However, a reduction in ductility in uniaxial tensile tests at room 

temperature for tantalum [262], a refractory metal, and an increase followed by a reduction 

of ductility for titanium alloys [261] were measured. 

Three main factors are contributing to the increase in formability often measured at high 

strain rates. First, the die–sheet interaction in high-speed sheet forming processes, e.g. 

electro-hydraulic forming leads to enhanced formability due to through-thickness 

compressive stresses [263] or bending–unbending of the sheet upon impact [51] that both 

result in a decrease in damage development. Since the through-thickness stress component 

is non-zero during impact, a forming limit diagram obtained from tests with a die–sheet 

interaction is not valid  [251]. Second, a stabilization of the neck due to inertial effects has 

also been reported [48], [50], [259]. Third, materials with a high strain rate hardening 

exponent experience local hardening in the neck due to a locally higher strain rate. This 

hardening behavior delays necking and increases formability. Finally, different mechanisms 

that delay sheet failure, such as void collapse [264], are sometimes observed at high strain 

rates. 
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6.1.5. Literature for High-Purity Copper and Niobium Polycrystalline Sheets 

The forming limit diagram of annealed oxygen-free electronic copper sheets was not found 

in the literature. However, the FLD of other high-purity copper grade sheets, such as oxygen-

free high conductivity (OFHC) copper, was experimentally measured by Melander [265] and 

Gerdooei and Dariani [256]. The study of Melander [265] focused on the development of 

the geometrical defect-based numerical model discussed in the previous sub-section that 

accurately predicted their experimentally measured FLD. Stachomicz [266] also measured 

the FLD of copper sheets (grade and purity not specified) with different annealing heat 

treatments using Marciniak (in-plane) tests and identified the initial and evolving geometric 

defect in a modified M–K model based on surface roughness measurements. The 

experimental results of Melander [265] and Gerdooei and Dariani [256] will be compared to 

the FLD of OFE copper measured in Chapter 8 to assess the validity of the Marciniak testing 

setup and the data analysis methods. 

For high-purity niobium, only one forming limit diagram was found in literature. Daumas 

and Collard [1] performed modified Nakajima tests on 1 and 2 mm thick sheets. The setup 

holding the blank was filled with oil above the blank, instead of ambient air, and was lowered 

on the punch using a mechanical press. The forming limit curves only span for minimum 

and maximum minor strains of about −0.1 and 0.1, respectively. The low maximum minor 

strain of 0.1 was likely caused by important friction forces between the die and the sheet and 

this could be optimized to increase the sheet formability. The experimental results of 

Daumas and Collard [1] will be compared to the FLD obtained in this study in Chapter 8. 

6.2. Electron Beam Welding 

Electron beam welding is used in different applications because of its power efficiency and 

high welding speed [267]. This versatile welding technique is capable of welding metals 

with thicknesses ranging from 0.025 to 300 mm for the automotive, aerospace, electronics, 

energy, and many other industries [267]. The main advantages of this technique for SRF 

applications are: (1) the ability to weld refractory metals, like niobium, (2) a low impurity 

content due to operation in vacuum, (3) production of deep and narrow welds that minimize 

workpiece deformation, essential to respect the high tolerances, and (4) no filler is required. 

The high welding speed produces narrow welds resulting in small workpiece deformation 

and a narrow heat affected zone compared with other welding techniques, see Figure 6.4 

[267]. An electron beam welding machine is similar to a scanning electron microscope, but 

with a much more powerful beam. Electrons are emitted from a source and the beam is 

focused and stirred on the workpiece using magnetic lenses. For the manufacturing of SRF 
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cavities in a conventional manner, as shown in Figure 1.6, two half-cells are welded together 

by melting the copper or niobium of both half-cells with the energy of the electron beam. 

Welding parameters for niobium sheets have been reviewed by Demyanov et al. [268] for 

sheet thicknesses of about 1.5 to 3.0 mm. A linear increase in weld energy per unit length 

was found, see Fig. 1 of [268]. However, other studies (unpublished) performed at CERN 

used a much lower energy, compared with the expected linear trend, and a full weld 

penetration was observed. A similar low energy was used during this study and the 

microstructure and mechanical properties of the welded OFE copper and niobium sheets are 

presented in Chapter 9. 

 

Figure 6.4: Geometry of a butt joint made from different welding techniques showing the narrower HAZ for 

electron beam welding [267]. 

6.2.1. Mechanical Properties of EB Welded Copper and Niobium Sheets 

The mechanical properties of EB welded high-purity niobium specimens have been 

measured in tension at CERN (unpublished) and at Michigan State University by Jiang et al. 

[269] at quasi-static nominal strain rates of ~3x10−4 s−1, but never at intermediate or high 

strain rates. Jiang et al. [269] reported a yield stress similar to unwelded specimens and a 

lower strain hardening in the fusion region. 

To the best of the author’s knowledge, the mechanical properties of E  welded OFE copper 

and high-purity niobium at strain rates greater than the quasi-static regime, i.e. in the 10−4 to 

10−3 s−1 range, are not documented in the literature. In this study, the yield and tensile 

strengths and ductility of both materials are investigated in tension at strain rates between 

10−3 s−1 and approximately 103 s−1. The yield stress measured in tension is compared with 

compression specimens deformed at similar strain rates and with unwelded specimens tested 

at similar strain rates from this study for OFE copper and from Peroni and Scapin [182] for 

niobium. Peroni and Scapin [182] reported an important increase in yield stress for 

increasing strain rates and a transition from hardening to softening. The objectives of this 

study are to quantify and understand the effect of strain rate on the mechanical properties of 
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EB welded OFE copper and high-purity niobium for the fabrication of seamless SRF cavities 

from a bent and EB welded tube using a high-speed sheet forming technique. 

6.3. Conclusions and Research Objectives 

In conclusion, the formability of high-purity polycrystalline niobium and OFE copper sheets 

will be experimentally measured by performing Marciniak (in-plane) tests at a quasi-static 

strain rate. The strain paths will be measured to ensure linearity from the start of the test until 

localized necking is observed or to discuss the effect of non-linear strain paths on the FLD.  

The FLDs measured in this study will provide a useful prediction tool for most traditional 

low strain rate forming techniques, such as deep-drawing and hydroforming, for SRF cavity 

manufacturing. The effect of strain rate on the forming limit diagrams will not be studied 

due to logistic constraints, e.g. setup development for high strain rate tests and material cost.  

The production of high-purity niobium tubes, discussed in section 1.4. is not trivial and SRF 

cavities manufactured with electro-hydraulic forming showed promising performances, 

discussed in section 1.3. Therefore, the possibility of manufacturing tubes by bending and 

electron beam welding sheets and using EHF to form seamless SRF cavities is of interest. 

The study on the effect of strain rate of up to 103 s-1 on electron beam welded high-purity 

polycrystalline niobium and OFE copper sheets, presented in Chapter 9, will provide 

important data on the mechanical properties and the ductility of those materials to predict 

forming of EB welded components with EHF. A gap in the literature will be filled for EB 

welded high-purity niobium and OFE copper sheets deformed at strain rates greater than  

10-3 s-1. The potentially heterogeneous deformation in the fusion and heat affected zones of 

the weld will be analyzed with digital image correlation and links with the measured 

mechanical properties and ductility will be made. 
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Chapter 7 Materials and Methods 

Experiments and microstructure analyses were performed at different institutes on 

polycrystalline niobium and oxygen-free electronic copper. In order to ensure repeatability 

between measurements and analyses performed in different laboratories, it is paramount to 

develop and respect detailed experimental procedures. This chapter describes the 

thermomechanical histories of the copper specimens. The experimental procedures that were 

used for the different mechanical tests (uniaxial tensile and compression tests at strain rates 

between 10-4 s-1 and 103 s-1 and Marciniak tests for forming limit diagrams) and data analysis 

are presented. 

7.1. Materials 

7.1.1. Oxygen-Free Electronic Copper 

The tensile and compression mechanical properties of OFE copper (ASTM C10100), a 

standardized copper with high purity and electrical conductivity, were studied. According to 

the ASTM standard B170-99 [270], OFE copper has a minimum copper content of 99.99% 

and chemical impurities should follow the content presented in the standard. This specific 

copper was selected since it is the substrate material used at CERN in niobium coated 

superconducting radiofrequency cavities.  

Annealed specimens were heat treated at 600°C for 2 hours in vacuum before testing. Hard 

specimens were tested in the as-received condition (results are presented in Appendix E). 

More details about the different temper designations for copper are available in ASTM 

standard B152-06 [271]. The annealed and hard specimens supplied by CERN had average 

Vickers hardness of 52.6 and 89.0 HV0.2, respectively. The hard specimens supplied by 

Imperial College London for compression tests were slightly harder, with an average 

hardness of 100.0 HV. Specimens with different thermomechanical histories were selected 

to study the effect on the mechanical response at different strain rates. 

The annealed and hard OFE copper supplied by CERN was in 1, 2, and 4 mm thick sheets. 

Specimens from the sheets were extracted using waterjet cutting for tensile, compression, 

and Marciniak tests. The hard cylindrical compression specimens that were supplied by the 

Imperial College London were machined from a rod using a lathe. 

7.1.2. Polycrystalline Niobium Sheets 

High-purity (RRR > 300) polycrystalline niobium sheets supplied by Ningxia were used for 

Marciniak and tensile tests to measure the forming limit of niobium and for EB welded 
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specimens deformed in tension and compression. As mentioned in section 1.2.2., the high-

purity sheets were manufactured with multiple rolling and heat treatment steps after the 

production of a high purity ingot using electron beam melting [21]–[23]. The final sheet 

manufacturing steps are an annealing heat treatment and levelling of the sheet with rollers 

to ensure that a thickness tolerance of ± 0.1 mm was respected. The sheets used to measure 

the forming limit diagram had a thickness of 1 mm and the EB welded sheets had a thickness 

of 4 mm.  

7.1.3. Electron Beam Welded OFE Copper and Niobium Specimens 

OFE copper and high-purity polycrystalline niobium sheets were electron beam welded to 

study the effect of strain rate on the mechanical properties of welded specimens. Sheets with 

an initial thickness of 4 mm were electron beam welded at CERN with one pass on each side 

of the sheet. The following EB welding parameters were used for both materials: 

accelerating voltage of 100 kV, current of 22–23 mA, workpiece distance of 400 mm, and 

beam speed of 600 mm/min. Compared with other reported EB welding parameters for high-

purity niobium [33], [59], [268], [269], [272], [273], the welding energy-to-sheet thickness 

ratio is lower. However, a full penetration was observed at CERN in previous internal studies 

with similar welding energies. The top and bottom surfaces of the welded sheets were milled 

to remove surface defects produced during welding and obtain flat and parallel surfaces. 

Tensile and compression specimens were cut using wire EDM. The weld was located at the 

center of the gage section and perpendicular to the tensile direction, as specified in the ISO 

4136:2012 standard [274]. For compression specimens, the weld was located at the center 

of the specimens. OFE copper specimens were annealed at 600°C for 2 hours in vacuum 

after EB welding. 

7.2. Specimen Geometries and Surface Preparation for Digital Image 

Correlation 

7.2.1. Tensile and Compression Tests 

Four different tensile sample geometries with rectangular cross-sections were used:  

(a) short dog bones with or without holes in the fixture for intermediate strain rate tests on 

OFE copper, (b) standardized large dog bones for quasi-static strain rate tests on OFE 

copper, EB welded specimens, and sheets used to obtain the forming limit diagram of 

polycrystalline niobium, and (c) small customized tensile specimens for EB welded 

specimens deformed at high strain rate with split Hopkinson bars. Figure 7.1 shows the three 

different specimens with labels for their main dimensions. The applied strain rates, materials 

and the length of the main dimensions for each geometry are listed in Table 7.1. 
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Figure 7.1: Tensile specimen geometry and main dimensions for all tests performed in Part II of this thesis. 

Specimen (a) was used in two different configurations, with or without the hole shown on the left side. 

The geometry of the largest specimen (Figure 7.1b) was based on the recommendations in 

the ASTM E8 standard [196] and the geometry in Figure 7.1a is a reduced version of the 

subsize specimen in the same standard. Finally, the geometry in Figure 7.1c was developed 

at the JRC during this study. From finite element simulations of tensile tests with this 

geometry, it was found that the stress state is not uniaxial. An optimal initial gage length of 

5 mm, equal to the length of the straight section L0, was found by calculating the  

stress–strain curve using the output force and displacement of the specimen from the 

simulation for different gage lengths and compared with the expected response with a 

standardized geometry (Figure 7.1b). Digital image correlation was also used with this 

specimen geometry to measure the strain in the gage section, independently of the stiffness 

of the tensile machine. Compression tests were performed on cylindrical specimens and the 

copper (Appendix E) and EB welded specimens (Chapter 9) were 4 mm thick and had a 

diameter of 8 mm. 

Table 7.1: Characteristics of the different tensile specimens used in Part II of this study. 

 
Strain rate (s-1) Material L0 (mm) Ltot (mm) w0 (mm) 

a 1 to 100 Cu 13 35 3.2 

b 10-4 to 10-2 Cu 70 170 10 

c 2.0x10-3 to 1 600 
Nb, Cu  

(EB welded) 
5 35 3 

 

7.2.2. Forming Limit Diagram Blank and Blank Carrier 

Rectangular blanks with a constant length of 200 mm and varying widths were used to obtain 

the forming limit curves (FLC) of annealed OFE copper and high-purity polycrystalline 

niobium, as specified in the ISO 12004-2:2008 standard [241]. Other studies, often using the 

Nakajima test instead of the Marciniak test, like in this study, use circular blanks with a 

central section with parallel edges and different widths. The rectangular geometry was used 
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due to previous experience with other materials at the Laboratoire d’étude des 

microstructures et de mécanique des matériaux (LEM3), where the tests were performed. 

Seven different specimen geometries were used to obtain seven different points of the FLC 

of annealed OFE copper. Rectangular blanks with widths of 80, 100, 120, 140, 160, and 180 

mm were used. The seventh point was obtained using a circular blank with a diameter of 200 

mm. All sheets used were 1 mm thick and the material was annealed in vacuum at 600°C for 

2 hours. Since Marciniak tests (described in section 6.1.) were performed, a blank carrier 

was used. A sheet of the same material and the same dimensions and thickness served as 

blank carrier and was placed between the blank and the punch for OFE copper. Two types 

of blank carriers were used to initiate localized necking on the flat surface of the punch. 

Figure 7.2 shows a schematic of the two different blank/blank carrier assemblies. The 

configuration with two half-sheets (Figure 7.2a) was used for rectangular specimens with a 

width of 80, 100, and 120 mm. The configuration with a hole is used for rectangular 

specimens with a width of 140, 150, 160, and 180 mm and for the circular blank with a 

diameter of 200 mm. Different hole diameters were used, from 5 to 30 mm, and the effect of 

the hole diameter on the strain paths and the FLC are presented in section 8.2. For 

consistency throughout the thesis, the blank carrier with two half-sheets (Figure 7.2a) is 

hereafter called the split blank carrier and the one with a hole (Figure 7.2b) is called the 

pierced blank carrier. 

  

Figure 7.2: Schematic of the different blank/blank carrier assemblies with a blank carrier with (a) two half-

sheets (split blank carrier) or (b) a central hole with a diameter of 5 to 30 mm (pierced blank carrier). 

The FLC of small grain high-purity niobium sheets was obtained using six rectangular blank 

geometries with a constant length of 200 mm and widths of 80, 100, 120, 140, 150, and 180 

mm. The blank carriers were made of annealed OFE copper due to similar ductility in 

uniaxial tension with polycrystalline high-purity niobium and because OFE copper is less 

expensive than niobium. Again, split blank carriers were used for rectangular sheets with a 

width of 80, 100, and 120 mm and pierced blank carriers with a hole diameter of 30 mm for 

the wider rectangular sheets. The blank carriers and blanks had a sheet thickness of 1 mm. 

(a)

(b)
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The left most point of the FLC of niobium was obtained with a tensile test performed on a 

specimen with the geometry presented in Figure 7.1b and analyzed with DIC for accurate 

measurements of the major and minor strains at the onset of localized necking. A tensile 

specimen with a large gage section, shown in Figure 7.3, was also used to obtain the strain 

at localized necking for a strain path near plane strain. The uniaxial and plane strain tensile 

specimens were all 1 mm thick and cut with water jet cutting at angles of 0°, 45°, and 90° 

between the tensile axis and the sheet rolling direction. Figure 7.4 shows the expected 

location of the point of the FLC for each specimen geometry for the tests performed with 

niobium sheets. This specimen geometry selection was based on test results obtained with 

annealed OFE copper sheets. 

 

Figure 7.3: Main dimensions of the plane strain tensile specimen. Adapted from [275]. 

 

 

Figure 7.4: Schematic of (bottom-right) the different blank geometries (not to scale) used to obtain the FLC 

of high-purity niobium and (left) the expected strain state for the different geometries. The values in the FLD 

correspond to the width, in mm, of the 200 mm long rectangular sheets. 
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7.2.3. Surface Preparation for Digital Image Correlation 

The strain during multiple tensile tests and for all Marciniak specimens was measured with 

digital image correlation (DIC). In DIC, a grid or stochastic pattern is applied on the surface 

of the specimen and pictures are acquired with a camera during the test. In this study, a 

stochastic paint pattern was used on all specimens with DIC measurements. The following 

steps were followed to generate the pattern. Any deviation from this methodology and the 

tests that used this technique are specified in section 7.3.  

