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ABSTRACT 

 

This thesis is devoted to the optimization the process of production of low-

temperature superconductor (LTS) as well as high-temperature superconductor (HTS) 

products.  The aim of the work is the optimization of the fabrication process.   

Chapter 1 deals with the process of production of low-temperature 

superconductors. It provides analysis of the heating/cooling phenomena in the 

fabrication process. The chapter also proposes a method for determining the optimum 

angles of tools used in the fabrication of low-temperature superconductor.  

Chapter 2 provides a general presentation of the high-temperature 

superconductors (HTS). The history of development of this material is summarized.  

The chapter gives a particular focus on the 2
nd

 Generation of HTS. After a presentation 

of the structure of the high-temperature superconductor, the fabrication process and the 

challenges, we present the need for the use of numerical model on the design and 

fabrication of HTS. 

Chapter 3 presents a simplified model for HTS beams. This model is based on the 

classical beam theory together with the discretization of each layer in small sub-layers 

working under purely axial stresses. The model takes into consideration the plastic 

behavior of the HTS constitutive materials. This model was implemented using 

MATLAB software. It presents also the validation of this model by its confrontation to 

finite element analyses as well as its use in the optimal design of HTS.  

Chapter 4 presents the verification of the numerical model presented in the 

previous chapter for high-temperature multilayer 2G.  The verification is carried out on 

a bending beam test conducted on a high-temperature superconductor tape. The test was 

presented first. The comparison of the numerical and experimental results allows the 

validation of the simplified model on experimental tests. 
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RÉSUMÉ 

 

Ce travail de thèse est  consacré à l'optimisation du processus de fabrication des 

supraconducteurs à basse température (SBT) et à haute température (SHT). Le but est 

l'optimisation de fabrication de ces produits. 

Le premier chapitre est dédié au processus de production des SBT. La recherche 

concerne le problème de réchauffement de la surface des fils par les forces de friction 

lors du processus d’étirage. Le processus de réchauffement/refroidissement génère des 

contraintes  résiduelles. Cet aspect a été traité dans ce chapitre. On y présente également 

une méthode pour déterminer les angles optimaux des outils utilisés dans la fabrication 

des supraconducteurs. 

Le deuxième chapitre donne une présentation générale des SHT. On donne 

d’abord l’historique de ces produits, ensuite les développements en cours et les 

perspectives. Il présente aussi le processus de fabrication de ce matériel et ses défis. Le 

chapitre traite en particulier des SHT de deuxième génération et montre l’intérêt  de 

l’emploi de la modélisation numérique. 

Le troisième chapitre présente un modèle simplifié pour le comportement 

mécanique des SHT. Ce modèle est basé sur la théorie classique des poutres associée à 

une discrétisation de la poutre en sous-couches travaillant en traction-compression. Ce 

modèle prend en compte le comportement plastique des composantes de la poutre SHT. 

Le modèle a été implémenté dans un environnement MATLAB. La validation du 

modèle est effectuée par sa confrontation à des analyses par éléments finis. Le modèle 

est ensuite utilisé pour l'analyse des configurations industrielles dans un but 

d’optimisation. 

Le quatrième chapitre présente la vérification numérique du modèle décrit dans le 

chapitre précédent sur un essai de flexion effectuée en laboratoire sur une bande 

«poutre» en SHT. La comparaison entre les résultats numériques et les données 

expérimentales montre le bon fonctionnement du modèle développé.  
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GENERAL INTRODUCTION 

 

The work is devoted to the optimization process in the production of low-

temperature superconductor (LTS) products as well as high-temperature superconductor 

(HTS) products.  

Relevance of the work. The ambitious project ITER (International Thermonuclear 

Experimental Reactor) starts in 1990. This large-scale scientific experiment aims at the 

study of controlled thermonuclear reaction development of the industrial reactors of the 

future. ITER is one of the most complex scientific and engineering projects in the 

contemporary world. This project aims at producing in laboratory and in industrial 

conditions the Sun process: nuclear fusion of isotopes of hydrogen – deuterium and 

tritium, which leads to the formation of reactionless helium and the generation of large 

quantity of energy.  To provide a huge amount of energy, which produces the nuclear 

fusion of isotopes of hydrogen, special current-carrying elements is required. 

Development and introduction of high technologies play significant part in solving this 

problem (Shikov, et al., 2003). Such processes include superconducting technologies – 

the technologies concerning the application of superconductor phenomenon (Ginzburg 

& Andrushin, 2006), i.e. electrical resistance loss at cooling to low temperatures. 

Superconducting alloys or compositions cannot be used for practical purposes 

directly: it is necessary to create on their basis wires for the production of magnetic 

systems and other electrical devices, as superconductors work as a rule in unstable state. 

Superconductors must provide operating parameters: high critical temperature, high 

critical magnetic field and current density, certain mechanical properties. They must be 

highly corrosion stable, be stable to cyclic temperatures and voltage change, exposure to 

radiation and other exposures.  

There are two main kinds of superconductor materials which are widely used in 

ITER: low-temperature (LTS) (Aymar, 2002) and high-temperature (HTS) (Kaizhong, 

et al., 2012).  
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The aim of the work: is the optimization of the technological bases of creation of 

low-temperature and high-temperature superconductor product in order to achieve the 

high quality manufacturing standards and reduce number of manufacturing problems.  