First, the surface of the specimen was cleaned with a solvent, such as ethanol or isopropyl 

alcohol, to remove oil or dust particle that would hinder the adhesion of the paint on the 

metallic surface. Second, a thin and uniform matte white paint layer was applied on the 

section of interest, i.e. the gage section of the tensile specimens and the entire sheet for the 

forming limit diagram tests. Finally, small and randomly distributed black speckles were 

sprayed on the white paint to provide tracking features between pictures for the DIC 

software. 

7.3. Methods for Material Characterization 

Tensile and compression tests were performed at strain rates of 10-4 to 103 s-1 in different 

institutes. Screw-driven (mechanical) and hydraulic systems were used for tests at strain 

rates lower or equal to about 100 s-1. Tests at higher strain rates were performed with split 

Hopkinson bar systems. Table 7.2 provides a summary of the different institutes where the 

tests were performed and the range of strain rate and materials studied. The following 

acronyms are used in the table for the name of the institutes: ENSTA Bretagne (ENSTA), 

Imperial College London (ICL), European Commission Joint Research Centre in Ispra 

(JRC), and Laboratoire d'Étude des Microstructures et de Mécanique des Matériaux in Metz 

(LEM3); and the following ones for the tested materials: oxygen-free electronics copper 

(Cu), polycrystalline niobium (Nb), and electron beam welded specimens (EBW). Detailed 

procedures for the different test rigs and the relevant equations for the data analysis are 

provided in the following subsections. 

Table 7.2: Summary of the different tensile and compression tests performed during this study, grouped per 

testing system and institutes. (All acronyms are defined in the text.) 

System Institute 
Strain rate  

(s-1) 
Materials Tension/Compression 

Mechanical 

ENSTA 10-4 to 1 Cu T, C 

ICL 10-2 to 10-1 Cu T 

LEM3 10-3 Nb T 



Chapter 7 – Materials and Methods 

181 

Hydraulic JRC 10-3 to 10 
Cu-EBW,  

Nb-EBW 
T, C 

Split 

Hopkinson 

ENSTA 103 Cu C 

JRC 102 to 103 
Cu-EBW,  

Nb-EBW 
T, C 

Finally, in addition to tensile and compression tests, Marciniak tests were performed to 

obtain the quasi-static forming limit diagrams of annealed OFE copper and high-purity 

polycrystalline niobium at the LEM3. The method and system used are detailed in this 

section. 

7.3.1. Low Strain Rate Testing Methodologies (10-4 to 1 s-1) 

7.3.1.1. ENSTA Bretagne – Annealed and Hard OFE Copper 

Tensile tests at constant crosshead speeds of 1, 10, and 100 mm/min, equivalent to nominal 

strain rates of 2.38x10-4 s-1, 2.38x10-3 s-1, and 2.38x10-2 s-1, were performed on annealed and 

hard OFE copper at the ENSTA Bretagne. The screw-driven tensile machines shown in 

Figure 7.5 (UTS) and in Figure 7.6 (Instron 5969) were used. Specimens cut parallel and 

perpendicular to the sheet rolling direction were tested to verify if the sheets had anisotropic 

properties. The strain in the specimens deformed with the former tensile machine was 

measured with a long travel extensometer. This type of extensometer was required to 

measure the total displacement of ductile specimens with an initial gage length of 70 mm. 

The elastic modulus of the annealed copper was not accurately measured during this study 

since the specimens were preloaded to remove any gap between the specimen and the holder 

and this unfortunately resulted in a small plastic deformation of the soft annealed specimens. 

Tests were not redone since this value was measured at CERN on the same material during 

a previous study. An optical extensometer tracking two white points was used to measure 

the strain in the gage section of hard OFE copper tensile specimens deformed with the table-

top Instron 5969 machine. 

Compression tests at constant crosshead speeds of 0.5 mm/min, 5 mm/min, 50 mm/min, and 

250 mm/min, equivalent to nominal strain rates of 2.08x10-3 s-1, 2.08x10-2 s-1, 2.08x10-1 s-1, 

and 1.04 s-1, were also performed with the table-top machine (Figure 7.6). Instead of tracking 

the distance between two points on the compression samples, the displacement of two white 

dots located on the compression anvils was measured by the optical extensometer, as shown 

in Figure 7.6. The proximity of the dots with the specimen and the high rigidity of the anvils 

ensures that the displacement measurements are independent of the stiffness of the machine 

and the fixture. 
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Figure 7.5: Screw-driven tensile testing UTS machine used at the ENSTA Bretagne with a close-up view of 

the specimen and the long travel extensometer. 

 

Figure 7.6: Table-top Instron machine used for tensile and compression tests at the ENSTA Bretagne.  

(Inset) compression fixture with dots for displacement measurement with an optical extensometer. 

The engineering stress and strain for the compression and tensile machines were calculated 

using the load measured with the load cell and the displacement measured with the long 
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travel or the optical extensometers. The following standard equations were used to calculate 

the engineering stress and strain: 

𝜎𝑒𝑛𝑔 =
𝐹

𝐴0
(7.1) 𝜀𝑒𝑛𝑔 =

𝐿 − 𝐿0

𝐿0

(7.2) 

where 𝐹 is the applied load in N, 𝐴0 is the initial specimen cross sectional area in mm2,  

𝐿 and 𝐿0 are the specimen current and initial lengths (or height in compression) in mm. 

The true stress and strain are calculated using the following equations: 

𝜎𝑇 = 𝜎𝑒𝑛𝑔(1 + 𝜀𝑒𝑛𝑔) (7.3) 𝜀𝑇 = ln(1 + 𝜀𝑒𝑛𝑔) (7.4) 

Note that the same equations can be used for the tensile and compression tests, but the 

following details must be respected for compression tests. Since the specimen height 

reduces, the engineering strain is negative, 𝜀𝑒𝑛𝑔 < 0. The stress is also negative, if a negative 

load is recorded. Consequently, the true strain is also negative. The following equation can 

also be used to calculate the true strain in compression: 

𝜀𝑇 = ln
𝐿

𝐿0

(7.5) 

Note that in the following, the results of the compression tests are presented in terms of the 

absolute value of the stress |𝜎𝑇| as a function of the absolute value of the strain |𝜀𝑇|. 

7.3.1.2. LEM3 – Polycrystalline Niobium Sheets 

Tensile tests were performed on polycrystalline niobium specimens cut at 0°, 45°, and 90° 

with respect to the rolling direction at the LEM3 with a screw-driven machine (ZwickRoell, 

with a 10 kN load cell) at a constant crosshead speed of 5 mm/min. A large displacement 

extensometer (ZwickRoell multiXtens) was used to accurately measure the displacement in 

the gage section. Pictures were acquired during the tests at 4 frames per second with a 

charged-coupled device (CCD) camera (Pike) and 50 mm focal lens. DIC was used to 

measure spatial strain distributions to obtain the minor and major strains at localized necking 

and to calculate the plastic strain anisotropy. 

The plastic strain anisotropy coefficients, also called the r-values or the Lankford 

coefficients, were calculated using the uniaxial tensile tests with their tensile axis at 0°, 45°, 

and 90° with respect to the rolling directions. The manual method specified in the ASTM 

E517 standard [276] was used with digital image correlation. The change in axial length in 

the gage section from an initial length (𝐿0) of approximately 50 mm was measured at true 
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strains of 0.15 and 0.2. The transversal change in width for an initial width (𝑤0 ) of 

approximately 10 mm, averaged over three different regions of the specimen, was also 

measured at the same strains. The final lengths (𝐿𝑓 ) and widths (𝑤𝑓 ) were used in the 

following equation to calculate the r-value for each rolling direction and value of true strain: 

𝑟𝜃
𝜀 =

ln (
𝑤0

𝑤𝑓
)

ln (
𝐿𝑓𝑤𝑓

𝐿0𝑤0
)

(7.6) 

where 𝜀 represents the true strain at which the value is calculated (𝜀 = 0.15 or 𝜀 = 0.2) and 

𝜃 represents the angle, in degree, between the rolling direction and the tensile axis of the 

specimen (𝜃 = 0°, 𝜃 = 45° or 𝜃 = 90°). 

The weighted average r-value, 𝑟𝑚
𝜀 , of high-purity niobium was calculated at each level of 

strain using the following equation: 

𝑟𝑚
𝜀 =

𝑟0
𝜀 + 𝑟90

𝜀 + 2𝑟45
𝜀

4
(7.7) 

The degree of planar anisotropy, Δ𝑟𝜀, was calculated with the following equation: 

Δ𝑟𝜀 =
𝑟0

𝜀 + 𝑟90
𝜀 − 2𝑟45

𝜀

2
(7.8) 

Tensile tests were also performed at a constant crosshead speed of 5 mm/min on specimens 

with the near-plane strain geometry shown in Figure 7.3. The load and displacement were 

not measured for those tests since the strain state at localized necking was the only value of 

interest. The method used to calculate this strain state is detailed in section 7.3.4.  

7.3.2. Intermediate Strain Rate Testing Methodologies (1 to 100 s-1) 

7.3.2.1. Joint Research Centre – Electron Beam Welded OFE Copper and Niobium 

Tensile and compression tests were performed on electron beam welded OFE copper and 

niobium at quasi-static (10-3 s-1) and intermediate strain rates (20 s-1) with a servo-hydraulic 

machine (MTS 810) at the European Commission Joint Research Centre in Ispra. Specimen 

geometries in Figure 7.1b and c were used for tensile tests and cylindrical specimens with a 

diameter of 8 mm and a thickness of about 3.96 mm were used for compression tests. More 

precisely, the short specimens were deformed at nominal strain rates of 2.0x10-3 s-1,  

2.0x10-1 s-1, and 20 s-1 and the long specimens at nominal strain rates of 1.0x10-3 s-1,  

1.0x10-2 s-1, and 1.0x10-1 s-1. Figure 7.7 shows the servo-hydraulic machine configured for 

tensile tests with the short specimen geometry and its main components. Compression 

specimens were deformed at nominal strain rates of 10-3 s-1, 10-1 s-1, and 10 s-1. 
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Figure 7.7: Servo-hydraulic machine configured for tensile tests with the short specimen with the main 

components. (Inset) Higher magnification picture of the tensile specimen and the customized fixture, as  

seen from the camera used for in-situ image acquisition and DIC analyses. 

Pictures of the gage length of the tensile specimens were acquired at frame rates of 0.5 to 50 

Hz with a hybrid CCD and complementary metal–oxide–semiconductor (CMOS) camera 

(pco.edge 5.5) for strain rates lower or equal to 2.0x10-1 s-1 and with a high-speed camera 

(IDT OS8-S3) for higher strain rates. Digital image correlation was used for the short 

specimens (Figure 7.1c) to measure the displacement between two points of the gage section 

with an initial distance of about 5 mm. The engineering strain was calculated using the 

increasing distance and the initial gage length 𝐿0 , as detailed in section 3.3.2. The 

deformation of the gage section of the long tensile specimens (Figure 7.1b) was measured 

using the displacement of the machine. The influence of the stiffness of the machine on the 

measured displacement was negligible since the measured elastic modulus was similar to the 

one calculated with DIC on short specimens. The reduction in height of the compression 

specimens was calculated with the crosshead displacement and the stiffness of the machine 

was found by performing a void test, i.e. a test with no specimen, and removed it from the 

displacement measurements. 

7.3.3. High Strain Rate Testing Methodologies (> 1 000 s-1) 

7.3.3.1. ENSTA Bretagne – Annealed and Hard OFE Copper 

Compression tests at strain rates in the order of 103 s-1 were performed at ENSTA Bretagne 

using split Hopkinson bars. Cylindrical specimens with a diameter of 8 mm and a thickness 

of 4 mm were used. Figure 7.8 shows a picture and a schematic of the split Hopkinson bar 
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system used at the ENSTA Bretagne. The striker bar was projected on the incident bar upon 

discharge of the compressed air. Pressures of 2.5 to 5.0 bar, corresponding to strain rates of 

about 2 000 to 4 000 s-1, were used for hard and annealed OFE copper. The strain waves 

were measured with one strain gage on the incident and the transmitted bars. All bars were 

made of maraging steel with a diameter of 20 mm, an elastic modulus of 184 GPa, a density 

of 7 819 kg/m3, and a Poisson ratio of 0.3. 

 

Figure 7.8: (a) Picture and (b) schematic of the split Hopkinson bar setup used at the ENSTA Bretagne for 

compression tests on OFE copper samples. 

The acquired signals of the input and output bars were analyzed using the PostBarre software 

developed at ENSTA Bretagne. The stress–strain curves and strain rate calculated with 

PostBarre was also compared to a MATLAB code developed by the author and its accuracy 

was confirmed. Both software packages used the standard equations associated with the 

analysis of an elastic strain wave in split Hopkinson bars, as summarized in section 2.2.  

7.3.3.2. Joint Research Centre – Electron Beam Welded OFE Copper and Niobium 

High strain rate tensile and compression tests were performed on electron beam welded OFE 

copper and niobium specimens at the Joint Research Centre using split Hopkinson bars. 

Strain rates of up to approximately 1 600 s-1 and 4 000 s-1 were obtained in tension and 

compression, respectively. Pictures were acquired at up to 50 000 frames per second with a 

high-speed camera (Photron FASTCAM SA1.1). 

A standard dynamically loaded system with a striker bar projected using compressed gas 

was used for the compression tests (Figure 7.9). The striker, input, and output bars had a 

diameter of 10 mm and were made of 17-4PH high-strength stainless steel. 

wood block

transmitted bar copper sample incident bar striker bar

Strain waves

Traveling direction
Transmitted Reflected Incident

strain gages
compressed
air gun

(b)
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Figure 7.9: Split Hopkinson bar system used at JRC for the compression tests at high strain rate. 

The split Hopkinson bar apparatus used for the tensile tests was designed at the Hopkinson 

bar laboratory (HopLab) of the JRC (Figure 7.10). Compared with traditional split 

Hopkinson bar systems, the tensile strain pulse is not generated by projecting a striker bar, 

but by pre-straining a section of the input bar [277], [278]. This is defined as a statically 

loaded system [96]. A hydraulic jack was used to pre-strain the input bar and a hydraulic 

clamp was used to hold and release the strain pulse, as shown in Figure 7.11. The input and 

output bars were made of 17-4H stainless steel (𝐸𝑏  = 197 GPa, 𝜌𝑏  = 7780 kg/m3, and  

Ø𝑏 = 10 mm) with lengths specified in the diagram shown in in Figure 7.11. The strain pulse 

was sufficiently long (~3.3 ms) to deform the specimens up to failure and was measured 

using three strain gages (Tokyo Measuring Instruments Laboratory  

FLA-2-350-11) affixed on both the input and output bars. However, the long strain pulse, 

with respect to the length of the bars, resulted in overlapping incident, reflected, and 

transmitted waves in the sections of the bars with the strain gages. Therefore, the algorithm 

proposed by Bussac et al. [279] to separate the waves traveling in different directions was 

used. This technique requires at least two independent strain measurements per bar and 

allows the reconstruction of the strain history at any location in the bars. More details about 

the implementation of this technique are found in the work of Peroni et al. [280].  

 

Figure 7.10: Schematic of the split Hopkinson bars system developed at the JRC HopLab for tensile tests at 

high strain rates [277]. (Inset) OFE copper tensile specimen, adaptors to align the specimen with the center of 

the bars, and holders with threaded to fix on the input and output bars. 
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Figure 7.11: Hydraulic jacks to (a) pre-strain the input bar and (b) to clamp the input bar and release the 

strain pulse with their respective locations in the schematic from Figure 7.10. 

7.3.4. Forming Limit Diagrams 

Tests to obtain the quasi-static forming limit diagram (FLD) at localized necking were 

performed at the laboratoire d’étude des microstructures et de mécanique des matériaux 

(LEM3) of the University of Lorraine in Metz. Both the Marciniak and Nakajima tests, 

described in section 6.1. were used at the LEM3, but the results obtained with the latter 

technique are not considered in this study, as explained in Chapter 8. The experimental 

method used to obtain the FLD of OFE copper and niobium sheets detailed in the following 

sections are only applicable to the Marciniak test. 

7.3.4.1. Marciniak Setup and Sheet Metal Preparation for DIC 

As shown in Figure 6.2, the punch used in the Marciniak test has a flat bottom. A brass punch 

with an outer diameter of 75 mm, smaller than the 100 mm diameter recommended in the 

ISO 12004-2:2008 standard [241], was used in this study. Since the largest blank 

deformation for this punch geometry is at the radius, which results in non-linear strain paths 

and requires three-dimensional digital image correlation to measure strains, a blank carrier 

is used to force localized necking to occur on the top and flat surface of the punch. 

Two blank carrier geometries were used, as shown in Figure 7.2. The cut sheets and pierced 

blank carriers were sticked to a blank with double-sided tape, as shown in Figure 7.12a. This 

step is important to maximize friction forces between the two sheets during the Marciniak 

test. The ISO standard also suggests to increase the surface roughness of the blank carrier 

using a silicon carbide paper sandpaper with a small grit to increase friction forces [241], if 

required. 

The top surface of the blank, the one studied, was cleaned with a solvent to remove any oil 

and grease and painted for in-situ 2D strain measurements with DIC. A thin uniform and 
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matte white layer of paint was applied on the sheet to remove reflections and provide a high 

contrast with the black paint speckles that are tracked by the DIC software, as shown in 

Figure 7.12b and c. The blanks were painted shortly before the beginning of the tests to 

minimize the risk of dry paint flacking due to the large deformations. A stochastic paint 

pattern was used since spray painting is easier to use and has less health risks compared with 

chemical etching of circles or lines to form a uniform grid. Also, the stochastic patterns, if 

done with sufficiently small speckles, allows for local measurements of the whole blank. 

The blank carrier–blank assembly, hereafter the blank-assembly, was then inserted under the 

screw-driven mechanical press following the three steps schematically presented in Figure 

7.13 and detailed below. 

 

Figure 7.12: Sample preparation before Marciniak tests with (a) sticking a cut blank carrier with a 80 mm x 

100 mm blank with double-sided tape, (b) painting of a circular blank with the mate white paint, and (c) the 

resulting stochastic pattern for DIC made with black paint speckles. 

First, the press is lowered to clamp the blank-assembly in the blank holder with a loading 

force of about 170 kN. Six screws were used to lock the top and bottom parts of the blank 

holder into place and maintain the preloading force that prevents draw-in of the blank-

assembly. 

Second, the assembly is raised and the brass punch is inserted under the blank carrier. A  

200 μm thick polyvinyl chloride (PVC) film was placed on the punch to reduce the friction 

with the blank carrier for the tests on OFE copper. A 50 μm thick polytetrafluoroethylene 

(PTFE) film was used instead of PVC for the FLD of niobium. The lower friction forces 

between the brass punch and the OFE copper blank carrier with the latter film was beneficial 

for the Marciniak tests. More details about the advantages of the PTFE film are presented 

with the obtained results in Chapter 8.  

Finally, the press lowers the blank-assembly on the punch until failure is observed on the 

blank. Since the punch is stationary, the flat region of the blank, where localized necking 

occurs, is at a constant height and on a two-dimensional plane. A 45°-angled mirror was 
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affixed above the blank and images of the top surface of the assembly were acquired with a 

camera placed away from the press. The mirror never moved during the process since it was 

fixed on additional posts that are independent of the press and not shown in Figure 7.13 to 

avoid confusion. 

 

Figure 7.13: Schematic of the different steps to deform the blank with a flat-bottomed punch. Different 

colors are used for the following important components: mirror (grey), screws for the top and bottom parts of 

the blank holder (black), blank-assembly (orange), and brass punch (yellow). 

 

Figure 7.14: Pictures with (a) the main components of the setup for the Marciniak tests and (b) the punch 

and PVC films that are below the blank-assembly. 
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Figure 7.14 shows the main components of the Marciniak setup that were schematically 

presented in Figure 7.13. A CCD camera (Pike) with a 50 mm focal lens was used to acquire 

pictures every 500 ms, equivalent to 2 frames per second. Light emitting diodes (LED) were 

used to provide sufficient lighting and remove shadows caused by the assembly and the 

natural lighting of the room. The in-situ images were then imported in two DIC software 

packages, namely GOM Correlate and VIC 2D, to calculate the minor and major strains at 

each frame. VIC 2D was only used with the tests performed on OFE copper to confirm that 

the method used in GOM Correlate was adequate. 

7.3.4.2. Methodology to Calculate the Strain at Localized Necking for the FLD and 

Strain Paths 

To measure the major and minor strains at the onset of localized necking and define the FLD, 

a methodology based on the recommendations of the ISO standard was developed and 

implemented in MATLAB. The three steps of this methodology are presented below. 

Step 1. Frame Identification from Visual Observation of Necking 

First, the picture used for the analysis was selected based on visual observation and 

comparison of the different frames. Different other approaches have been proposed in the 

literature to determine the onset of necking, e.g. a sudden local increase in strain rate or from 

a load drop in the applied load as function of punch displacement curve [241], [251]. The 

latter method was initially used for the tests on OFE copper. However, the signals of the 

mechanical press and the camera were not synchronized, which resulted in an uncertainty of 

few frames in the manual synchronization process. Since the final selection of the 

appropriate frame to perform the analysis was done by comparison of few consecutive 

pictures, it was decided to always rely on a visual selection of the frame of interest. The main 

disadvantage of this method is that it leads to a higher variability in the obtained FLD 

between different users. However, Dr. Guillaume Robin of the LEM3 and the author 

independently analyzed the results for OFE copper and similar frames were used for the 

different tests, which resulted in a small and reasonable error in the FLD and justified the 

use of this method. Note that the load drop method remains useful to identify tests where the 

pierced blank carrier failed before the blank, further discussed in section 8.2., since two 

drops in load are measured. 

The visual criterion used to select a frame was based on the appearance of light reflections 

in the neck due to a rupture of the paint, as shown in Figure 7.15. This subtle detail in the 

appearance of the neck was used for the frame selection of all specimens tested in this study. 

To easily locate the region where necking occurred and to select the frame of interest, all the 
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pictures acquired during the tests were imported in the DIC software GOM Correlate. A 

contour plot of the major strain was used to highlight the location of the neck. 

 

Figure 7.15: Visual inspection of a niobium sheet to identify the frame to be analyzed for the FLD based on 

light reflections due to flacking paint. 

Step 2. Line Scans of the Major and Minor Strains 

Second, major and minor true strains (𝜀1 and 𝜀2) were measured at the selected frame with 

three line scans perpendicularly intersecting the neck. Figure 7.16 shows the sections of the 

line scans and the corresponding plots of major and minor strains as function of position on 

the blank, 𝜀1–𝑥 and 𝜀2–𝑥, respectively, for each line. The data from those plots was exported 

in the comma separated value (CSV) format to be used as input data in the MATLAB code 

described in the next step. 

 

Figure 7.16: Extract from GOM Correlate of (right) the major strain contour plot with the three sections 

traced perpendicular to the neck to extract (left) the major and minor strains. 
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Step 3. Maximum Major Strain and Corresponding Minor Strain 

Third, the 𝜀1–𝑥 and 𝜀2–𝑥 data sets of each line scan were imported in MATLAB to calculate 

the major and minor strains of the FLD. As specified in the ISO standard and as 

schematically shown in Figure 7.17, data in the center of the localized neck is not considered 

and only 4 mm on both sides of the 1 mm central gap is used in the numerical fit of the major 

strain distribution with the following equation: 

𝜀1(𝑥) =
1

𝑎1𝑥2 + 𝑎2𝑥 + 𝑎3

(7.9) 

where parameters 𝑎1, 𝑎2 and 𝑎3 are constants. Equation 7.9 is rearranged to solve a linear 

system of equations in MATLAB for 𝑛 (𝜀1𝑖
,𝑥𝑖) points: 

𝐴𝑎 = 𝑏 →

[
 
 
 

𝑥𝑖
2 𝑥𝑖 1

𝑥𝑖+1
2 𝑥𝑖+1 1
⋮ ⋮ ⋮

𝑥𝑛
2 𝑥𝑛 1]

 
 
 

[

𝑎1

𝑎2

𝑎3

] =

[
 
 
 

1/𝜀1𝑖

1/𝜀1𝑖+1

⋮
1/𝜀1𝑛 ]

 
 
 

(7.10) 

Since 𝐴 is not a square matrix and has more equations than unknowns, MATLAB finds the 

minimum-norm-residual solution of the overdetermined system using its built-in QR Solver 

[281], i.e. an orthogonal-triangular decomposition solver. The 𝑎1, 𝑎2 and 𝑎3 constants found 

by the QR Solver are then used in equation 7.9 to plot the numerical approximation with the 

experimental data and confirm the adequacy of the fit with a visual inspection. 

 

Figure 7.17: Schematic of the numerical fit of the major strain experimental data and the regions considered 

in the calculations of the points of the FLD. 

The maximum of equation 7.9 is the 𝜀1 point of the FLD and the corresponding 𝑥 position 

on the blank is found using the first derivative:  

𝑑𝜀1(𝑥)

𝑑𝑥
=

−(2𝑎1𝑥 + 𝑎2)

𝑎1𝑥2 + 𝑎2𝑥 + 𝑎3

(7.11) 
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Since equation 7.9 has only one maximum, the position on the blank satisfying the equation 

𝑑𝜀1(𝑥)

𝑑𝑥
= 0 is found in equation 7.12 and also used to calculate the minor strain point of the 

FLD: 

𝑥𝑚𝑎𝑥 = −
𝑎2

2𝑎1

(7.12) 

The major strain at the onset of localized necking, corresponding to value of the point of the 

FLD is then calculated with the following equation: 

𝜀1 =
1

𝑎1𝑥𝑚𝑎𝑥
2 + 𝑎2𝑥𝑚𝑎𝑥 + 𝑎3

(7.13) 

Finally, since deformation in the localized neck is close to pure plane strain, the minor strain 

is nearly constant in the neck and simply extracted at the position of the fitted maximum 

major strain. To avoid unrepresentative values of the minor strain due to local fluctuations 

of the 2D DIC results, the average minor strain of three points on each side of the location 

of maximum major strain 𝑥𝑚𝑎𝑥, as shown in Figure 7.17, is calculated as follow and used 

with the value found in equation 7.13 to define the location of a point of the FLD: 

𝜀2 =
1

6
∑ 𝜀2𝑖

𝑖𝑚𝑎𝑥+3

𝑖=𝑖𝑚𝑎𝑥−3

(7.14) 

where 𝑖𝑚𝑎𝑥 correspond to the fictive 𝑖th experimental point located at 𝑥𝑚𝑎𝑥. This point is 

defined as fictive, since there is no experimental point at the exact location of 𝑥𝑚𝑎𝑥. The 

notation 𝑖𝑚𝑎𝑥 ± 3 in equation 7.14 is then used to describe the selection the three closest 

points located before and after 𝑥𝑚𝑎𝑥. 

7.3.4.3. Experimental Strain Paths 

To ensure the validity of the FLD for each test, the strain paths around the neck was plotted. 

As specified in the ISO standard, the strain paths should be linear. More details about the 

effect of pre-straining on the FLD are presented in section 6.1.2. The major and minor strains 

at each frame are extracted at five points close to the neck, as shown in Figure 7.18. Finally, 

the extracted data was imported in MATLAB and 𝜀1 and 𝜀2 are plotted against each other. 
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Figure 7.18: Extract from GOM Correlate of (right) the major strain contour plot with five points extracting 

the major and minor strains close to the neck at each frame and (left) the corresponding plots. 
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Chapter 8 Forming Limits of OFE Copper and 

Polycrystalline High-Purity Niobium 

In this chapter, the quasi-static forming limit diagrams (FLD) of annealed oxygen-free 

electronic copper and high-purity polycrystalline niobium are presented. Experimental tests 

were performed at the Laboratoire d’étude des microstructures et de mécanique des 

matériaux (LEM3) in Metz, France. More details about forming limit diagrams are available 

in section 6.1. and the experimental procedures and the technique used to analyze the data 

are given in section 7.3.4.  

8.1. Selection of the Marciniak Test 

The Marciniak test (flat-bottomed punch) was selected over the Nakajima test 

(hemispherical punch) based on experiments with OFE copper using the setup available at 

the LEM3. Since high-purity copper is much cheaper than high-purity niobium, annealed 

OFE copper was used as a trial material to select and improve the experimental setup to 

obtain valid forming limit diagrams for both materials.  

The Nakajima test was used on OFE copper sheets with a thickness of 1 mm and 2 mm and 

with different widths to obtain few points of a forming limit diagram. Since the punch is 

hemispherical, images were acquired using two cameras and stereographic digital image 

correlation (3D DIC) was used to extract the major and minor strains in the vicinity of the 

neck. Non-linear strain paths were measured and a very narrow range of minor strain was 

obtained. In addition, necking did not occur at the apex of the punch. This is caused by too 

important friction forces between the blank and the punch and is likely explaining the non-

linear strain path and small minor strain distribution. In addition to those problems, the data 

analysis with 3D DIC is complicated to implement and motivated the use of the Marciniak 

test. 

While the strain in Marciniak tests is easier to acquire and analyze because the region of 

interest is flat and 2D DIC can be used, the design of the blank carrier, the sheet placed 

between the punch and the blank that is studied, is non-trivial. A short study was then 

performed to select blank carriers with appropriate dimensions and the main findings are 

presented in the next section. 

8.2. Blank Carrier Design for Marciniak Tests 

For tests with negative minor strain, i.e. where the width of the blank reduces during 

deformation, the blank carrier was simply a sheet with the same dimensions as the blank, but 
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cut in two pieces at the center of the longest dimension. Figure 8.1a and c show the strain 

distribution in the blank and lines of higher strain corresponding to the end of the half-sheets 

of the blank carrier. No problems were observed with this design, as linear strain paths were 

measured and necking and failure occurred on the flat region of the punch. However, as 

shown in Figure 8.1b, localized necking did not occur above the space between the half-

sheets of the blank carrier, but closer to the edge of the punch for the OFE copper blank. 

Similar to the Nakajima tests where necking did not occur at the apex of the punch but major 

strain localized above and below the apex, this is probably friction between the blank carrier 

and the punch. This problem was avoided for niobium, see Figure 8.1d, by reducing the 

friction between the brass punch and the OFE copper blank carrier by changing the polymer 

film between the two bare metal surfaces from 200 μm of polyvinyl chloride (PVC) to 50 

μm of polytetrafluoroethylene (PTFE), commercially known as TeflonTM. In addition to 

resulting in necking far from the radius of the punch, the forming limit curve covered a larger 

range of negative values of minor strain (presented in the following sections). 

 

Figure 8.1: True major strain contour plots for specimens with a width of 100 mm showing (a and c) strain 

concentration from blank carrier and (b and d) at the onset of localized necking for OFE copper with a PVC 

film (a and b) and niobium with a PTFE film (c and d). 
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For tests with positive minor strain, i.e. with bi-axial extension, a blank carrier with the same 

dimensions as the blank but with a circular hole in center of the sheet was used. The selection 

of an appropriate hole diameter that ensures that the blank fails before the blank carrier 

proved to be non-trivial. The rupture of the blank carrier before the blank leads to a change 

of the strain path in the blank and an underestimation of the necking strains [248]. This 

phenomenon is visible in strain path plots that exhibit bi-linear strain paths. The first linear 

segment corresponds to the expansion of the hole and the second segment corresponds to 

crack propagation and opening after failure of the blank carrier. The opening of the cracks, 

as shown schematically in Figure 8.2, leads to strain localization in the blank above the crack 

and a nearly vertical strain path due a to a near plane strain deformation of the blank in this 

region. Figure 8.3a and c show digital image correlation contour plots of the major strain 

during bi-axial deformation, i.e. before failure of the blank carrier. Figure 8.3b shows four 

regions with localized strain on an OFE copper blank after failure of the blank carrier and 

Figure 8.3d shows the ideal case for niobium where necking occurred in the blank above the 

expanding hole of the blank carrier.  

 

Figure 8.2: Crack initiation and propagation in the blank carrier explaining the plane strain-like deformation 

of the blank. 

To delay the rupture of the blank carrier, the size of the hole was varied. The ISO  

12004-2:2008 standard [241] recommends hole diameters of 32 to 34 mm for a punch 

diameter of 100 mm and a minimum blank carrier thickness of 0.8 times the thickness of the 

blank. Since the flat-bottomed punch used at LEM3 had a diameter of 75 mm, it is assumed 

that a smaller blank holder hole of 24 to 25.5 mm is acceptable. Tests with blank carrier hole 

diameters of 5, 10, 15, 20, 25, and 30 mm were performed for two sheet dimensions to 

quantify to effect of the hole on the strain path. Figure 8.4 shows the strain paths for 140 mm 

x 200 mm and 180 mm x 200 mm OFE copper blanks for the six blank carrier hole diameters 

previously mentioned. The effect of the hole diameter on the increase in minor strain at 

necking is more pronounced with the wider sheet, indicating that the rupture of the hole is 

more delayed for strain paths that are closer to an equi-biaxial deformation. A ~25% increase 
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in minor strain was measured for an increase in blank carrier hole diameters from  

5 to 30 mm. Note that the last point of the strain path curves is higher than the forming limit 

curve for all hole diameters but 10 mm. 

 

Figure 8.3: True major strain contour plots for specimens with positive minor strain (ε2 > 0). (a) and (b) 

correspond to a OFE copper blank and a blank carrier hole diameter of 15 mm. In this case, necking of the 

blank is caused by the failure of the blank carrier. (c) and (d) correspond to a niobium blank and a blank 

carrier hole diameter of 30 mm. Necking takes place above the blank carrier hole.  

 

Figure 8.4: Strain paths for 140 mm x 200 mm and 180 mm x 200 mm OFE copper sheets with blank carrier 

hole diameters of 5 mm, 10 mm, 15 mm, 20 mm, 25 mm, and 30 mm. Only one representative strain path is 

plotted per blank carrier hole diameter for clarity. 
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The study on the effect of the blank holder hole diameter showed a reduction of the distance 

travelled by the punch between the rupture of the blank carrier and the blank. The rupture of 

the blank carrier is identified by a sudden load drop and a localization of the strain in the 

digital image correlation results. While the change in slope appears at larger values of minor 

strains, the extent of the second slope, in the near plane strain mode, is similar. An analysis 

of the distance travelled by the punch after rupture of the blank carrier was performed. The 

distance was measured using the raw load vs displacement curves, as shown in Figure 8.5a 

for two 180 mm x 200 mm sheets with blank carrier hole diameters of 5 mm and 30 mm. 

The black arrow indicates the rupture of the blank carrier and the grey arrows the rupture of 

the blank. The absence of a black arrow for the specimen with a hole diameter of 30 mm 

indicates that the blank failed before or at the same time as the blank carrier. A lower load 

was measured for sheets with hole diameters of 25 mm and 30 mm due to the lower friction 

coefficient of the PTFE film, compared with the PVC film. A reduction of the distance 

travelled by the punch between rupture of the blank carrier and the blank for increasing hole 

diameter is observed in Figure 8.5b. This distance is equal to the displacement of the punch 

between the locations of the black and grey arrows in Figure 8.5a. The reduction in distance 

travelled by the punch is more pronounced for the 180 mm x 200 mm blanks, despite the 

absence of data for holes of 25 mm and 30 mm for the 140 mm x 200 mm sheets, and this 

explains the larger difference in strain path observed in Figure 8.4. 