To achieve the aims the following specific tasks were investigated: 

 Determination of critical velocities of drawing of some metals providing 

items production on conditions of residual thermoplastic stresses 

prevention; 

 Analysis of obtained results for copper, titanium,  zirconium; 

 Theoretical justification of pressing technology of low-temperature 

superconductor blank consisting of superconducting material core and 

copper jacket, in the form of:  

- monolithic blank with the given mechanical characteristics;  

- bimetal assembly blank;  

- trimetal assembly blank. 

 Optimization and improvement of production technology of low-

temperature composite superconductors for achievement of necessary 

production output at compliance with quality requirements; 

 Mechanical modeling high-temperature superconducting tape from 

conditions of saving durability of a superconductor low-plastic 

composition layer in case of elastoplastic deformation during the 

manufacturing bending process; 

 Development of numerical simulations for elastoplastic behaviour of high-

temperature superconducting multi-layered tape; 

 Optimisation the stresses inside the tape based on the principle of neutral 

axis. 

Scientific novelty. At the first time, based on thermos-elasticity equations, 

temperature modes resulting in the appearance of thermoplastic deformations and the 

possible residual stresses formation were established. The critical drawing velocities for 
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such metals as copper, aluminium, titanium, steel, zirconium were obtained from the 

conditions of contact heating. 

Theoretical justification of pressing technology of low-temperature 

superconductor blank consisting of superconducting material core and copper jacket, in 

the form of monolithic blank with the given mechanical characteristics, bimetal 

assembly blank and trimetal assembly blank was shown.  

For 2G high-temperature tape the simplified numerical model that allows to find 

the optimal design was created. The main condition that requires keeping the neutral 

axis close to the superconductive layer were taken into consideration. The main 

principle of this model is the combination of the classical beam theory with the 

discretization of each layer in small sub-layers working under purely axial stresses. The 

best geometry of the HTS tape with the condition of reducing the mechanical stresses 

was found. 

On the defence are made:  

- Determination of critical velocities of drawing of some metals 

providing items production on conditions of residual thermoplastic 

stresses prevention; 

- Theoretical justification of pressing technology of low-temperature 

superconductor blank consisting of superconducting material core and 

copper jacket, in the form of monolithic blank with the given 

mechanical characteristics (Kolmogorov, et al., 2011), bimetal assembly 

blank (Kolmogorov, et al., 2013) and trimetal assembly blank 

(Kolmogorov, et al., 2014); 

- The main principle of the simplified numerical model that allows to find 

the optimal design for 2G HTS tapes as well as the validation of these 

model by its confrontation to finite element analyses and experimental.  

The practical significance: The result of this thesis work could be easily 

implemented and used in industrial environment, in particular: 
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- to make an improvement in the pressing technology of low-temperature 

superconductor blank; 

- to make a prediction and to find a right geometry for the high-

temperature materials of second generation for different industrial 

applications. 

Approbation of work: The results were presented and discussed at the following 

conferences and meetings:  

1. VI Russian conference of students "National treasure of Russia" (2012, 

Moscow, Russia); 

2. Russian competition of research works of students and phD students in the 

field of technical science.(2012, St. Petersburg, Russia); 

3. Russian scientific conference of young scientists “Science. Technology. 

Innovation” (2012, NGTU, Novosibirsk, Russia); 

4. XVIII Winter School on Continuous Media Mechanics (2013, Institute of 

Continuous Media Mechanics, Ural Branch of Russian Academy of Sciences, 

Perm, Russia); 

5. «6-eme Journee de Doctorants. Mecanique, Genie civil, Energetique et 

Materiaux» (2013; Université de Valenciennes, France);  

6. «7-eme Journee de Doctorants. Mecanique, Genie civil, Energetique et 

Materiaux» (2014; Université Lille-1, France);  

7. XIX Winter School on Continuous Media Mechanics (Institute of Continuous 

Media Mechanics, Ural Branch of Russian Academy of Sciences, Perm, 

Russia, 2015); 

8. International Conference on Mechanics of Complex Solids and Fluids 

(ICMCSF) (2015; Université Lille-1, France);  

9. 12th European Conference on Applied Superconductivity (2015, Lyon, 

France). 
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Publications: On the topic of the thesis are published four articles in peer-

reviewed Russian and in the international journals, 13 abstracts and articles in scientific 

collections, three patents. 

Personal contribution of the author: All calculation and the results that were 

presented in the paper were obtained by the author or with his direct participation. The 

experimental test was done by author of the thesis in the Laboratoire de Génie Civil et 

géo- Environnement of Lille-1 University. The test samples of 2G HTS tape were 

provided by the Chef of the project & Nexans Fellow expert Chrictian-Eric Bruzek 

(Nexans Company, France). 

The work was done: within the framework of agreement pursuant to a co-tutorial 

thesis between Université des Sciences et Technologies de Lille (Lille -1 University) in 

the Laboratoire de Génie Civil et géo- Environnement and Perm National Research 

Polytechnic University (PNRPU) in the Department of Dynamics and Strength of 

machines. The work was done with financial support of Russian Federation President's 

Scholarship and Scholarship of French Government (Doctoral scholarships Vernadski). 

In the chapter 1 the optimization process under LTS materials the main attention 

has been given to developing drawing technology such metals as copper, aluminum, 

steel, titanium, and zirconium as well as the temperature regimes during drawing. In 

order to prevent the residual stresses in superconducting wire products, the problem of 

the friction forces in the process of drawing was investigated and limiting velocity 

values of drawing  have been studied. 

Also the important role in the fabrication process of low-temperature 

superconductors is played by pressing. In order to make an optimization the minimum 

consumption of energy should be provided during pressing. A new method for 

determining the optimum angles of technological tools for pressing billets of low-

temperature superconductor such as monolithic piece, bimetallic composite billets, 

trimetal composite billets were described. 

In the chapter 2 high-temperature superconductors of second generation were 

developed for different industrial applications, in particular for those in high energy 

density, nuclear, fusion and plasma applications. The optimisation of production of HTS 
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is devoted to industrial challenges during their manufacturing. The layered internal 

structure of HTS in combination with extremely weak adhesion between their layers 

could lead to degradation of the HTS by delamination. Moreover, in some applications, 

the superconducting tape is submitted to bending. And it is known that ceramic HTS 

tapes, which transmit power, could lose their conduction property by mechanical and 

thermomechanical stresses. Therefore, to solve this challenge issue the a simplified 

model for high-temperature superconductor tape was proposed. 

Chapter 3 describes the main principle of this model is the combination of the 

classical beam theory with the discretization of each layer in small sub-layers working 

under purely axial stresses. This model was implemented using MATLAB software. 

The validation was done using COMSOL Multiphysics software. After validation 

our model question of the optimal design of HTS was taken into account. The best 

geometry of the HTS tape with the condition of reducing the mechanical stresses was 

found. 

Also the model was validated by experimental test in chapter 4. The validation 

test was shown in comparison with prediction of numerical model (HTS_Analysis 

program) that was implemented using MATLAB software. The texture analysis 

machine was used to make experimental test, because 2G HTS samples have a very 

small and specific thickness.  During test analysis force – deflection dependence was 

obtained.  

The HTS_Analysis program prediction and analysis of test result give us 

information about such important characteristics as critical forces, deflection, influence 

of boundary condition. All these parameters will help to construct the HTS tape with 

condition of respect of the high quality manufacturing standards. The recommendation 

about improvement and optimization the fabrication process can be easily given after 

HTS_Analysis program simulation. 

Volume and structure of the thesis: The thesis is stated on 102 pages of text, 

illustrated with 7 tables and 46 figures. Bibliography contains 100 references. The work 

consists of general introduction, four main chapters, general conclusion and references. 
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CHAPTER 1. Superconductors cables for ITER 

 

The chapter 1 is devoted to the optimization process in the production of low-

temperature superconductor products.  

The paper deals with contact heating of wire workpiece surfaces problem 

because of the friction forces in the process of drawing. In the limiting case, 

thermoplastic condition of the workpiece is transferring into thermoplastic condition. 

Under the further cooling of the workpiece, it may have undesirable residual stresses. 

In the plastic deformation appearance conditions the allowable values of contact 

heating and the corresponding heating rate of drawing have been worked out. For some 

metals the limiting velocity values have been received.  

The paper also proposed a method for determining the optimum angles of 

technological tools for pressing billets of low-temperature superconductor, which is 

consist of superconducting core material and the copper shell to form, in look: 

monolithic piece with the above mechanical properties, bimetallic composite billets, 

trimetal composite billets. 

In a basis of optimization tension of pressing that provides the minimum 

consumption of energy during pressing is necessary. The technological parameters 

affecting the pressing force are revealed. Influence of an extract and factor of a friction 

on values of optimum angles is shown. 
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1.1. Introduction  

History of construction of ITER 

 

The ambitious project ITER (International Thermonuclear Experimental Reactor) 

starts in 1990. This large-scale scientific experiment aims at the study of controlled 

thermonuclear reaction development of the industrial reactors of the future. ITER is one 

of the most complex scientific and engineering projects in the contemporary world. This 

project aims at producing in laboratory and in industrial conditions the Sun process: 

nuclear fusion of isotopes of hydrogen – deuterium and tritium, which leads to the 

formation of reactionless helium and the generation of large quantity of energy.  

In 1978 in the Soviet Union built first TOKAMAK with superconducting system 

(Fig. 1.1). The idea of the creation of such thermonuclear synthesis installation based on 

superconductors belongs to "KURCHATOV INSTITUTE" (Sherbakov, et al., 2012).  

 

Fig. 1.1. First in the world TOKAMAK with superconducting 

system. 
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Fig. 1.2. Schematic diagram of the components of ITER tokamak. 

In 1985, the former Soviet Union built the 2
nd

 Generation of TOKAMAK. The 

USA with European Community and Japan started worked in this field. In June 2005 

the partners of the ITER decided to locate it at Cadarache, in France.  

To provide a huge amount of energy, which produces the nuclear fusion of 

isotopes of hydrogen, special current-carrying elements is required (Ginzburg, 1999). 