 

Figure 8.5: (a) Typical raw load vs displacement curves for tests performed on 180 mm x 200 mm copper 

sheets with arrows identifying the rupture of the blank carriers and blanks. (b) Distance travelled by the 

punch after rupture of the blank carrier and until the rupture of the blank for annealed OFE copper sheets 

with thicknesses of 1 mm and different polymer films. This distance is equal to the displacement between the 

black and grey arrows in (a). 

8.3. Forming Limit Diagram of Annealed OFE Copper 

The forming limit diagram OFE copper sheets annealed at 600°C for 2 hours in vacuum with 

a thickness of 1 mm was experimentally obtained with Marciniak tests. As detailed in the 

previous section, 1 mm thick blank carriers made of the same material were used. Tests were 
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performed on rectangular sheets with a length of 200 mm and varying widths of 80, 100, 

120, 140, 160, and 180 mm and circular blanks with a diameter of 200 mm. Since the 

180x200 mm2 sheets were fully clamped in the setup, they yielded the same results as the 

circular disks. Pictures of the flat region of the blank being deformed were acquired during 

the test and used to calculate the strain with digital image correlation. More details about the 

experimental setups are available in section 7.3.4.  

The strain paths on both sides of the localized neck were measured by extracting the minor 

and major strains, 𝜀2 and 𝜀1, at each frame and plotting 𝜀1 as a function of 𝜀2. Different 

software packages, namely GOM Correlate and VIC 2D, were used by the author and Dr. 

Robin of the University of Lorraine, respectively, and the results were compared. Similar 

results were obtained with the two software packages and users, which confirmed that the 

method used with GOM Correlate produces reproducible results for the strain path. The same 

exercise was repeated for the estimation of the points of the forming limit curve (FLC) and, 

again, the variation was small enough to confirm the validity of the data analysis method. It 

was found that the main source of error in results obtained between different users is the 

selection of the frame used to perform the measurements and calculations of the point of the 

FLC. 

8.3.1. Tensile Mechanical Properties, Strain Paths and Forming Limit Curve 

Tensile tests with DIC were not performed on specimens cut from the sheets used for the 

Marciniak tests. However, the 2 mm thick OFE copper sheets used to study the effect of 

strain rate on the tensile properties of this material, presented in Appendix E, came from the 

same supplier and were also annealed at 600°C for 2 hours in vacuum at CERN. The 

mechanical properties at a quasi-static nominal strain rate of 2.38x10-3 s-1 and the plastic 

strain anisotropy (r-value) at ~0.65 s-1 are used for this formability study and are summarized 

in Table 8.1. Parameters found at different strain rates are used with the quasi-static forming 

limit diagram since annealed OFE copper has a moderate strain rate sensitivity in tension, 

𝑚 = 0.011 (Appendix E). Recall from Appendix E that the r-value could only be calculated 

from subsize specimens pulled along the rolling direction with a servo-hydraulic machine 

since DIC was only used for these tests. The fully recrystallized microstructure obtained 

after the annealing heat treatment was previously characterized at CERN and isotropic 

properties were found, which is in agreement with the results obtained in this study. 

Figure 8.6 shows the strain paths measured on either side of a neck in Marciniak tests for 

different blank carrier design, as discussed in section 8.2. For specimens with a positive 

minor strain and pierced blank carriers, the strain paths in blue and red are for blank carrier 

holes of 10 mm and 25 mm or 30 mm, respectively. The specimens with the 10 mm hole 
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diameter are not considered in the estimation of the forming limit curve as bi-linear strain 

paths (induced by the failure of the blank carrier) will result in an underestimation of the 

FLC. 

Table 8.1: Tensile mechanical properties of annealed OFE copper at a nominal strain rate of 2.38x10-3 s-1 and 

at ~0.65 s-1 for the r-value. 

Strain rate (s-1): 2.38x10-3 0.65 

Rolling direction 

(°) 

0.2% yield 

(MPa) 

UTS 

(MPa) 
εfail 

(-) 

𝑟 

(-) 

0 47.0 220.0 0.484 0.95 

90 47.4 217.2 0.509 N/A 

The strain paths of specimens with a negative major strain are only covering a small fraction 

of the formability domain between the uniaxial and plane strain conditions. This is likely an 

artefact of friction forces that were too high between the blank carrier and the punch, leading 

to fracture closer to the punch radius and often not over the expending gap between the cut 

sheets of the blank carrier, as shown in Figure 8.1. As previously mentioned, this problem 

was solved for niobium by replacing the film material between the punch and the blank 

carrier from PVC to PTFE. 

  

Figure 8.6: Strain paths of the Marciniak tensile tests for OFE copper with different colors for different 

blank holder geometries (black: cut sheets, blue: 10 mm hole, and red: 25 mm or 30 mm holes). 
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Figure 8.7 shows the experimental FLC of annealed OFE copper for tests that were 

considered valid, based on strain path analysis. Six experimental points describe the forming 

limit curve, four and two with a negative and positive minor strain, respectively. The location 

of the point corresponding to a uniaxial tensile test is determined based on the r-value along 

the rolling direction (𝑟0) of 0.95 and the logarithmic strain to failure of 0.484 presented in 

Table 8.1. Localized necking is often theoretically defined to occur at a true strain of 𝜀 = 2𝑛 

for a uniaxial tensile test, which would be equal to 0.97 for the hardening exponent of 0.485 

of annealed OFE copper calculated from tensile tests at a quasi-static strain rate. However, 

this value is beyond the experimentally measured logarithmic strain of 0.484. The more 

conservative experimental value is then used in the FLC. 

 

Figure 8.7: Experimental FLC of annealed OFE copper. Error bars represent the standard deviation for tests 

performed with the same sheet dimensions. 

The lowest point of the FLC is around the plane strain condition, which is typical for 

materials with no pre-straining. Points with a negative minor strain appear to follow a linear 

trend with a steeper slope than the results with a positive minor strain. Also, larger variations 

in major strain for different tests with the same sheet dimensions, quantified with error bars 

of the standard deviation, are measured for Marciniak tests with 𝜀2 < 0. 

8.3.2. Comparison with the Literature 

Oxygen-free electronic copper is not the only commercially used grade of copper with a high 

purity. Thus, a comparison of the experimental forming limit diagram with other studies 

from the literature can be conducted. Figure 8.8 compares the FLC of annealed OFE copper 

presented in Figure 8.7 with experimental results for oxygen-free high conductivity (OFHC) 
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copper from Melander [265] and Gerdooei and Dariani [256]. The FLCs from the literature 

are slightly higher and lower than the one of OFE copper for the former and latter studies, 

respectively.  

The similar FLCs obtained between the three studies are an indicator that the setup, data 

acquisition system, and data analysis methods used in this study provide reliable results. This 

is also an indicator that the formability of high-purity copper does not significantly varies 

between different grades of copper. 

 

Figure 8.8: Comparison of the experimental FLC of annealed OFE copper with literature data for OFHC 

from Melander [265] and Gerdooei and Dariani [256]. Error bars represent the standard deviation for tests 

performed with the same sheet dimensions. 

8.3.3. Forming Limit Diagram of High-Purity Niobium 

Similarly, the forming limit diagram of high-purity niobium sheets with a thickness of  

1 mm was obtained with Marciniak tests. Annealed OFE copper blank carriers with an equal 

sheet thickness were used. This choice was motivated by the lower cost of OFE copper and 

due to similar elongation at failure for both materials in standard tensile tests. Recall that the 

ISO 12004-2:2008 standard [241] specifies that the blank carrier can be made of a different 

material, as long as it fails after the sheet of interest. Tests were performed on rectangular 

sheets with a length of 200 mm and varying widths of 80, 100, 120, 140, 150, and 180 mm. 

In addition to the Marciniak tests, uniaxial tensile tests, based on ASTM E8 standard [196], 

and plane strain tensile tests, a non-standardized test with the geometry presented in section 

7.3.4. were performed and DIC was used to measure the strain fields. Tensile specimens 

were cut at angles of 0°, 45°, and 90° with respect to the rolling direction in order to calculate 
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the plastic anisotropy (r-value). More details about the method and the material are available 

in section 7.3.4.  

8.3.4. Validity of the Marciniak Tests 

The validity of each test was assessed based on the location of the localized neck and the 

measured strain path. If failure occurred too close to the radius of the punch or with the 

circular shape of the hole of the blank carrier, the test was discarded and not considered in 

the following analyses. Three tests were repeated for each condition to ensure repeatability 

and that enough points are obtained to trace the FLC of high-purity niobium and fully 

understand the formability for different states of strain. Two tests for both the  

140 mm x 200 mm and 150 mm x 200 mm sheet geometries were not considered due to 

failure at the vicinity of the radius of the punch and with a circular shape. All other tests are 

considered valid and used in the following sections. 

8.3.5. Plastic Strain Anisotropy (r-value) 

Table 8.2 shows the calculated plastic anisotropy values, following the methodology 

described in section 7.3.1.2., for the different tensile directions and the mean value 𝑟𝑚 at true 

strains of 0.15 and 0.2. Since the difference is negligible between the two levels of strain, 

the average value is used in the following section. Those results show that high-purity 

niobium sheets have anisotropic plastic properties and a higher resistance to thinning in the 

0 and 90° directions, i.e. 𝑟0 and 𝑟90 > 1. A high 𝑟𝑚 generally enhances the drawability of the 

sheet, but a non-zero degree of planar anisotropy Δ𝑟 indicates that earing and other shape 

defects are expected during the forming process [42]. 

Table 8.2: Plastic anisotropy coefficients (r-value) of niobium in for different rolling directions and strain 

levels. 

𝑟𝜃
𝜀 𝜀 = 0.15 𝜀 = 0.2 average 

𝜃 = 0° 1.67 1.66 1.66 

𝜃 = 90° 2.30 2.30 2.30 

𝜃 = 45° 1.00 0.99 1.00 

𝑟𝑚 1.49 1.49 1.49 

Δ𝑟 0.982 0.986 0.984 

The r-value is the largest for the transversal (90°) direction at 2.30 and the smallest for the 

angled (45°) direction at 1.00. A lower value for the 45° direction is common in other 

materials, such as cold-rolled and annealed low carbon steel [276]. Since the sheets used in 
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the Marciniak tests were aligned with the rolling direction parallel to the major strain axis, 

the r-value in the longitudinal (0°) direction of 1.66 is the one used to determine the slope 

of the straight-line characteristic of a uniaxial tensile test in the forming limit diagram. 

Yamaguchi et al. [282] studied the recrystallization of cold rolled niobium sheets and 

measured a residual texture in annealed sheets due to a low dislocation energy that hinders 

recrystallization. This result could explain the plastic strain anisotropy measured in this 

study. 

8.3.6. Tensile Mechanical Properties and Stress Anisotropy 

The tensile mechanical properties of the high-purity niobium polycrystalline sheets used to 

obtain the forming limit curve of the material were measured. Tensile tests were performed 

at a nominal strain rate of about 1.0x10-3 s-1 for the 0°, 45°, and 90° sheet rolling orientations 

and the stress–strain curves are presented in Figure 8.9. These curves show that the niobium 

sheets have similar mechanical properties in the different loading directions. The low 

variation in yield stress and ultimate tensile strength presented in Table 8.3 support the 

observation made from the stress–strain curves. The mean yield stress and ultimate tensile 

stress are equal to 98.52 MPa and 180.20 MPa, respectively, using a formulation analogue 

to the one presented in equation 3.11 to calculate the mean plastic strain anisotropy. 

 

Figure 8.9: (a) Engineering and (b) true tensile mechanical properties of high-purity niobium polycrystalline 

sheets at a nominal strain rate of 10-3 s-1 for different rolling directions. Dashed and dash-dotted lines are 

repetitions of tests with the same rolling direction. 

A parabolic hardening coefficient n of the Hollomon equation (𝜎𝑇 = 𝐾𝜀𝑇
𝑛) of 0.236 has been 

found for the stress–strain curves of Figure 8.9b. However, a simple parabolic hardening 

constitutive equation, like the Hollomon equation, is not appropriate for niobium since its 
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strain rate sensitivity is not considered (see Chapter 9). However, the value of n was still 

identified to allow comparisons with different studies. 

Table 8.3 also presents the engineering strain at UTS and the post-uniform elongation 

(difference between the engineering strain at failure and at UTS). The post-uniform 

elongation is similar for all sheet rolling directions and rather large, with an average value 

of 0.159. Note that the post-uniform elongation is highest for materials with a large strain 

rate sensitivity such as niobium. Ghosh [98] reported a monotonically increasing dependence 

between post-uniform elongation and the strain rate sensitivity exponent 𝑚, explained by 

hardening of the necked region of the specimen due to a local increase in strain rate. 

Table 8.3: Tensile mechanical properties at yield and at the maximum load for all rolling directions. 

Rolling direction 

(°) 

0.2% yield 

(MPa) 

UTS 

(MPa) 

Eng strain at UTS 

(-) 

Post-Uniform elongation 

(-) 

0 98.60 180.98 0.250 0.159 

90 100.35 180.05 0.238 0.159 

45 97.56 179.89 0.248 0.160 

 

8.3.7. Marciniak Tests, Strain Paths and the Forming Limit Curve 

By extracting the minor and major strain of the valid Marciniak tests, the strain paths and 

forming limit curve of niobium are found. Since the sheet material showed high anisotropic 

plastic strain properties, the strain paths and FLC presented in the following section are only 

valid for the 0° rolling direction. 

Figure 8.10 shows the strain paths measured on either side of a neck in Marciniak and tensile 

test specimens. Since the measurements are taken close to the neck, the last points in this 

figure are higher than the forming limit curve. Dashed lines are also plotted to present the 

theoretical strain paths for (1) uniaxial tensile tests, based on the average  

r-value of 1.66 for the 0° orientation, and (2) equi-biaxial tension. As expected, the strain 

paths of the Marciniak tests are all between those boundaries. At least three specimen 

geometries yield results for negative and positive minor strains, which ensures that the FLC 

is representative of the material in all regions of the major–minor strain plot. 

The strain paths for tests with negative minor strains are all fairly linear from the beginning 

of the test (0,0) up to necking, as required by the ISO 12004-2:2008 standard [241]. For the 

wider sheets with strain paths with positive minor strains, the bi-linear strain path due to a 

failure of the blank carrier before the blank, as discussed section 8.2. is visible in few 
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instances for sheets with widths of 150 mm and 180 mm. After inspection of the DIC results 

and the load vs. punch displacement curves, the blank fails only few frames after the failure 

of the blank carrier for the 150 mm x 200 mm sheet, which limits the impact of the bi-axial 

pre-straining on the forming limit curve. For the 180 mm x 200 mm sheets, the change in 

strain path appears to be more important. Those specimens, identified in Figure 8.10, are 

then not considered in the elaboration of the FLC as underestimation of the forming limit 

diagram are expected for tests with highly non-linear strain paths and biaxial pre-straining 

[248]. 

 

Figure 8.10: Strain paths of the Marciniak and tensile tests for niobium sheets with the major strain aligned 

with the 0° rolling direction. 

Figure 8.11 shows the points of the forming limit curve for all sheets aligned with the rolling 

direction parallel to the major strain axis for the Marciniak tests and tensile tests in the 

longitudinal direction. The points of the FLC are determined by fitting the major strain data 

extracted across the neck, as detailed in section 7.3.4.  

For the points with a negative minor strain, a linear trend with a negative slope is visible and 

characteristic of most forming limit curves. However, the red points corresponding to the 

uniaxial tensile tests are higher than the straight dashed line plotted based on the plastic strain 

anisotropy value obtained using the same specimens. The higher points determined using the 

same method as the one used for the Marciniak tests suggest that the r-value of the material 

is ~1.0. However, calculations of the r-value for the 0°, 45°, and 90° specimens in section 

8.3.5. clearly show that the sheets have anisotropic plastic strain properties. The major strain 
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difference of approximately 18% is likely caused by the slightly non-linear strain path in 

Figure 8.10, which could be due to the failure of the tensile specimens at approximately 45 

degrees. Human factors in the calculation of the r-values, especially due to the high 

sensitivity to changes in width [276], could also affect the mean r-value. This difference 

shows the necessity of using a safety margin of about 10% [283][283] when using a FLC in 

finite element models to predict the formability of a part. 

 

Figure 8.11: Forming limit curve of high-purity niobium for sheets aligned with the rolling direction parallel 

to the major strain axis and an approximated value of FLC0 for pure plane strain deformation (𝑛 = 0.236 and 

𝑚 = 0.112). 

Similar (𝜀2,𝜀1) points were extracted from the plane strain tensile tests in the longitudinal 

direction and the 120 mm x 200 mm sheets used in the Marciniak tests. This confirms that 

the non-standardized plane strain tensile test used in this study is adequate to characterize 

the formability of the sheet metal for a linear strain path close to the plane strain condition. 

This specimen geometry and test is much easier to perform than the traditional Nakajima 

and Marciniak tests as it only requires a standard tensile machine and one camera for 2D 

DIC. Problems associated with frictions are inexistant, the complex blank carrier design 

work is not required, and, therefore, it should easily be extrapolated to other materials. 

Xavier et al. [275] previously used this specimen geometry for interstitial-free and 

spheroidized SAE 1050 steels and compared the results of the near plane strain tensile tests 

with Nakajima tests. Experimental results using both techniques and from the literature 
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confirm the efficacy of the plane strain tensile test to determine the lowest point of the FLC, 

called FLC0. 