Development and introduction of high technologies play significant part in solving this 

problem (Shikov, et al., 2003). Such processes include superconducting technologies – 

the technologies concerning the application of superconductor phenomenon (Ginzburg 

& Andrushin, 2006), i.e. electrical resistance loss at cooling to low temperatures. 

Schematic diagram of the International thermonuclear experimental reactor is shown in 

Fig. 1.2.  

 

 

Superconducting alloys or compositions cannot be used for practical purposes 

directly: it is necessary to create on their basis wires for the production of magnetic 

systems and other electrical devices, as superconductors work as a rule in unstable state. 
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Superconductors must provide operating parameters: high critical temperature, high 

critical magnetic field and current density, certain mechanical properties. 

They must be highly corrosion stable, be stable to cyclic temperatures and voltage 

change, exposure to radiation and other exposures.  

There are two main kinds of superconductor materials which are widely used in 

ITER: low-temperature (LTS) (Aymar, 2002) and high-temperature (HTS) (Kaizhong, 

et al., 2012).   

 

 

1.2. Low temperature superconductors 

1.2.1. Introduction 

The low-temperature superconductors are produced in the form of long-length 

(up to 16 km) wires and bands allowing the production of large-scale products for 

different purposes – such as cryo-engines, medical diagnostic tomographs, transformers, 

thermonuclear fusion units etc. 

The materials for the LTS superconducting wires are primarily of niobium-

titanium alloys, as well as here is a compound Nb3Sn (Kolmogorov, et al., 2011). Fig. 

1.3 presents a variety of design of superconducting products. 

Mechanical and electromagnetic disturbances may give rise to the destruction of 

superconducting state especially in conditions when operating temperature is close to 

the critical temperature of the superconductor. To prevent this phenomenon, 

superconductor stabilization is necessary. The technical superconductor is a composite 

system consisting of heterogeneous materials differing by their physicochemical, 

mechanical and physical properties. Usual, it is multifiber wire where superconducting 

material fibers are placed in copper or bronze matrix with diffusion barrier layers, 

reinforcing elements and partitions from material with high electrical resistance 

Superconducting current in such cable is distributed by all cores. At parallel 

connection of the copper and the superconducting conductors all current flows by the 
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superconductor (JSC «Chepetsky Mechanical Plant», 2014). The design of low 

temperature superconductor cable is presented in Fig. 1.4.  

 

Superconductors on the basis of NbTi are produced in a stabilized state with 

copper shell. Many orifices are drilled in the copper block to place superconductor rods. 

Then the block is drawn into long wire which is cut into pieces and they put into copper 

block again. This operation is repeated many times. The result is a cable containing up 

to million superconducting cores, from which electromagnet coils are winded. 

Fig. 1.5. shows the superconducting wires production technology, which includes 

several stages. Two drawing (Perlin & Ermanuk, 1972) and pressing (Perlin & Reitbarg, 

1975) technologies are applied during the 

production of the superconducting 

composite. They are the most critical steps 

in the production of superconductors. 

The superconductors’ production 

technology includes cast bar production, 

pressing and drawing to the final size with 

intermediate annealing. Drawing and 

pressing substantially determines the quality 

of the finished product. 

The cross section of the conductor for superconducting magnetic systems is a 

complex geometric object and may be presented as two- or three layers (bi- or trimetal), 

which external layer in copper current-stabilizing shell, and the intermediate layer or the 

Fig. 1.3. Schematization of construction of superconductors on the basis of NbTi alloys in the form of 

bi- and trimetal: 1 – is the shell; 2 – is the intermediate layer; 3 – is the core; R – is the conductor 

radius; Rc1 – is the external radius of the intermediate layer; Rc2 – is the core radius. 

Fig. 1.4. Low temperature superconductor cable. 
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core in composite (Christensen, 1982) consisting of NbTi fibers located in copper 

matrix. Multifibers superconductors have diameter in the range 0.1-0.6 mm, length up to 

30000 m. It consists several tens of thousands of superconducting fibers with diameter 

of 1-50 mcm twisted around wire axis. 

Deformation according to drawing process technology is typical for all composite 

superconductors production stages, which confirms the necessity to study drawing and 

pressing process during superconducting products manufacturing (Foner, 1987). 

During plastic deformation (Malinin, 1975) of drawing or pressing, residual 

stresses are induced in the pulled products. These stresses have a negative impact on 

superconducting products. 

Unfavorable wire temperature mode during the plastic deformation leads to the 

creation of residual stresses during drawing. An undesirable wire surface heating is 

created by the friction between the product surface and wire-drawing tool (Kolmogorov 

& Shirobokov, 1995), (Kolmogorov, et al., 1992). The contact heating may be 

Fig. 1.5. Scheme of production technology of low-temperature superconductors. (JSC «Chepetsky 

Mechanical Plant», 2014). 
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significant and may lead to thermal stresses, capable of thermoplastic deformations and 

formation of undesirable residual stresses in the drawn product during the following 

cooling. 

Drawing is a technique of metal processing by pressure when the processed metal 

in the form of blank with equal cross section is inserted into the channel of drawing tool 

and is pulled (drawn) through it (Kolmogorov, et al., 2007). This channel has cross 

sections with the same or close to the form of cross section of the pulled metal but 

gradually reduced from metal input into the tool to its output. The output channel cross 

section is always less than the cross section of the pulled stripe. Therefore the latter 

passing through the drawing tool is deformed and its cross section changes taking after 

drawing tool the form and the size of the least channel cross section. 

The stripe length increases in direct proportion to the cross section decrease. The 

leading stripe end meant for processing is sharpened before drawing at special machine 

so that the end comes into the drawing tool and partially comes out from the other side. 

This end is drawn and winded by special mechanism (Perlin & Ermanuk, 1972). 

 

 

1.2.2. Production of low-temperature superconductors 

The manufacturing technology of superconductors is based on the plastic 

deformation of metals using metal forming methods, in particular, extrusion of a 

combined billet and its repeated drawing. The highest labour input is accounted for 

drawing. The drawing process means drawing a billet through a conical drawing tool, 

and the total number of stages in superconductor production reaches several dozens. 

On the Fig. 1.6 are shown the schematic drawing of the superconductor bimetallic 

billet. During the drawing process, the plastic deformation is characterized by the draw 

ratio: 

 

2

2

11

i

i

i

i

i
d

d

F

F   , (1.1) 
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Fi-1 and Fi denote the cross-sectional area before and after the pass; di-1 - is the diameter 

of the billet before entering the drawing tool; di - is  the diameter of the billet at the 

output of the tool. 

 

 

In repeated drawing the aggregate draw is determined by the area ratio of the 

original superconductor billet F0 and the finished superconductor of cross section Fk; the 

aggregate draw being determined through draw ratios for individual passes by the 

relation: 

 

n

kF

F
  ...321

0 , (1.2) 

 

where n is the total number of passes in drawing. 

To assess the manufacturing complexity of superconductor products, in the case 

of realization of equal draw ratios on the route of multiple deformation of the 

Fig. 1.6. Schematic drawing of a superconductor bimetallic billet: 1 - core;  2 - shell;  αd – inclination 

angle of a forming of the working cone to the drawing axis;  r0  and  rc  - values of the radial 

coordinate for the shell and the core of the billet respectively. 
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superconductor billet, the averaged around technological cycle draw ratio λav is 

introduced. Then from equation (1.2) for the averaged draw ratio the aggregate draw 

will be: 

 

n

av

kF

F
 

0 . (1.3) 

 

From equation (1.3) the number of repeated drawing passes required to produce a 

superconducting product is determined: 

 

av

kd

d
n lnln2 0









 , (1.4) 

 

d0 and  dk designate the diameters of the superconductor billet and the finished 

superconductor, respectively.  

From equation (1.1) for the given λav pass routes are defined: 

 

av

i
i

d
d



1 . (1.5) 

 

Optimization of the drawing routs allows to achieve the following objectives: 

 reduce the number of the route passes; 

 avoid breakage of long-length billets; 

 improve quality of the surface of superconductor products; 

 increase durability of the drawing tool. 

In the processing of metals by pressure it is the deformation degree that largely 

defines energy-power and technological parameters of plastic deformation.  

Reference (Kolmogorov, 1986) gives a formula for determining the average over 

cross section deformation degree in drawing axisymmetric superconductor products: 
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dav
d

d
 tan

33

4
ln2

1

0  , (1.6) 

 

where αd is the inclination angle of a forming of the tool to the drawing axis,  d0 is the 

outer diameter before the pass, d1 is the outer diameter after the pass. 

The technology of drawing superconductor composite billets requires knowledge 

of the deformation temperature conditions. In repeated drawing the billet temperature 

changes due to the deformation heat up in each pass and are determined by the terms of 

cooling between passes. Knowledge of the temperature mode is necessary to assess the 

thermos-elastic state of a multi-component billet and prevent possible shell detachment 

from the core.  

To determine the heat of the metal wire under deformation it is necessary to 

define the work spent on the deformation, as  

 





0

dA s
, (1.7) 

 

If all plastic deformation work is transformed into heat, then the temperature raise 

for a volume unit of the material element during the adiabatic process of deformation is 

defined by the equation: 

 

 cAt  , (1.8) 

 

where  c  is the specific heat of the drawn metal;     is the metal density. 

In the deformation heat up, the shell may be detached from the core due to the 

difference of thermo physical properties of their materials. To evaluate the possible 

detachment and prevent it in the manufacturing process the thermos-elastic state of the 

bimetallic superconductor billet is considered (see illustration). 
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The thermos-elastic state of an axisymmetric body is described by the equations 

of the elasticity theory (Timoshenko & Goodier, 1975): 

  

  
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, (1.9) 

 

where σr,  σθ,  σz  are normal stress tensor components; εr,  εθ,  εz   are relative 

deformations in the corresponding direction; α is thermal expansion coefficient; T  is 

temperature; E  is modulus of elasticity; ν  is Poisson's ratio.  