However, for the FLC of niobium, the points obtained from the plane strain tensile and 

Marciniak tests have 𝜀2 < 0, which is not a pure plane strain condition. For materials with 

no initial pre-straining, like the high-purity niobium sheets used in this study, the FLC0 point 

is often for 𝜀2 = 0. A linear extrapolation of the experimental data with negative minor strains 

was then performed and the intersection of the major strain axis was found at a true strain of 

0.441, which corresponds to an estimate of the formability limit for pure plane strain 

deformation. Recall from section 6.1. that translations of the lowest point of the FLC in the 

negative or positive minor strain quadrants are expected for uniaxial and equi-biaxial pre-

straining, respectively [284]. The former also overestimates the formability limit for biaxial 

stretching, while the latter underestimates the whole forming limit curve. It is interesting to 

notice that all points with positive minor strains are approximately at the same major strain. 

This finding is consistent with the theoretical results reported by Marciniak et al. [252] for 

viscoplastic materials with a high strain rate sensitivity (see Figure 4 in [252]). The strain 

rate sensitivity exponent 𝑚 of the high-purity niobium used in this study is equal to 0.112, 

based on results from Chapter 9. Also, as discussed in the previous section, a high strain rate 

sensitivity results in neck stabilization and a higher ductility. An increase in the forming 

limit diagram from the traditional Swift-Hill model, which predicts that isotropic and strain 

rate independent materials have their FLC0 point at a true strain equal to 𝑛, is expected for 

those materials and was reported by Ghosh [98]. The strain hardening coefficient 𝑛 and the 

FLC0 were estimated at 0.236 and 0.441, respectively, suggesting that the high strain rate 

sensitivity of pure niobium explains its high formability. 

8.3.8. Comparison with the Literature 

To the best of the author’s knowledge, only one previous study published a forming limit 

curve of high-purity niobium. Daumas and Collard [1] obtained this FLC in 1986 by 

performing Nakajima tests on 1 mm and 2 mm thick sheets. The sheet was deformed by 

hydroforming using oil on the top of the sheet and a fixed punch. Table 8.4 shows the 

mechanical properties that were obtained for the 1 mm thick high-purity niobium sheets used 

in the study of Daumas and Collard for the 0°, 45°, and 90° rolling directions. By comparison 

with Table 8.3, the niobium used in the present study has a lower yield and ultimate tensile 

stress, a higher strain to failure, and different plastic anisotropy coefficients. The lower 

mechanical properties and higher ductility are probably caused by a higher material purity 

and a different metallurgical state and pre-deformation history. The fabrication of high-

purity niobium sheet requires several steps of lamination and full final recrystallization and 
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is therefore expensive [23]. It is reasonable to assume that progress was made in the 34 years 

separating the two studies. Also, the sheets used in this current study were supplied by 

Ningxia, a Chinese manufacturer that is relatively new in this industry, but delivering sheet 

with very high purity and residual resistivity ratio (RRR) values. 

Table 8.4: Mechanical properties of 1 mm thick niobium sheets used by Daumas and Collard [1]. 

Rolling direction 𝜃 

(°) 

0.2% yield 

(MPa) 

UTS 

(MPa) 

A% 

(-) 

A% total 

(-) 
𝑟𝜃

0.2 

(-) 

0 131 215 0.235 0.37 0.89 

90 185 250 0.252 0.41 1.81 

45 201 264 0.204 0.32 1.63 

 

Figure 8.12: Comparison of FLCs of high-purity niobium from this study and Daumas and Collard [1] for 

sheet thicknesses of 1 mm and 2 mm, respectively. 

Figure 8.12 compares the forming limit curves obtained by Daumas and Collard [1] and in 

the present study. The large difference in FLC and the lower formability of the material used 

in 1986 is probably related to the different sheet mechanical properties. The very narrow 

span of that FLC could be caused by friction forces resulting in a facture away from the apex 

of the punch and non-linear strain path. The translation of the minima of the FLC for the  

1 mm thick sheet is likely caused by uniaxial pre-straining, as it was observed in the present 

study when a Nakajima setup was used. 
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8.4. Conclusion and Closing Remarks on Forming Limit Diagrams 

In conclusion, the forming limit curves of annealed OFE copper and high-purity 

polycrystalline niobium sheets used to form SRF cavities have been experimentally 

obtained. Marciniak (in-plane) tests were performed at quasi-static strain rates and annealed 

OFE copper blank carriers were used for both materials. A blank carrier hole diameter of  

30 mm was found to be adequate for both materials. A PTFE sheet was placed between the 

brass punch and the blank carrier for the study of niobium to reduce friction forces and for 

necking to occur in the opening of the split blank carrier. The formability limit of niobium 

is higher than OFE copper for all strain states, as shown in Figure 8.13.  

 

Figure 8.13: Comparison of the forming limit curves of OFE copper (0.347 < 𝑛 < 0.485 and 𝑚 = 0.011) and 

high-purity niobium (𝑛 = 0.236 and 𝑚 = 0.112) sheets. Error bars represent the standard deviation for tests 

performed with the same sheet dimensions. 

Since niobium is strain rate sensitive, its formability is expected to be rate dependent. 

Forming limit curves at strain rates of up to 103-104 s-1 should be experimentally obtained 

for application to electro-hydraulic forming. Uniaxial tensile tests on niobium single crystals 

and electron beam welded polycrystalline sheets performed during this study and presented 

in Chapters 4 and 9, respectively, indicate a reduction in strain to failure for strain rates 

greater than 10-1 s-1. The effect of the strain rate on other modes of deformation for high-

purity niobium remains unknown. High strain rate FLC are complicated to obtain due to 

issues such as friction [285], data acquisition and processing with a high-speed camera, the 

development of a setup that results in linear strain paths and more. Due to the limited 
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duration of a PhD and no access to such a setup, this study has not been pursued, but it is 

recommended as future work. 

Note that some work on the formability of OFHC copper at different strain rate has already 

been done. Gerdooei and Dariani [256] reported an increase in sheet formability for 

increasing strain rate between 0.01 s-1 and 500 s-1 for this material. If a high strain rate setup 

is developed in the future for niobium, an initial study with OFE copper sheets should again 

be used to optimize the setup and data acquisition system. A BCC sheet metal with a strain 

rate sensitivity similar to niobium, such as iron or a ferritic steel (i.e. low strength steels), 

could also be used since the material will probably be cheaper and react to increasing strain 

rates in a similar manner as niobium. 

Finally, the large difference between the FLC of high-purity niobium obtained in the 1986 

study of Daumas and Collard [1] motivates the author to recommend the use of the FLC 

obtained in this study to individuals forming bulk niobium SRF cavities with traditional low 

strain rate techniques, such as deep drawing and spinning. The high-purity niobium sheets 

(RRR > 300) produced by Ningxia and used in this study are likely more representative of 

current state of the art sheets used to manufacture SRF cavities. 
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Chapter 9 Mechanical Properties of Electron Beam 

Welded OFE Copper and Niobium 

In this chapter, the mechanical properties at low and high strain rates of electron beam (EB) 

welded oxygen-free electronic copper and high-purity polycrystalline niobium are presented. 

The objective of this first study of the mechanical properties of EB welded OFE copper and 

niobium specimens at high strain rate is to explore alternative forming strategies to 

manufacture seamless SRF cavities, such as the use of rolled and EB welded sheets to 

produce tubes and form them at high-speed with electro-hydraulic forming. Niobium tubes 

previously manufactured by sheet rolling and EB welding lacked the required ductility to 

manufacture cavities, but were only deformed at low strain rates. 

Tensile and compression tests were performed at strain rate ranging from 10-3 to 103 s-1 on 

the specimen geometries presented in Figure 9.1. The mechanical properties are compared 

with unwelded specimens (see Appendix E for OFE copper and Peroni and Scapin [182] for 

niobium) and used to understand the influence of strain rate on welded specimens. All tests 

were performed at the Joint Research Centre (JRC) in Ispra. The tensile and compression 

tests at strain rates of 10-3 to 20 s-1 and 10-3 to 10 s-1, respectively, were performed with a 

servo-hydraulic universal testing machine, as described in section 7.3.2.1. Tests at higher 

strain rates were performed on tensile and compression split Hopkinson bars systems, 

described in section 7.3.3.2.  

 

Figure 9.1: Location of the EB welds in (a) long and (b) short tensile and (c) compression specimens. The 

tensile specimen geometries are the same as in Figure 7.1b and c, with the addition of the location of the EB 

weld. (All dimensions are in mm). 

This chapter is organized as follow. First, the hardness and the microstructure of the EB 

welded OFE copper and niobium specimens are presented. Second, the tensile mechanical 

properties of both materials are analyzed with stress–strain curves, and plots of the strength 
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and the ductility as function of strain rate. Third, strain heterogeneities in tensile specimens 

with in-situ DIC measurements are presented. Finally, the mechanical properties of 

compression specimens are presented. 

The tensile results presented below have been published in an Open Access research article 

[286] in the Journal of Dynamic Behavior of Materials. Many of the analyses and figures in 

the following sections have been reproduced from this article. 

9.1. Hardness and Microstructure 

First, the hardness and microstructure of the EB welded specimens were studied. Hardness 

was measured across the weld of the cross-section of polished specimens using a Vickers 

indenter and a load of 200 gf (~1.96 N) applied for 10 s. Measurements were taken in the 

parent material, HAZ, and fusion zone. The cross-section of undeformed EB welded 

specimens were polished and etched for microstructure analysis with an optical microscope. 

Copper was etched with a solution of 5 g FeCl3, 50 mL HCl and 100 mL H2O and niobium 

was etched with a solution of 15 mL HF, 35 mL HNO3, and 75 mL H2O.  

Figure 9.2 shows the Vickers microhardness profile of niobium and OFE copper as a 

function of the distance from the weld. The hardness of niobium is nearly constant in the 

fusion zone, the heat affected zone (HAZ), and the parent material (variations between  

53 and 58 HV 0.2). Similar values were obtained by Jiang et al. [269]. However, a higher 

hardness in the HAZ (55 to 60 HV 0.3) compared with regions taken more than 80 mm away 

from the weld center (49 to 55 HV 0.3) was measured. The nearly constant hardness is 

consistent with the high-purity of the material and the low contamination during EB welding, 

due to the vacuum in the chamber. A larger variation in hardness was measured in the OFE 

copper specimens. The hardness is highest in the fusion zone, with a maximum of 58.2 HV 

0.2, lowest in the HAZ with an average of 41.5 HV 0.2, and intermediate in the parent 

material of the specimen, with an average of 47.1 HV 0.2. The higher hardness in the fusion 

zone could be due to a combination of multiple factors such as a recrystallized microstructure 

with smaller grains [287] and residual stresses induced by the welding process [288], [289] 

and not completely removed by the post-welding annealing heat treatment. Despite the 

heterogeneous hardness properties in the fusion zone, the measured tensile mechanical 

properties, i.e. the stress–strain curves up to necking, are similar to unwelded specimens 

(section 9.2.) and fracture occurred in the region of the fusion zone (section 9.5.). 

Figure 9.3 shows the etched microstructure in the cross-section of welded OFE copper and 

niobium specimens revealing grains and annealing twins. The grains in the HAZ of the OFE 

copper specimen are larger than in the parent material and the fusion zone. Annealing twins 
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are also visible in the HAZ and parent material, but not in the center of the weld, where the 

grains have smoother edges and often converge to a region where crystal nucleation likely 

started. The niobium specimen, shown in Figure 9.3b, has much larger grains close to center 

of the weld and in the HAZ (500–1 200 μm), compared to the parent material (20–200 μm). 

Similar grain dimensions were measured by Jiang et al. for EB butt welds of high-purity 

niobium [269]. The welded microstructures were not further analyzed as this study focuses 

on the macroscopic mechanical properties.  

 

Figure 9.2: Vickers microhardness at different locations along niobium and OFE copper cross-sections. 

 

Figure 9.3: Microstructure of the cross-section of etched (a) OFE copper and (b) niobium specimens. The 

weld is approximately at the center of the pictures [286]. 
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9.2. Tensile Mechanical Properties 

Second, tensile tests were performed on EB welded OFE copper and niobium specimens 

with the standard long specimen geometry and the short specimen geometry, shown in 

Figure 9.1a and b, respectively. Tests were performed at nominal strain rates of 10-3 to  

10-1 s-1 for the long specimens and 10-3 and ~1 600 s-1 for the short specimens, following the 

methodologies described in section 7.3.  

The engineering stress–strain curves of the short and long specimens are compared in Figure 

9.4 for quasi-static strain rates at the same order of magnitude (10-3 s-1 and 10-1 s-1). Similar 

mechanical properties are measured pre-necking, i.e. before the nominal stress reaches its 

maximum value. The strain in the small specimens was calculated using DIC by measuring 

the displacement between two points that were initially separated by about  

5 mm and using the displacement of the cross-head of the tensile machine for the long 

specimens. Note that the initial gage length of 5 mm was selected based on finite element 

modelling of the quasi-static tensile test of an unwelded OFE copper specimen using known 

material properties. The stress–strain curve was calculated using the output force and 

displacement of the specimen from the simulation for a given gage length and compared 

with the expected response. The similarities in mechanical properties for the long and short 

specimens confirm that the methodology using DIC and the short specimen geometry are 

appropriate to characterize the tensile mechanical properties (yield stress and ultimate tensile 

stress) of welded specimens.  

 

Figure 9.4: Comparison of the tensile mechanical properties of the short and long specimen geometries for 

EB welded (a) OFE copper and (b) niobium specimens. Dashed lines represent the repetition of a test 

performed at the same strain rate [286]. 

Figure 9.5 shows the engineering stress–strain curves of OFE copper and niobium for the 

short specimen geometry at strain rates of 2.0x10-3 to ~1 600 s-1. DIC was used for all tests 

to ensure consistent strain measurements between tests performed with the servo-hydraulic 

2.0x10    1

2.0x10    3

  (s   1)
.

shortlong

10    1

10    3
2.0x10   1

2.0x10   3

  (s   1)
.

shortlong

10   1

10   3

(a) (b)



Chapter 9 – Mechanical Properties of Electron Beam Welded OFE Copper and Niobium 

219 

tensile machine (𝜀̇ ≤ 20 s-1) and the split Hopkinson bars and to measure the strain in the 

gage length only. 

The strain rate sensitivity of EB welded copper and niobium are typical of FCC and BCC 

metals, respectively. The 0.2% yield stress of OFE copper specimens is nearly constant at 

all strain rates and the flow stress slightly increases for increasing strain rate due to increases 

in strain hardening, as shown in Figure 9.5a. Note that the 0.2% yield stress was calculated 

using the apparent elastic modulus in the linear section of the stress–strain curve. However, 

the end of the elastic domain is ill-defined for OFE copper since plastic deformation appears 

at low stress. The yield stress of high-purity niobium strongly increases for increasing strain 

rates (Figure 9.5b). The apparent hardening rate observed in the engineering stress–strain 

curve decreases and the ultimate tensile stress is reached at a lower strain for increasing 

strain rate. A similar increase in yield stress and reduction of the apparent hardening was 

obtained by Peroni and Scapin [182] for unwelded high-purity niobium specimens and by 

Croteau et al. [176] for niobium single crystals. 

 

Figure 9.5: Engineering stress–strain curves of EB welded (a) OFE copper and (b) niobium for short 

specimens deformed at strain rates between 2.0x10-3 s-1 and ~1 600 s-1. Dashed lines represent the repetition 

of a test performed at the same strain rate [286]. 

9.3. Tensile Strength Strain Rate Sensitivity 

Figure 9.6 shows the yield stress (YS) and ultimate tensile stress (UTS) as function of strain 

rate (denoted by 𝜀̇ hereafter) for OFE copper and high-purity niobium for the short (for 

2.0x10-3 s-1 ≤ 𝜀̇ ≤ ~1 600 s-1) and long (for 10-3 s-1 ≤ 𝜀̇ ≤ 10-1 s-1) EB welded specimens. 

The same marker is used for both geometries since similar values are measured at strain rates 

of the same order of magnitude. The stresses of the welded specimens are compared with 

those of unwelded specimens from Peroni and Scapin [182] for niobium and from 

unpublished results obtained by the authors and collaborators from the Imperial College 

London for OFE copper. The UTS is very similar for the welded and unwelded specimens 
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for both materials at strain rates between 10-3 s-1 and 20 s-1. The yield stress is, however, 

lower by approximately 10 to 18 MPa for the welded OFE copper specimens and within the 

dispersion of the data for the niobium specimens, for the same strain rate range. 

 

Figure 9.6: UTS and 0.2% yield stress as function of strain rate for (a) OFE copper and (b) niobium EB 

welded specimens compared with unwelded specimens [182]. Light shaded lines show the strain rate 

sensitivity (𝑚) of the yield stress [286]. 

The tensile strength is likely preserved after EB welding due to the high-purity of the parent 

materials and the low contamination during the welding process. Recall that high-purity OFE 

copper and niobium have microstructures with a single phase and the welds are performed 

under vacuum. The welded microstructures are then still composed of a single phase, but 

with different grain sizes, as described in section 3.1. Thus, the conservation of mechanical 
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properties is different from what is found for other materials, e.g. high strength low alloy 

(HSLA) steel, that can have lower and higher tensile strengths for different compositions, 

welding techniques, and welding parameters [290], [291]. 