Because of the symmetry the shear strains and the shear stresses are equal zero. In 

the manufacture of long-length products, the axial deformation is also equals zero (ɛz= 

0). From this condition, it follows that: 

 

  ETrz    . (1.10) 

 

In view of equation (1.10) the ratios (1.9) are converted to the following: 
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 (1.11) 

 

The strain components are determined from the radial as follows:  

 

r

u

dr

du
r   , , (1.12) 
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The differential equation of thermos-elasticity  (Timoshenko & Goodier, 1975) 

gives the following equation: 

 

dr

dT
dr

dr

rud

rdr

d



















1

1)(1
.    (1.13) 

 

Equation (1.13) is addressed separately for the core, with the average temperature 

over the cross section Tc and for the shell, with the average temperature over thickness 

T0. Temperatures Tc and T0 are determined from the deformation conditions in the 

technological tool, with the different ratio of temperatures Tc and T0 depending on the 

thermal and mechanical properties of bimetallic billet components. 

The set of equations (1.13), (1.11) and (1.12) give: 
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.    (1.14) 

 

Expressions (1.14) are used independently for the core and for the shell. The 

constants of integration c1 and c2 are determined from the corresponding boundary 

conditions. For example, for the core, c2= 0 because u=0 when r=0. We also assume 

that at the output of the drawing tool the core and the shell contact without force 

interaction, i.e. 0
 crrr

 . Defining constants c1  and c2, we obtain the formula for the 

core: 
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For the shell, we use boundary conditions to determine integration constants  

0
 crrr

 ; 0
0


rrr
 . 

After determining the integration constants, we obtain the solution for the shell: 
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Possible gap between the core and the shell is determined by the size of radial 

displacements at the core-shell edge. Equation system (1.15) for r= rc  gives: 

 

   22

01
1

cccc

c

c rrT
r

u   .    (1.17) 

 

Respectively of the expressions (1.16) for the shell when r= rc yields: 

 

  00000 1  Tru .    (1.18) 
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In case of equality of the displacements uc= u0,  - the contact in the bimetallic 

billet is maintained. When uc<u0 an undesirable gap appears. The most favourable 

condition is uc>u0. It provides contact radial compressive stresses that help increase the 

metal core plasticity in deformation on subsequent passes. Thus, from the standpoint of 

thermos-electricity of bimetallic billets in drawing the most favourable ratio is 

(Kolmogorov, et al., 2011): 

 

      0000

22

0 11
1

  TrrrT
r

cccc

c

.    (1.19) 

 

This ratio is recommended in order to preserve the continuity of a bimetallic billet 

during drawing. Equations (1.15) and (1.16) may be used to determine the stress state of 

bimetallic billet components. 

The results of the present study is published in work (Kolmogorov, et al., 2013).  

 

 

1.2.3. Summary 

1.  The technological principles of low-temperature superconductor production 

for the magnetic system of the International thermonuclear experimental reactor (ITER) 

are outlined. 

2. Based on thermos-elasticity equations, temperature modes in the 

superconductor production are established which provide continuity of a bimetallic 

superconductor billet. 
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1.2.4. Temperature regime and critical velocities during wire drawing 

 

The basic metallurgical process in the production of superconducting long length 

products is drawing. It involves pulling a blank through the conical channel of a 

technological tool (Fig. 1.7.). In this case, residual stresses are formed in pulled metal, 

and one of their causes is an unfavourable temperature mode of a wire in the course of 

plastic deformation. Its surface heating due to the effect of external friction forces on a 

contact surface (a “pulled product–wire drawing tool”) is especially undesirable.  

 

 

Contact heating may be significant and lead to the formation of temperature stress 

capable of causing the temperature plastic deformations and to the formation of 

undesirable residual stress in the pulled product during cooling. It is known that the 

surface layer of the pulled product is heated during drawing because of the effect of 

external friction forces within a deformation area. In this case, the temperature of the 

contact layer (Tc) is determined by the conditions of drawing and by the thermal 

properties of the pulled material (Kolmogorov, 1986), (Kolmogorov, et al., 2011): 

 

d

y

c
Kc

fK
TT





sin)1(1

0


 , (1.20) 

 

Fig. 1.7. Process of wire drawing. 
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0Т  - is the temperature of central layers of the wire, (K);  

f  - is the coefficient of friction in the deformation area; 

yK  the mean contact normal pressure in the deformation area, where coefficient K 

determines the average contact pressure in the deformation zone. It depends on the 

conditions of drawing and the stress pattern. If there is a back tension during drawing 

K<1.0, in the case of the back support K>1.0, the traditional drawing K = 1.0. In the 

calculation function, K = 1.0; 

  2

0

2

1

2

0 ddd   - is the relative reduction; 

d0 and d1 - are wire diameters at the input and output of the deformation area; 

c  - is the specific heat capacity of the pulled wire material, J/(kg K); 

 - is its density (kg/m
3
); 

d  - is the angle of the slope of the generatrix of the operating cone of a drawing die to 

the drawing axis, (deg); 

K1 is the coefficient characterizing a part of heat removed by the wire that is pulled, 

which depends on the Peclet number adPe /  ; 

a ratio of a deformation area length to mean diameter 

    dtgdl   1111  ; 

v  - is the velocity of the wire in the deformation area, (m/s); 

   ca - is the thermal diffusivity of the pulled metal; 

λ - is the heat conductivity coefficient, (W/mK). 

 

As follows from relationship (1.20), the temperature difference determined by the 

second term of Eq. (1.20) is formed as a result of contact heating between the central 

and peripheral layers of the pulled wire. 

The thermoplastic state of the wire under the conditions of plane deformation (εz 

= 0) corresponds to the following expressions (Timoshenko & Goodier, 1975): 
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where α- is the linear thermal expansion coefficient of the wire material, (K); Е its 

elasticity modulus (MPa) and   is the Poisson ratio; R - is the wire radius; Т(r) - is the 

temperature function.  

Contact heating is localized within a thin surface layer; therefore, we assume that 

the  temperature  distribution  over  the  cross  section  of  the  wire  due  to  the  effect 

of external  friction  forces  is  described  by  an  exponential  dependence  of  the  type  

T = T0exp( βr/R), where β is empirical exponent.  

Designating the temperature of the wire surface as T1 = Tc , we find exponent β 

from condition Tr=R = T1 and, finally, obtain the temperature function corresponding to 

the contact heating of the wire during drawing in the following form: 

 

 r
TTTT 010 , (1.22) 

 

where Rrr   - is the dimensionless radial coordinate. 

Equations (1.20) (1.22) are used for the computation of the thermo-elastic stresses 

due to the contact heating. Substituting equation (1.21) into (1.22), we obtain (1.23). 

Here ΔT = T1 – T0 - is the temperature difference between the surface and the center of 

the pulled wire, which corresponds to the second summand in expression (1.20) in 

performed computations. 
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(1.23) 

 

The numerical analysis of relationships (1.23) indicates that most temperature 

stresses arise within wire surface layers )1( r  where the appearance of residual stresses 

can be expected; expressions (1.23) for the surface take the form (Kolmogorov & 

Shirobokov, 1995): 
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The last of relationships (1.24) is derived from the Hooke's law for axially 

symmetrical stress state at
 

0
1


rr
  and εz = 0. 
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The appearance of residual stresses is preceded by the transition of the pulled 

metal into the plastic state. To evaluate this transition, let us use the criterion of the 

specific formation energy (the Huber-Mises condition) (Shikov, et al., 2003): 

 

      yrzzri   
222

2

1 , (1.25) 

 

where 
i  - is the stress intensity; 

y  - is the yield strength of the pulled metal. 

The plasticity condition for the surface layer is simplified: 

 

y   21 . (1.26) 

 

The above mentioned procedure is used to evaluate the undesirable drawing 

modes during the production of superconducting long length materials by drawing for a 

magnetic system of the ITER international thermonuclear experimental reactor. The 

superconducting composite materials are composed of a central core containing a large 

quantity of superconducting microfibers of the Nb–Ti alloy or pure Nb and of a current 

stabilizing shell of ultrapure copper (Kolmogorov, et al., 2011). In this case, contact 

heating corresponds to the “copper–drawing tool” friction pair; therefore, these 

computations correspond to the thermal characteristics of copper. It should be noted that 

superconducting products are unique in regard to the production technology and prime 

cost, and the presence of residual stresses in surface layers is extremely undesirable in 

view of difficult to predict consequences. 

From the previous equations the calculation the calculation of the ratio 
0TT  

was determined for various values 0Т . Fig. 1.8 presents the computed dependence of the 

ratio 
0TT  on 

y  for various 0Т , which was obtained from condition (1.26). The 

computation was conducted for copper wire 𝜈 = 0.32, α = 1.7·10
-5

 degr
-1

, Е = 1.1·10
5
 

MPa. Fig. 1.8 shows that as 
y  increases, the ratio 

0TT  rises, ΔT/T0 decreases when 

T0 increases. 
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Using Fig. 1.8, the ratio ΔT/T0 is determined by the known value of 
yyK    for 

a definitive value of Т0 ; the critical value of ΔT, at which the transition of surface layers 

of the wire into the plastic state, is computed.  

 

 

 

The critical value of K1 corresponding to the transition into the plastic state 

because of temperature stresses, is determined by the values of ΔT found from the 

second summand in relationship (1.20). In turn, the critical value of the Peclet number is 

determined by K1, and the critical velocity of drawing is computed according to 

formula: daPev crcr  .  

Fig. 1.9 presents the computed dependences of the critical drawing velocities on 

yK  for different wire diameters d  and values of Т0. Computations were carried out 𝜂 = 

0.32 and f = 0.06 corresponding to the conditions of boundary friction. 

Fig. 1.8. Ratio ΔT/T0 as a function of mean normal contact pressure in the deformation area at 

various T0: 1- T0=293 K ; 2- T0=323 K; 3- T0=373 K. 



30 

 

A similar calculation was conducted for zirconium wire at 𝜈 = 0.35, α = 6.9·10
-6

 

deg
-1

, Е = 9.7·10
5
 MPa and for titanium wire at 𝜈 = 0.32, α = 8.2·10

-5
 deg

-1
, Е = 

1.16·10
5
 MPa. Results are shown in Fig. 1.10 and for titanium wire on Fig. 1.11. 

 

 

 

The dependences shown in Fig. 1.9, Fig. 1.10, Fig. 1.11 allow us to evaluate the 

drawing velocities; if they are exceeded, undesirable residual stresses appear as a result 

of the transition of the superconducting products into the plastic state by virtue of 

thermal stresses appearing due to contact friction forces in the deformation area. It 

should be noted that critical drawing velocities significantly depend on the friction 

coefficient f in the deformation area. 