The strain rate sensitivity at yield (𝑚 = 𝜕 ln𝜎𝑦 /𝜕 ln 𝜀̇) is approximately constant for both 

materials and equal to 0.045 for OFE copper and to 0.112 for niobium. A constant strain rate 

sensitivity at all strain rates in the range studied, shown with two light shaded straight lines 

in Figure 9.6a and b, indicates that the same dominant deformation mechanism operates at 

all strain rates. Since the strain rate sensitivity 𝑚 is derived from a power law relationship 

(𝜎𝑦 ∝ 𝜀̇𝑚), the use of a log–log plot is more appropriate in the stress as function of strain 

rate plot to show the differences in 𝑚 between different materials. A linear scale is often 

used in literature for the stress axis, but could lead to the false impression that a sudden 

increase in flow stress is measured at the highest strain rate. The apparent “upturn” in flow 

stress at strain rates between ~103 s-1 and 104 s-1 has been contradicted for few materials and 

reviewed by Rosenberg et al. [292]. While this upturn phenomenon is not happening in this 

study, mainly because the highest strain rate is too low, the authors still want to stress the 

importance of using a logarithmic scale to clearly see changes in strain rate sensitivity, which 

are caused by a change in deformation mechanism, e.g. from thermal activation to 

dislocation drag. 

A reduction in absolute difference in stress between the UTS and the YS (Δ𝜎 = 𝜎𝑈𝑇𝑆 − 𝜎𝑦) 

is measured for niobium for increasing strain rates, from approximately 99.3 MPa at 10-3 s-1 

to 28.8 MPa at ~1 600 s-1. This is explained by the lower apparent strain hardening rate (in 

engineering stress–strain curves) for specimens tested at a higher strain rate. This behavior 

is typical for BCC metals, see for instance the analysis conducted by Zerilli and Armstrong 

[207] using dislocation mechanics arguments. For OFE copper, a small increase in Δ𝜎 from 

~177.6 MPa at 10-3 s-1 to ~198.6 MPa at about 1 600 s-1 is measured and due to an increasing 

strain hardening rate for increasing strain rates. 

9.4. Ductility Strain Rate Sensitivity 

As previously mentioned, and shown in Figure 9.4, the post-necking behavior of the long 

and short specimens is different for similar strain rates. Higher elongation at break, measured 

with the crosshead displacement of the tensile machine, was found for short specimens 

deformed at strain rates in the order of 10-3 s-1 and 10-1 s-1. This is likely explained by the 

highest thickness-to-width ratio of the short specimens. While the different specimen 

geometries yield different absolute values of elongation at break, the change in strain to 

failure is similar for both geometries and materials between strain rates of 10-3 s-1 and  
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10-1 s-1. Therefore, the effect of strain rate on the ductility of the short specimens, from 

2.0x10-3 to ~1 600 s-1, can reasonably be extrapolated to the standardized geometry. 

Due to the high ductility of the materials it is difficult to accurately measure the cross-

sectional area of the broken specimens, so the area reduction at failure (A%) is not used to 

quantify the ductility of the materials [293]. Also, measuring the elongation at break by 

aligning the broken specimens, as specified in ASTM’s E8 standard [196], is difficult due to 

the non-standardized geometry and, again, the high ductility of both materials. The nominal 

strain to failure (𝜀𝑓), defined as the elongation measured using DIC for the last frame before 

specimen failure (Δ𝑦𝐷𝐼𝐶) divided by the initial gage length (𝐿0) of approximately 5 mm  

(𝜀𝑓 = Δ𝑦𝐷𝐼𝐶/𝐿0), is used. The last frame was selected based on a visual criterion. The 

specimen was considered to be broken when a translation of the specimen in the neck 

perpendicular to the loading direction was observed, even if both ends of the specimen still 

looked attached. The absolute values of nominal strain to failure are not intrinsic to each 

material, but the variation across approximately 7 orders of magnitude of strain rate provides 

valuable information for high-speed sheet forming of SRF cavities. 

 

Figure 9.7: Nominal strain to failure measured with DIC for short EB welded OFE copper and niobium 

specimens for strain rates of 2.0x10-3 s-1 to approximately 1 600 s-1. Dashed lines are used to show trends by 

connecting the average nominal strain to failure at each strain rate [286]. 

Figure 9.7 shows the nominal strain to failure as function of strain rate for short OFE copper 

and niobium welded specimens. Similar to the variation in yield and tensile strengths with 

strain rate (Figure 9.6a and b), the nominal strain to failure is almost constant between 

2.0x10-3 s-1 and ~1 600 s-1 for EB welded OFE copper (the mean and standard deviation of 
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𝜀𝑓 for all strain rates are equal to 0.75 and 0.01, respectively). The ductility of niobium is 

lower, less repeatable between tests performed at the same strain rate, and more strain rate 

sensitive than OFE copper. Average maximum and minimum nominal strains to failure of 

0.74 ± 0.03 and 0.61 ± 0.03 were measured at strain rates of 2.0x10-2 s-1 and 400 s-1, 

respectively. 

Peroni and Scapin [182] reported a relative reduction in strain to failure of about 20% 

between strain rates of 10-1 s-1 and 10 s-1 for unwelded high-purity niobium (calculated using 

the engineering strain at an engineering stress of zero at the end of the published stress–strain 

curves). EB welded specimens deformed at the same order of magnitude of strain rate 

showed a similar relative reduction in nominal strain to failure of approximately 15%. The 

increase in strain rate between quasi-static and intermediate rates is then reducing the 

ductility of welded and unwelded high-purity niobium. A reduction in ductility varying from 

16 to 50% was also reported by Croteau et al. [176] (Chapter 4) for niobium single crystals 

with different crystallographic orientations deformed at strain rates of 10-2 s-1 and ~10 s-1. 

The nominal strain to failure for the welded niobium specimens deformed at ~1 600 s-1 is 

higher than for specimens deformed at 20 s-1 and ~400 s-1. The cause of the increase in 

ductility when the strain rate goes from ~400 s-1 to ~1 600 s-1 is unknown, but it could be 

due to inertia effects that yield a stabilizing effect and enhance the ductility at very high 

strain rate [50]. However, the ductility remains lower than at quasi-static strain rates, which 

could be detrimental for high-speed sheet forming. Nevertheless, strain rates achieved in 

high-speed forming operations are generally larger than the maximal strain-rate considered 

in the present experiments. This can contribute to enhance inertia effects and the resulting 

formability improvement [294], [295]. Moreover, in high-speed sheet forming, part of the 

deformation takes place during the impact of the sheet on the die. This phenomenon can also 

contribute to enhance formability [51], [52]. 

9.5. Strain Heterogeneities and Necking 

Figure 9.8 shows the true (logarithmic) axial strain distribution in EB welded niobium 

specimens (short geometry) deformed at nominal strain rates of 2.0x10-3 s-1, 2.0x10-1 s-1, and 

~1 600 s-1. The axial true strain line scans in the gage section shown in Figure 9.8a1, b1, and 

c1 reveal a region of lower strain close to the center of the specimen and surrounded by two 

peaks. This behavior is probably due to microstructural heterogeneity in the vicinity of the 

weld. The large strain heterogeneities, compared with OFE copper in Figure 9.9, suggest 

that the anisotropic properties in the large niobium grains in the center of the specimen, as 

shown in Figure 9.3b, affect the localization process. Moreover, Figure 9.3b shows that the 

grain size is larger in the HAZ than in the fusion zone. These grain size heterogeneities may 
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be responsible for the two peaks observed in the strain distribution (Figure 9.8). In contrast, 

the more homogenous strain distribution in OFE copper specimens is probably due to the 

more homogeneous grain size distribution. Note that plastic flow localization takes place 

near the center of the specimens for both materials and at all strain rates. It is believed that 

this phenomenon is due to the presence of the weld (and not to the rather short specimen 

length) as it also occurs with the long specimens. Figure 9.10 shows a comparison of the true 

strain distribution in the gage length between long and short specimens deformed at strain 

rates in the order of 10-3 s-1. The neck appears to be skewed to the right side of the gage 

length (corresponding to the upper-half of the specimen, which is closer to the moving end 

of the tensile machine) for the long specimens due to a reduced field of view to capture 

details in the fracture at a high resolution. However, fracture occurred at the center of the 

specimen at all strain rates for both materials. This suggests that the weld acts as an 

imperfection that promotes plastic flow localization in its vicinity. 

 

Figure 9.8: Axial strain distribution along the centerline of the gage section of the short EB welded niobium 

specimens for increasing engineering strain and spatial strain distribution from DIC at strain rates of  

(a1, a2) 10-3, (b1, b2) 2.0x10-1, and (c1, c2) ~1 600 s-1 [286]. 

The true strain peaks and valley around the center of the short niobium specimen (Figure 

9.8), which was attributed to grain size heterogeneities, is not as pronounced for the long 

niobium specimen (which has a larger width). The influence of the weld on the mechanical 

properties seems to be more important for the short niobium specimens. This is probably 
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because size effects from the large grains in the fusion region begin to be apparent (at the 

scale of the short specimen). Based on the grain size measured in the fusion zone in section 

9.1, there are approximately 3 to 6 grains across the width of the short specimens compared 

with about 10 to 100 grains for the long specimens. 

 

Figure 9.9: Axial strain distribution along the centerline of the gage section of the short EB welded copper 

specimens for increasing engineering strain and spatial strain distribution from DIC at strain rates of  

(a1, a2) 2.0x10-3 s-1, (b1, b2) 2.0x10-1 s-1, and (c1, c2) ~1 600 s-1 [286]. 

Figure 9.11 shows long and short OFE copper and niobium specimens deformed at strain 

rates in the order of 10-3 s-1 during necking and after failure. Those pictures were acquired 

in-situ and used in the digital image correlation analyses. The long niobium specimen shows 

a more acute neck (the section reduction is more marked) and a narrower fracture surface 

than the long copper specimen. This indicates larger plastic strain in the neck of niobium 

specimens after the onset of localization, which suggests that niobium is intrinsically more 

ductile than OFE copper (the local strain to failure, at the center of the neck, is larger for 

niobium than for OFE copper2). The difference in dimensions in the gage section of the short 

 
2 The local strain to failure (at the neck center) should not be confused with the nominal failure strain 

(Figure 9.7). The latter corresponds to an average strain between two points of the specimen. It does 

not characterize only the failure of the material, but also the plastic flow localization process. 
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and long specimens (e.g. higher thickness-to-width ratio for the short specimen) resulted in 

different neck morphologies for both materials. The short OFE copper specimen has a 

narrower fracture surface than the long one and a non-symmetric neck is observed in the 

short niobium specimen. The latter is probably caused by material heterogeneities and 

anisotropic properties at the center of the specimen from the low amount of grains across the 

width and thickness of the specimens. During the manufacturing of SRF cavities, size effects 

should be negligible due to the large sheet dimensions and a more uniform strain distribution 

(Figure 9.10b) is expected. 

 

Figure 9.10: Axial strain distribution in the gage length of long and short (a) OFE copper and (b) niobium 

specimens deformed at strain rates in the order of 10-3 s-1 [286]. 

9.6. Compression Results 

Cylindrical EB welded OFE copper and niobium specimens with the geometry shown in 

Figure 9.1c (diameter of 8 mm and initial thickness of 3.96 mm) have been deformed in 

compression at strain rates of 10-3 to ~1 500 s-1. The servo-hydraulic universal testing 

machine, used at strain rates of up to 10 s-1, and the split Hopkinson bars system used at 

higher strain rates are presented in section 7.3. The weld of the specimens was aligned with 

the center of the field of view of the camera to observe potential heterogeneities. This study 

is of interest for high-velocity sheet forming with techniques like electro-hydraulic forming 

(EHF), since through-thickness stresses can be generated upon impact of the blank on the 

die. The mechanical behavior of the EB welds at high strain rate is then of interest for 

manufacturing of seamless SRF cavities with rolled and welded tubes and EHF. Figure 9.12 

shows the true stress–true strain curves for both materials. Similar to the tensile specimens, 

low average 0.2% yield stresses of 53.40 MPa and 123.25 MPa were measured for OFE 

copper at strain rates of 10-3 s-1 and ~1 500 s-1, respectively. The calculation of the yield 

stress at an offset of 0.2% is not trivial for OFE copper since the elastic region is short and 

the transition from elastic to plastic deformation is gradual. A significant increase in yield 



Chapter 9 – Mechanical Properties of Electron Beam Welded OFE Copper and Niobium 

227 

stress from 90.35 MPa to 521.64 MPa was measured for niobium at strain rates of 10-3 s-1 

and ~1 000 s-1. The noise in the stress–strain curve is not affecting the estimation of the 0.2% 

yield stress, since the interception of a line with a slope equal to the apparent elastic modulus 

and the stress–strain curves occurs before the first oscillation. A saturation of the flow stress 

was measured in the niobium specimens deformed at strain rates of 10 s-1 or higher. 

 
 

 

Figure 9.11: In-situ images of OFE copper and niobium during necking and at fracture for tests performed 

on (top) long and (bottom) short specimens deformed at nominal strain rates in the order of 10-3 s-1 [286]. 

 

Figure 9.12: True stress–strain curves of EB welded (a) OFE copper and (b) niobium compression 

specimens deformed at strain rates between 10-3 s-1 and ~1 500 s-1. Dashed lines represent the repetition  

of a test performed at the same strain rate. 
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Figure 9.13 shows the evolution of the yield stress as function of strain rate for both materials 

in compression and in tension. A higher yield stress was constantly measured in compression 

for both materials. More precisely, the yield stress was higher by about 19 MPa and 212 

MPa at strain rates of 10-3 s-1 and 1 000 s-1, respectively, for niobium and by about 17 MPa 

and 62 MPa at strain rates of 10-3 s-1 and 1 000 s-1, respectively, for OFE copper. Higher 

strain rate sensitivity exponents 𝑚 of 0.130 and 0.065 were measured in compression for 

niobium and OFE copper, respectively. A higher strain rate sensitivity at a true strain of 0.05 

was also measured for unwelded annealed OFE copper specimens deformed in compression 

(𝑚 = 0.021), compared to tension (𝑚 = 0.010), see Appendix E. This tension/compression 

asymmetry is likely independent of the presence of a weld. 

 

Figure 9.13: Yield stress as function of strain rate in tension and compression for EB welded OFE copper 

and niobium specimens. 

Digital image correlation can also be used with tests on compression specimens. However, 

the out-of-plane deformation quickly brings the side of the specimen out of focus and the 

curved sides require the use of two cameras to perform 3D DIC. Only one camera was used 

in this study to observe possible heterogeneous deformations due to the presence of a weld. 

The EB weld was always placed toward the aperture of the camera. Figure 9.14 shows in-

situ images acquired from the beginning (0 s) to the end (8 min) of a compression test at a 

strain rate of 10-3 s-1. An asymmetrical barreling shape is visible from 4 min 54 s onward. 

This might be caused by slightly different friction coefficients between the top and bottom 

surfaces of the specimen and the compression testing setup. No heterogeneous deformations 

due to the presence of a weld were observed on specimens deformed at low and high strain 
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rates, which suggests that the influence of the weld on final geometry of the specimen is 

negligible in compression. 

 

Figure 9.14: In-situ pictures of the profile of an EB welded niobium specimen deformed in compression at a 

quasi-static strain rate of 10-3 s-1. 

9.7. Conclusions on the Study of EB Welds 

In conclusion, the microstructure and the mechanical properties of electron beam welded 

high-purity polycrystalline niobium and annealed OFE copper sheets were measured in 

tension and compression at strain rates of 10-3 to 103 s-1. Large grains were observed in the 

fusion and heat affected zone of niobium specimens and grains smaller than the HAZ were 

found in OFE copper specimens. The 0.2% yield and ultimate tensile stresses of welded 

specimens was similar to unwelded specimens for both materials and at all strain rates. The 

nominal strain to failure 𝜀𝑓  of niobium reached a maximum value of 0.74 ± 0.03 at  

2.0x10-1 s-1 and a minimum value of 0.61 ± 0.03 at 400 s-1. The ductility of OFE copper was 

higher than niobium, at an average 𝜀𝑓  of 0.75 ± 0.01 at strain rates of 2.0x10-3 to  

1 600 s-1. The low standard deviation showed that the effect of the strain rate is negligible, 

which is promising for high-speed sheet forming processes like electro-hydraulic forming. 

All niobium and OFE copper specimens failed approximately at the center of the gage length, 

i.e. in the fusion zone. Finally, the mechanical properties were measured in compression. A 

strain rate sensitivity higher than in tension was calculated and no heterogeneous 

deformations were observed around the weld. 

 



 

 

 

 

 



Chapter 10 – Conclusion and Perspectives 

231 

Chapter 10 Conclusion and Perspectives 

In this thesis, a thorough study of the mechanical and formability properties of OFE copper 

and high-purity niobium, the substrates of SRF cavities, was presented for quasi-static  

(10−4 s−1) to high (103 s−1) strain rates. Notable contributions to the scientific knowledge are 

(1) the mechanical properties of niobium single crystals in tension and compression at strain 

rates greater than 10−1 s−1 and the associated microstructures, (2) the forming limit diagram 

of high-purity polycrystalline niobium, and (3) the mechanical properties of electron beam 

welded annealed OFE copper and high-purity polycrystalline niobium at strain rates greater 

than the quasi-static regime. Those results will help researchers and industrials to 

manufacture SRF cavities with conventional techniques, such as deep drawing and spinning, 

and with high-speed sheet forming techniques, such as electro-hydraulic forming. 

Chapter 1 introduced SRF cavities, from their roles in particle accelerators to their 

manufacturing process. Chapters 2 and 6 summarized important concepts and the relevant 

literature to understand the results presented in Chapters 4, 5, 8, and 9. 

In Chapters 3 and 7, details about the materials studied and the experimental methods are 

presented. The methodology used to select niobium single crystal orientations of interest for 

tensile tests is presented. This method and the associated plots could be used for other BCC 

metals and adapted for other lattice structures where a selection of crystal orientation is 

possible. The different instruments used to measure mechanical properties at quasi-static, 

intermediate, and high strain rates and forming limit diagrams, and to analyze the 

microstructure of deformed specimens, from features visible at the surface of specimens to 

dislocations, are presented. The associated data analysis techniques are also detailed. These 

chapters can be used as references for researchers and professionals that are conducting 

similar tests or analyses or for individuals who want to reproduce the results presented in 

this study. 

10.1. Part I – Niobium Single Crystals 

10.1.1. Conclusions 

Chapter 4 presents the mechanical properties of high-purity niobium single crystals 

deformed in tension and compression at strain rates of about 10−4 to 103 s−1. The results at 

strain rates higher than 10-1 s-1 are fundamental to understand the behavior of niobium single 

crystals as function of strain rate for different crystal orientations and, ultimately, for sheet 

forming of a large-grain niobium disk into a half-cell at high-speed with electro-hydraulic 

forming. The tensile stress–strain curves at strain rates of 1.28x10−3 s−1 and 1.28x102 s−1 
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showed anisotropic mechanical properties in the plastic domain. A significant increase in 

yield stress, expected for a BCC metal, and, more importantly, a reduction of anisotropic 

properties were measured at ~103 s−1. The latter is likely caused by the activation of more 

slip systems at high strain rate than at low strain rate and the dislocation substructure 

observed in a specimen deformed at a ~1 000 s-1 supports this explanation. A possible 

implication of this result on high-speed sheet forming of SRF cavities is a higher shape 

accuracy. However, a reduction of strain to failure was measured at strain rates greater than 

1.28x10−2 s−1. 

The mechanical properties of compression specimens showed three-stage hardening for most 

crystal orientations and a linear correlation between the sum of the projection angles of the 

initial crystal orientation in the loading direction on the [001]–[111] and the [101]–[111] 

boundaries of an inverse pole figure with the true stress at a strain of 0.05. Asymmetrical 

tensile and compression mechanical properties were measured. The flow stress was higher 

in compression at low strain rates for specimens with an initial orientation close to [001] and 

higher in tension at low strain rates for specimens with an initial orientation close to [111]. 

The flow stress in tension was consistently higher than in compression at strain rates in the 

order of 103 s−1. This result could not be physically explained by a change in dominant 

deformation mechanism, such as a transition from a thermally activated mechanism to 

viscous drag of dislocations, or to effects of the geometry of the tensile specimens. The log–

log strain rate sensitivity of specimens deformed in tension and compression was found to 

be dependent on the initial crystal orientation. The lowest strain rate sensitivity was 

measured close to the [001] direction, while the highest strain rate sensitivity was measured 

close to the [111] direction and the [101]–[111] boundary of an inverse pole figure. 

In Chapter 5, the microstructure of the deformed single crystals was extensively studied with 

electron backscattered diffraction. Tensile specimens deformed at low strain rates showed a 

gradual crystal rotation from the grip region of the specimen to the fracture surface and, in 

some instances, a microstructure with shear bands in the gage section. The latter 

heterogeneous microstructure is believed to be formed in specimens where the Schmid factor 

is similar on two {112}<111> slip systems with Burgers vectors in different orientations. 

An investigation of differences of dislocation substructures for different crystal orientations 

and strain rates, observed with transmission electron microscopy, was presented. A high 

density of long dislocations, often preferentially aligned on a {110} plane, was observed on 

specimens deformed at low strain rates. A specimen deformed at a strain rate of ~103 s−1 and 

with an initial crystal orientation close to the center of an inverse pole figure showed short 

and homogeneously distributed dislocations with multiple loops. This suggests that 
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dislocations were gliding on multiple slip systems and intersected each other, which explains 

the homogeneous distribution and the short dislocation segments, respectively. The absence 

of cell walls and low angle grain boundaries, i.e. regions with a high dislocation density, in 

the specimen deformed at high strain rate might lead to a lower magnetic flux trapping and 

penetration at superconducting conditions. This could increase the performances of SRF 

cavities and be an important advantage of high-speed sheet forming.  

10.1.2. Perspectives 

The measurement of the mechanical properties of niobium single crystals at high strain rate 

in this study give important information for electro-hydraulic forming of SRF cavities with 

large-grain disks. Due to the anisotropic mechanical properties measured at low and 

intermediate strain rates and due to the apparent higher effect of non-Schmid behavior at 

high strain rate, a crystal plasticity model should be developed to accurately predict the 

deformation of the disk during EHF. The development of such model was beyond the scope 

of this thesis. Note that crystal plasticity modeling of niobium single crystals is the subject 

of current investigations in the group of Dr. Philip Eisenlohr at Michigan State University. 

The experimental stress–strain curves presented in this thesis can be used to validate a crystal 

plasticity model.  

This hypothesis on the lower flux penetration due to shorter dislocations that are 

homogeneously distributed in specimens deformed at high strain rate shall be experimentally 

verified with techniques such magneto optical imaging. This measurement has previously 

been performed at the National High Magnetic Field Laboratory in the United States. If this 

hypothesis is confirmed, the advantages of high-speed sheet forming of SRF cavities with 

EHF would be beyond a higher shape accuracy and an inner surface with a lower roughness. 

The dislocation substructures of specimens deformed in compression at different strain rates 

will also be analyzed with transmission electron microscopy and compared with the tensile 

specimens and the results of Edington [155]. The effect of a heat treatment, which is always 

performed between cavity manufacturing and operation, on the dislocation substructure 

should be measured. 

Finally, nanoindentation tests at high strain rates (~103 s−1) should be conducted to 

investigate size and strain rate effects. Hardness measurements as function of strain rate for 

different crystal orientation could be compared to the strain rate sensitivity measured in 

tension and compression in this study. The dislocation substructures below indents made at 

different strain rates on single crystals with different initial orientations could provide 

information and answers about orientation dependent strain rate sensitivity. 
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10.2. Part II – Polycrystalline Niobium and OFE Copper 

10.2.1. Conclusions 

In Chapter 8, the forming limit diagrams of annealed OFE copper and high-purity 

polycrystalline niobium were measured at a quasi-static strain rate in the order of 10−3 s−1 

for sheets with a thickness of 1 mm. Marciniak (in-plane) tests were performed and a study 

of the selection of an appropriate hole diameter in the blank carrier for the material, sheet 

thickness, and setup used was presented. The FLD of annealed OFE copper was similar to 

results available in the literature for other high-purity copper sheets, which confirmed the 

validity of the setup and the analysis approach. 

The forming limit diagram of high-purity niobium showed a higher formability (higher 

major strain) than copper, with an estimated FLC0 of 0.441, and is likely explained by the 

higher strain rate sensitivity 𝑚 of 0.112 for niobium, compared to 0.011 for copper (values 

calculated in Appendix E). The forming limit diagram of niobium was also compared with 

the only published FLDs found in the literature and a much higher formability was measured 

over a wider range of minor strains. The difference with the literature is likely explained by 

differences in purity of niobium sheets (lower mechanical properties were measured with 

the material used in this study, indicating potentially higher purity or more homogeneous 

recrystallization) or the testing methodology.  

In Chapter 9, the mechanical properties of electron beam welded annealed OFE copper and 

polycrystalline niobium in tension and compression were measured at strain rates of 10−3 to 

103 s−1. An observation of grains in the fusion zone, the heat affected zone, and the parent 

material showed large grains (500 to 1 200 μm) in the fusion and heat affected zones for 

niobium and a nearly constant Vickers hardness. Grains in the fusion zone of an OFE copper 

specimen were smaller than those in the HAZ and also had a different shape with no 

annealing twins. An increase in hardness was also measured across the weld. The yield and 

ultimate tensile stresses of both materials were similar for welded and unwelded specimens 

at all strain rates. The ductility of OFE copper was nearly constant at all strain rates, while 

niobium had a maximum nominal strain to failure at 2.0x10−1 s−1 and a minimum at about 

400 s−1. The mechanical properties in compression measured in this studied showed a higher 

strain rate sensitivity and flow stress at all strain rates compared with tensile tests. The results 

from this chapter in terms of ductility indicate that the manufacturing of seamless cavities 

from rolled and welded tube is more appropriate with OFE copper tubes. However, an 

increase in ductility can be achieved with high-speed sheet forming using intermediate dies, 

due to complex stress-states with through-thickness compressive components upon impact 

of the blank on the die. 
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10.2.2. Perspectives 

This study of the formability and the effect of strain rate on electron beam welded 

polycrystalline high-purity niobium and OFE copper sheets provides important data to the 

SRF community and answers previously open questions, respectively. The forming limit 

diagram of OFE copper and niobium can be implemented in finite element models of low 

strain rate forming techniques, such as deep-drawing and hydroforming. This gives all 

manufacturers a numerical engineering tool that predicts necking and, therefore, allows them 

to reduce the risk of sheet failure during forming operations with a new setup. The cost of 

setup development should then be reduced, and parts formed closer to the forming limits of 

OFE copper and high-purity niobium can be produced. 

The efforts to develop a setup to measure the forming limit diagram of both materials at high 

strain rate should be continued to obtain FLDs useful for electro-hydraulic forming [49], 

[52], [294]. This task is not trivial. Therefore, a significant amount of resources will likely 

be required. A two-step material characterization approach, i.e. a validation of the setup with 

a material cheaper than niobium, but with similar properties, is again recommended due to 

the high cost of high-purity niobium sheets. Due to the large difference in strain rate 

sensitivity between OFE copper and niobium, sheet-metals with a BCC lattice structure, e.g. 

α-iron, should be used to validate the setup.  

Numerical modeling of the forming limit curves obtained at a quasi-static strain rate in this 

study should be conducted to allow researchers to adapt the FLCs to polycrystalline OFE 

copper and high-purity niobium sheets with different mechanical properties. Theoretical 

models adapted for high strain rate tests, e.g. the model of Jacques [295] that considers inertia 

effects, should be preferred. Predicting the FLCs obtained at low to high strain rates with the 

same model would make it more useful for electro-hydraulic forming. 

The study of the effect of strain rate on EB welded high-purity niobium and OFE copper 

sheets opens opportunities for the manufacturing of bent and welded tubes for seamless 

cavity production. The use of small 6 GHz SRF cavities developed and used at the INFN 

LNL (shown in Figure 1.14) to design a setup to manufacture seamless cavities with such 

tube is recommended. This small setup and the smaller tubes require less initial investment 

than larger 1 300 MHz or 800 MHz cavities, allows for easier alterations to optimize the 

forming process with high-speed sheet forming operations, e.g. EHF, and OFE copper 

cavities can be coated with niobium, which allows for performance measurements. Due to 

the measured reduction in strain to failure with increasing strain rate for high-purity niobium, 

more success is expected with OFE copper tubes formed with electro-hydraulic forming. 

However, the production of seamless OFE copper tubes is already well understood and 
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controlled. Therefore, the potential cost reductions from a bent and EB welded tube are likely 

not significant enough to justify the use of this forming approach with OFE copper. 
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Appendix A  – FIB Parameters of Niobium 

Lamella Preparation 

Below are the FIB parameters used to prepare a ~100 nm thick lamella at CERN for STEM 

analysis. The lamella was prepared by Dr. Adrienn Baris and further analyzed at BAM with 

a conventional TEM. 

Machine: Zeiss XB540 Focused Ion Beam – Scanning Electron Microscope 

Ions: Gallium (Ga+) 

Coating and soldering material: Platinum (Pt), 3 μm layer deposited on the specimen 

before milling. 

Preparation steps: 

Cut in bulk specimen: 

1. Coarse milling: 30 kV, 65 nA (far from the specimen); 

2. Fine milling #1: 30 kV, 30 nA; 

3. Fine milling #2: 30 kV, 3 nA; 

4. Undercut: 30 kV, 1.5 nA; 

Extraction of the lamella with the micromanipulator (lower current, lower amount of ions): 

5. Thinning #1: 30kV, 700 pA (first side) 

6. Thinning #2: 30kV, 300 pA (first side); 

7. Thinning #3: 30kV, 100 pA(first side); 

8. Thinning #4: 30kV, 50 pA (first and second side); 

Cleaning of the lamella (lower voltage, lower energy/ion): 

9. Cleaning #1: 5 kV, 200 pA; 

10. Cleaning #2: 5 kV, 10 pA (low magnification imaging with sample extra tilt of 

3° on both sides for 2 minutes); 

11. Cleaning #3: 2 kV, 10 pA (low magnification imaging with sample extra tilt of 

3° on both sides for 2 minutes). 
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Appendix B  – Niobium Single Crystal Tensile 

Orientation Selection 

This first section of this appendix presents flowcharts of MATLAB codes written to (1) plot 

an inverse pole figure from Bunge Euler angles or an orientation vector, (2) plot the possible 

tensile crystal orientations for each grain in an IPF for a rotation of 180° about the normal 

to the niobium disk, and (3) to calculate the Schmid factors of all 24 slip systems that could 

activate and print important details about the two slip systems with the highest Schmid 

factors. A breakdown of the orientations selected in each grain, based is presented in the 

second section of this appendix. 

B.1. Flowchart of Important MATLAB Codes Used to Analyze the Large-

Grain Niobium Disk 

The flowchart of the MATLAB code to convert Bunge Euler angles or an orientation vector 

into coordinates in a standard triangle inverse pole figure is presented in Figure B.1, with 

subfunctions in Figure B.2. This code was often used during this study to plot results from 

different sources, such as EBSD measurements and the selection of tensile orientations. For 

IPF coordinates calculated from Bunge Euler angles, the return variable (coord_IPF) 

contains the coordinates for the IPF in the x, y, and z directions. Based on the coordinate 

system defined in Figure 3.2, the direction normal to the disk, the orientations measured, is 

along z (third column) and the tensile orientation is along y (second column). 

Next, the flowchart of the MATLAB code developed to plot the IPFs with all possible tensile 

orientations, i.e. for a rotation from 0 to 180 degrees around the z axis, is presented in Figure 

B.3. This code was used to produce the IPFs for each grain in Figure B.7 to Figure B.16. 

After selecting the tensile orientations of interest, the Schmid factor was calculated for all 

24 slip systems (Table 2.1) to identify the two systems with the highest Schmid factors and 

their respective values. Figure B.4 and Figure B.5 show the flowcharts of the MATLAB 

codes developed to perform those tasks and print relevant information about the two slip 

systems of interest. Figure B.6 shows an example of the text printed from this analysis for 

tensile samples cut in grain 2. Also, the code in Figure B.4 was used to produce Table 4.1 

and the one in Figure B.5 was combined with the giveIPFCoord code of Figure B.1 to 

produce the inverse pole figures with different values of Schmid factors and slip systems in 

Figure 2.11 and 2.12. 
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Figure B.1: Part 1/2 of the flowchart for the giveIPFCoord MATLAB code. 
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Figure B.2: Part 2/2 of the flowchart for the giveIPFCoord MATLAB code, which deals with the calculation 

of x for (left) Bunge Euler angles and (right) an orientation vector. 
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Figure B.3: Flowchart of the MATLAB code to plot the possible tensile orientations by a rotation of 0 to 180 

degrees around z for a given single crystal. 
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Figure B.4: Flowchart of the MATLAB code to print the Schmid factor, slip direction, and slip plane normal 

of the two slip systems with the highest Schmid factors for each tensile or compression specimen. 
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Figure B.5: Flowchart of the MATLAB code to calculate the Schmid factor of all slip systems for a given 

stress tensor and crystal orientation. 

Grain2 Angle 14 SF1 0.412 SS1 [1-11](-2-11) SF2 0.393 SS2 [1-11](110) 

Grain2 Angle 43 SF1 0.437 SS1 [111](-101) SF2 0.428 SS2 [111](-1-12) 

Grain2 Angle 59 SF1 0.471 SS1 [-1-11](2-11) SF2 0.459 SS2 [111](-101) 

Grain2 Angle 87 SF1 0.496 SS1 [1-11](-2-11) SF2 0.483 SS2 [-111](211) 

Grain2 Angle 123 SF1 0.459 SS1 [-111](1-12) SF2 0.418 SS2 [-111](101) 

Grain2 Angle 158 SF1 0.484 SS1 [-1-11](1-10) SF2 0.479 SS2 [-1-11](2-11) 

Figure B.6: Example of text printed from the MATLAB code depicted in Figure B.4 for the tensile 

specimens cut in grain 2. 

B.2. Breakdown of Each Grain 

Figure B.7 to Figure B.16 show the tensile crystal orientations selected for the ten largest 

grains of the high-purity niobium disk. Each figure presents (a) the location of the specimens 

in the disk before cutting colored based on the IPF orientation in the loading direction, (b) 

the possible crystal tensile orientations in an inverse pole figure for the specific grain, and 

the orientations that were selected and cut, and (c) the same information as in the IPF in (b), 

but superposed on the color code defined for ratios of Schmid factors (Figure 2.12). 
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Figure B.7: (a) Large grain disk with colored specimens for grain 1, (b) an inverse pole figure with all 

potential crystal orientations (small black circles) and the ones selected (larger circles) for grain 1, and (c) an 

IPF of the ratio of two slip systems with the highest Schmid factor with the chosen orientations. 

 

Figure B.8: (a) Large grain disk with colored specimens for grain 2, (b) an inverse pole figure with all 

potential crystal orientations (small black circles) and the ones selected (larger circles) for grain 2, and (c) an 

IPF of the ratio of two slip systems with the highest Schmid factor with the chosen orientations. 
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Figure B.9: (a) Large grain disk with colored specimens for grain 3, (b) an inverse pole figure with all 

potential crystal orientations (small black circles) and the ones selected (larger circles) for grain 3, and (c) an 

IPF of the ratio of two slip systems with the highest Schmid factor with the chosen orientations. 

 

Figure B.10: (a) Large grain disk with colored specimens for grain 4, (b) an inverse pole figure with all 

potential crystal orientations (small black circles) and the ones selected (larger circles) for grain 4, and (c) an 

IPF of the ratio of two slip systems with the highest Schmid factor with the chosen orientations. 
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Figure B.11: (a) Large grain disk with colored specimens for grain 5, (b) an inverse pole figure with all 

potential crystal orientations (small black circles) and the ones selected (larger circles) for grain 5, and (c) an 

IPF of the ratio of two slip systems with the highest Schmid factor with the chosen orientations. 

 

Figure B.12: (a) Large grain disk with colored specimens for grain 6, (b) an inverse pole figure with all 

potential crystal orientations (small black circles) and the ones selected (larger circles) for grain 6, and (c) an 

IPF of the ratio of two slip systems with the highest Schmid factor with the chosen orientations. 
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Figure B.13: (a) Large grain disk with colored specimens for grain 7, (b) an inverse pole figure with all 

potential crystal orientations (small black circles) and the ones selected (larger circles) for grain 7, and (c) an 

IPF of the ratio of two slip systems with the highest Schmid factor with the chosen orientations. 

 

Figure B.14: (a) Large grain disk with colored specimens for grain 8, (b) an inverse pole figure with all 

potential crystal orientations (small black circles) and the ones selected (larger circles) for grain 8, and (c) an 

IPF of the ratio of two slip systems with the highest Schmid factor with the chosen orientations. 



Appendix B – Niobium Single Crystal Tensile Orientation Selection 

13 

 

Figure B.15: (a) Large grain disk with colored specimens for grain 9, (b) an inverse pole figure with all 

potential crystal orientations (small black circles) and the ones selected (larger circles) for grain 9, and (c) an 

IPF of the ratio of two slip systems with the highest Schmid factor with the chosen orientations. 

 

Figure B.16: (a) Large grain disk with colored specimens for grain 10, (b) an inverse pole figure with all 

potential crystal orientations (small black circles) and the ones selected (larger circles) for grain 10, and (c) 

an IPF of the ratio of two slip systems with the highest Schmid factor with the chosen orientations. 
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Appendix C  – Code to Calculate the FLD from 

Experimental Marciniak Tests 

An overview of the MATLAB code used to calculate the forming limit diagram of OFE 

copper and niobium in Chapter 8 was provided in section 7.3.4.2. More details about the 

code are given in the flowcharts in Figure C.1. and Figure C.2. The former figure provides 

details about the function written to numerically fit the experimental data to calculate 𝜀1 and 

to calculate 𝜀2 and the latter presents an overview of the entire MATLAB code. Recall from 

section 7.3.4. that three line-scans of the major strain as function of position, perpendicularly 

intersecting the neck, were extracted from the 2D DIC software package GOM Correlate for 

each Marciniak specimen. Those csv files were the input data of the code presented in Figure 

C.2. Finally, the plots for each FLD were saved in the MATLAB figure format and the 

Scalable Vector Graphics (SVG) format. The free and open-source software Inkscape was 

used with the SVG files for simple editions of the appearance of the figures. 

 

Figure C.1: Part 1/2 of the flowchart of the MATLAB code used to calculate the FLD of OFE copper and 

niobium, showing the functions used for the numerical fit of experimental data to calculate the major strain 

(𝜀1) and to calculate the average minor strain (𝜀2) around the position of the maximum numerically fitted 𝜀1. 
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Figure C.2: Part 2/2 of the flowchart of the MATLAB code used to calculate the FLD of OFE copper and 

niobium showing an overview of the entire code. 
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Appendix D  – Pictures of Marciniak Sheets after 

Testing 

Deformed and broken blanks following Marciniak tests provide valuable information to help 

improve a setup and methodology and explain measured results. This appendix shows some 

of the deformed OFE copper and niobium blank-assembly (the blank carrier–blank 

assembly).  

Figure D.1a shows three 80 mm x 200 mm annealed OFE copper blank-assemblies. Necking 

is visible on the painted blanks, but not in the bottom view of the blank carriers. This 

indicates that the sheets necked away from the gap between the halves of the blank carriers. 

As discussed in section 8.2. and shown in the Figure 8.1, this is likely caused by high friction 

forces between the brass punch and the blank carrier due to the use of PVC films instead of 

PTFE films. 

Figure D.1b shows three 140 mm x 200 mm annealed OFE copper blank-assemblies with a 

blank carrier with an initial hole with a diameter of 10 mm. The blank of the first one 

(labelled 01) failed at the radius of the punch, which invalidated the test. This is a 

consequence of using a too small hole, recall that a hole diameter of 30 mm was found to be 

adequate for the blank to fail before the blank carrier. Note that the other specimens were 

not used to estimate the FLD of OFE copper since the blank carriers failed before the blank. 

This type of information cannot be found from the post-mortem pictures of the specimens, 

but from in-situ DIC and the load–displacement curve of the mechanical press (Figure 8.5).  

 

Figure D.1: (a) Top and bottom views of deformed 80 mm x 200 mm annealed OFE copper blank-

assemblies with a neck not located above the gap between the halves of the blank carrier. (b) Top and bottom 

views of deformed 140 mm x 200 mm annealed OFE copper blank-assemblies with a hole of 10 mm showing 

a circumferential rupture at the radius of the punch for specimen 01. 
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Figure D.2a shows deformed Marciniak specimens with 2 mm thick niobium blanks and  

1 mm thick annealed OFE copper blank carriers. These tests were performed at the beginning 

of the study, since niobium sheets with this thickness, compared to 1 mm thick like in 

Chapter 8, were already available and more commonly produced by the manufacturer. 

However, three issues occurred during tests with specimens with different widths, as shown 

in Figure D.2a. The narrower specimen (80 mm x 200 mm) did not neck and the mechanical 

press was at its maximum displacement. As discussed in section 6.1.3., thicker sheets often 

have a higher formability, which motivated the reduction in sheet thickness to 1 mm to use 

the same setup and blank carrier. Wider specimens showed folded sheets on both sides of 

the middle of the blank-assembly, see Figure D.2b for more views of the 140 mm x 200 mm 

specimen. This was again due to the high sheet thickness and ductility of niobium. Finally, 

the 160 mm x 200 mm specimen had a circumferential rupture at the radius of the punch, as 

previously discussed for a copper blank. Those issues motivated the use of 1 mm thick 

niobium sheets to measure the FLD of the material using the same setup as for OFE copper. 

 

Figure D.2: (a) Top and bottom views of deformed 80 mm x, 140 mm x, and 160 mm x 200 mm 2 mm thick 

niobium blanks and 1 mm thick annealed OFE copper blank carriers, and (b) additional views of the folded 

sheet for the 140 mm x 200 mm specimen. 
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Appendix E – Mechanical Characterization of 

OFE Copper 

This short appendix presents the mechanical properties of OFE copper specimens deformed 

in tension and compression, at different strain rates and with different thermomechanical 

histories. The results presented in this appendix are also used in Chapter 8 to estimate the 

strain at necking for uniaxial tensile tests and in Chapter 9 to compare the mechanical 

properties of electron beam welded specimens with unwelded specimens. 

E.1. Mechanical Properties 

Tensile specimens were cut parallel to the rolling direction and deformed at quasi-static 

strain rates of 2.38x10-4 to 2.38x10-2 s-1 at ENSTA Bretagne with two mechanical universal 

testing machines, as described in section 7.3.1.1, and at intermediate strain rates of 0.65 to 

~61 s-1 at Imperial College London with a servo-hydraulic tensile machine, as described in 

section 3.3.2.1. The geometry of the specimens deformed at ENSTA Bretagne follows the 

ASTM E8 standard [1] and is shown in Figure 7.1b. A subsize specimen, shown Figure 7.1a, 

was used at Imperial College to reach higher strain rates. Compression tests were all 

performed at ENSTA Bretagne on cylindrical specimens with a diameter of 8 mm and a 

thickness of 4 mm. A mechanical universal testing machine was used at strain rates of 

2.08x10-3 to 1.1 s-1, described in section 7.3.1.1, and split Hopkinson bars were used for 

strain rates of about 4 000 s-1, as described in 7.3.3.1.  

Figure E.1 shows the stress–strain curves of OFE copper specimens deformed at different 

strain rates in tension and in compression for the annealed (600°C for 2 hours in vacuum) 

and hard (as-received) conditions. Similar stress–strain curves with an initial yield stress of 

about 50 MPa were obtained at different strain rates for annealed specimens deformed in 

tension (Figure E.1a). A small increase in flow stress was measured for increasing strain 

rates and is explained by an increase in strain hardening exponent 𝑛, a common result for 

FCC metals [2]. Annealed specimens cut perpendicular to the rolling direction were also 

tested at similar strain rates. The results are not presented in Figure E.1a since the stress–

strain curves were similar to those of specimens cut along the rolling direction, which 

confirms that the specimens were fully recrystallized during the heat treatment. Annealed 

compression specimens also showed similar mechanical properties at strain rates of  

2.08x10-3 to 1.1 s-1 (Figure E.1c), but a significant increase in flow stress was measured at 

~4 000 s-1. 
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Hard tensile and compression specimens showed a much higher initial yield stress than 

annealed specimens deformed at the same strain rate. A higher ultimate tensile stress was 

also measured for hard specimens deformed at all strain rates and tensile specimens 

deformed at quasi-static strain rates showed very low hardening (Figure E.1b). A lower yield 

stress and a higher strain hardening exponent were measured for tensile specimens deformed 

at intermediate strain rates. This result was unexpected, but repeatable for multiple 

specimens. Finally, similar to annealed specimens, compression specimens showed a 

significant increase in flow stress between strain rates of 1.1 s-1 and ~4 000 s-1 (Figure E.1d). 

 

Figure E.1: Stress–strain curves of OFE copper specimens deformed at different strain rates in tension and 

compression with different thermomechanical histories: (a) annealed and (b) hard in tension, and (c) annealed 

and (d) hard in compression. 

E.2. Strain Rate Sensitivity 

Figure E.2 shows the true stress at a true strain of 0.15 as function of the nominal strain rate 

for annealed and hard OFE copper specimens deformed in tension (Figure E.2a) and 

compression (Figure E.2b). Data from Follansbee and Kocks [3] on annealed high-purity 

copper deformed in compression at strain rates of 10-4 to 104 s-1, a study that is often cited in 

the analysis of the mechanical properties of copper at high strain rates (see for example the 
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PhD thesis of Dr. Lewis Lea [4]), are plotted in Figure E.2a and b for comparison with this 

study. The flow stress of the data from the literature is slightly lower than the annealed 

specimens deformed in compression in this study. Follansbee and Kocks [3] also noted a 

change in slope on a semi–log plot at strain rates exceeding ~103 s-1, which has not been 

observed in this study. 

 

Figure E.2: True stress at a strain of 0.015 as function of strain rate in (a) tension and (b) compression for 

hard and annealed OFE copper, compared with annealed high-purity copper from Follansbee and Kocks [3]. 

Dashed lines in the tension (compression) plot represent the solid lines of constant strain rate sensitivity in 

the compression (tension) plots and are presented for comparison between the two loading cases. 

(a)

( )
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Strain rate sensitivity exponents 𝑚 were calculated in tension and compression for the hard 

and annealed specimens at strains of 0.05 and 0.15 and are presented in Table E.1. The levels 

of strain were selected to, first, have a low work hardening to minimize the effect of changes 

in dislocation substructures with the initial state of the specimens and be beyond the yield 

stress due to uncertainties in the measurements of the elastic domain, and, second, for 

comparisons with the study of Follansbee and Kocks [3]. An increase in strain rate sensitivity 

exponent was measured for an increasing strain for all conditions, except the annealed 

specimens deformed in tension. 

Solid lines of constant 𝑚 at a strain of 0.15 are plotted in Figure E.2 and the majority of the 

measured points follow the linear trend in the log–log plot. Dashed lines of constant 𝑚 are 

also plotted for the opposite loading cases, e.g. 𝑚𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 in Figure E.2a, for comparison 

of effect of strain rate on the flow stress in tension and compression. The calculated strain 

rate sensitivity exponents at a strain of 0.15 were 2 and 4.9 times greater in compression for 

the hard and annealed specimens, respectively. The true stress at 𝜀𝑇 = 0.15 is also greater in 

compression at all strain rates. 

Table E.1: Strain rate sensitivity 𝑚 at true strains of 0.05 and 0.15 in tension and compression at strain rates 

of 2.4x10-4 to ~60 s-1 and 2.1x10-3 to ~4 000 s-1, respectively, for hard and annealed OFE copper deformed. 

 Tension Compression 

True strain (𝜀𝑇) 0.05 0.15 0.05 0.15 

𝑚ℎ𝑎𝑟𝑑 0.002 0.011 0.013 0.022 

𝑚𝑎𝑛𝑛𝑒𝑎𝑙𝑒𝑑 0.010 0.005 0.021 0.024 

E.3. Plastic Strain Anisotropy 

Finally, the plastic strain anisotropy (r-value) of annealed OFE copper was calculated using 

the tensile tests performed on subsize specimens (Figure 7.1a) at an intermediate strain rate 

of 0.65 s-1. Only these tests could be used since in-situ DIC measurements were performed 

and the spatial resolution was sufficient to measure changes in width and length, as discussed 

in the experimental procedure in section 7.3.1.2. However, no specimens were cut at angles 

of 45° and 90° between the loading and rolling directions. Therefore, the mean plastic strain 

anisotropy 𝑟𝑚  and the planar anisotropy Δ𝑟  could not be calculated. Nevertheless, the  

r-value at 0° (𝑟0) was used in the study of the forming limit diagram of annealed OFE copper 

(Chapter 8), to estimate the point of the forming limit curve corresponding to a uniaxial 

tensile test. This specimen orientation is of particular interest since the Marciniak (in-plane) 

tests were performed with the direction of the major strain aligned with the sheet rolling 

direction. An average r-value in the rolling direction of 0.95 was calculated for three 

specimens deformed at the same nominal strain rate. 
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Titre : Niobium monocristallin et polycristallin et cuivre OFE pour les cavités SRF : caractérisation 
mécanique de basse à haute vitesse de déformation et investigation de la microstructure 

Mots clés : niobium, cuivre OFE, propriétés mécaniques, courbe limite de formage, microstructure, 
cavité SRF 

Résumé : La fabrication de cavités SRF à 
hautes performances est essentielle pour 
augmenter l’énergie de collision dans de 
nouveaux accélérateurs de particules. 
L’utilisation de procédés de fabrication à haute 
vitesse, comme l’électro-hydro formage, peut 
être bénéfique, mais requiert une compréhension 
détaillée des propriétés mécaniques des 
matériaux déformés à haute vitesse et de l’impact 
sur leurs microstructures. Les objectifs de cette 
thèse sont d’étudier les propriétés mécaniques 
de monocristaux de niobium et de tôles 
polycristallines de niobium à haute pureté et de 
cuivre OFE déformés à des taux de déformation 
d’environ 10−4 s−1 à 103 s−1. Les résultats de cette 
étude sont séparés en deux parties selon le 
matériau étudié.  
  En partie I, la caractérisation de monocristaux 
de niobium se concentre sur les propriétés 
mécaniques en traction et en compression à des 
taux de déformation d’environ 10−4 s−1 à 103 s−1 et  

sur la microstructure (MEB, EBSD, MET et 
nanoindentation) d’éprouvettes déformées. Les 
effets de l’orientation des cristaux, la vitesse de 
déformation et de la direction de chargement sur 
les propriétés mécaniques, la rotation des 
cristaux et la structure de dislocations sont 
présentés. 
  En partie II, la formabilité de tôles 
polycristallines de niobium et de cuivre OFE 
sont présentées à l’aide de courbes limites de 
formage (CLF) obtenues à un taux de 
déformation quasi-statique. Les CLFs de ces 
matériaux offrent des données importantes pour 
les techniques de formage conventionnel, tels 
que l’emboutissage et le repoussage. Cette 
seconde partie présente aussi les propriétés 
mécaniques d’éprouvettes de cuivre OFE 
recuites et de tôles de niobium polycristallines 
soudées par faisceau d’électron et déformées 
en traction et en compression à des taux de 
déformation de 10−3 à 103 s−1.  

 

Title :  Single Crystal and Polycrystalline Niobium and OFE Copper for SRF Cavities Applications: 
Mechanical Characterization at Low to High Strain Rates and Microstructural Investigations 

Keywords : niobium, OFE copper, mechanical properties, forming limit diagram, microstructure, 
SRF cavity 

Abstract :  Manufacturing of superconducting 
radiofrequency (SRF) cavities with high 
performances is paramount to increase the 
collision energy in new particle accelerators. The 
use of high-speed sheet forming techniques, 
such as electro-hydraulic forming, can be 
beneficial, but requires a detailed understanding 
of the mechanical properties of the materials 
being deformed and the consequence on their 
microstructure. This thesis focuses on the 
characterization of high-purity niobium single 
crystals, polycrystalline niobium sheets, and 
polycrystalline OFE copper sheets. The results 
from this study are separated in two parts.  
  In Part I, the characterization of niobium single 
crystals focused on the mechanical properties in 
tension and compression at strain rates of 10-4 to  
 

103 s-1 and on the microstructure (analyzed 
using SEM, EBSD, TEM, and nanoindentation) 
of the deformed specimens. The effect of crystal 
orientation, strain rate, and loading direction on 
the mechanical properties, the crystal rotation, 
and the dislocation substructures are presented.    
  In Part II, the forming limit diagram (FLD) of 
polycrystalline niobium sheets and OFE copper 
sheets were measured at a quasi-static strain 
rate. The FLDs of those materials should 
provide important data for manufacturers using 
conventional techniques, such as deep-drawing 
and spinning. The second part also presents the 
mechanical properties of electron beam (EB) 
welded polycrystalline niobium sheets and OFE 
copper sheets deformed in tension and 
compression at strain rates of 10-3 to 103 s-1.  
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