 

Fig. 1.9. Critical drawing velocities for copper wire as a function of mean normal contact pressure in 

the deformation area at various Т0 и d: 1- d=10
-3

 m, T0=373 K; 2- d=10
-3

 m, T0=323 K;  3- d=10
-3

 m, 

T0=293 K; 4- d=2·10
-3

 m, T0=373 K;    5-  d=2·10
-3

 m,  T0=323 K;    6- d=2·10
-3

 m, T0=293 K. 
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Fig. 1.10. Critical drawing velocities for zirconium wire as a function of mean normal contact 

pressure in the deformation area at various Т0 и d:  

1- d=10
-3

 m, T0=373 K; 2- d=10
-3

 m, T0=323 K; 3- d=10
-3

 m, T0=293 K;  4- d=2·10
-3

 m, T0=373 K; 

5-  d=2·10
-3

 m, T0=323 K; 6- d=2·10
-3

 m, T0=293 K. 

The provision of the mode of hydrodynamic lubrication allows us to eliminate the 

negative role of contact heating in the formation of residual thermal stresses. 

The results of the present study are published in work: (Kolmogorov, et al., 

2011). 
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Fig. 1.11. Critical drawing velocities for titanium wire as a function of mean normal contact pressure 

in the deformation area at various Т0 и d:  1- d=10
-3

 m, T0=373 K;  2- d=10
-3

 m, T0=323 K;   

3- d=10
-3

 m, T0=293 K;  4- d=2·10
-3

 m, T0=373 K; 5-  d=2·10
-3

 m, T0=323 K;  

6- d=2·10
-3

 m, T0=293 K. 

 

 

 

 

1.2.5. Summary 

1. Based on thermos-elasticity equations, temperature modes resulting in the 

appearance of thermoplastic deformations and the possible residual stresses formation 

are established. 

2. From the conditions of contact heating, the drawing velocities during the 

production of superconducting blanks (which, when exceeded, cause residual stresses in 

products) are determined. 
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1.2.6. Optimization of the technological tool geometry at pressing of monolithic 

blank 

 

Production technology of low-temperature composite superconductors includes 

specific operations of metallurgical alterations related to metals processing by pressure 

such drawing as well as pressing. 

The matrix of conical form is used for pressing low-temperature superconductor 

blank for international thermonuclear experimental reactor ITER, which consist in the 

superconducting material core and copper shell. 

Pressing is widely used in metals processing by pressure. The essence of the 

pressing process concerns the extrusion of material placed into closed volume through 

the channel formed by the pressing tool (Perlin & Reitbarg, 1975). The pressing is 

provides increased pressed material plasticity. That is why pressing is widely used in 

the production of low-plastic hardly-deformed metals and alloys (Kolmogorov & 

Kuznetsova, 2000). 

One of the main parameters in the pressing is the compacting force, it is 

necessary to have a minimum compacting force in order to decrease the required power. 

The pressing impression force is the sum of components (Perlin & Reitbarg, 1975): 

 

QТТТТTP shkplmcr  , (1.27) 

 

where Tcr– is the resultant friction force on the container’s surface; Tm is the resultant 

friction force within deformation area on contact surface of press matrix and blank; Tpl – 

is the force of plastic deformation; Tk – is the resultant friction force on the surface of 

matrix parallel land; Tsh – is the force required to overcome friction forces between 

metal and the pressure pad; Q – is the force of the back pressure or the coiler tension 

(±Q). 

The total pressing force (1.27) is reduced to the mean pressing stress: 
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0/ FPpr  , (1.28) 

 

F0 – is the area of the cross section of the initial blank. 

Correspondent separate components of equation (1.27) are reduced to the specific 

normal and tangential stresses of the system of the external forces, which flow pattern is 

presented in Fig. 1.12. 

It is known from pressing practice the existence of optimal angles of the slope of 

the generatrix of the cone matrix to the pressing axis m . Tpl and TM depend on angle m . 

The relationship (1.27) is used for the geometry optimization including the 

determination of the optimal angle m  depending on Tpl and Tm. 

 

The compacting stress during plastic deformation is equal (Perlin & Reitbarg, 

1975): 

 





0

dspl
, (1.29) 

 

σs – is the resistance of the pressed material; ε – is the degree during pressing. 

Fig. 1.12. Flow pattern of forces during pressing. 



35 

 

In works (Kolmogorov, 1986) and (Kolmogorov, et al., 2011) the degree of 

deformation is determined taking into account the elongation and the additional shear at 

the input and the output of the conical technological tool as  follows: 

mav  tan
33

4
ln  , (1.30) 

 

2

1

2

0 / RR  is the elongation ratio; R0 and R1 are the radiuses of the initial blank and 

press item correspondingly. 

For the averaged resistance to deformation the pressing stress component related 

to the plastic deformation is equal to: 

 

)tan
33

4
(ln mspl   . (1.31) 

 

The friction forces on the pressing axis for the conical operation surface of the 

matrix is 

 

msmmmmm fFFT  coscos  , (1.32) 

 

f is the friction coefficient in the deformation area;  m  is the tangential stress;  mF  is the 

surface of conical matrix part. 

Based on the geometric ratio for the cone lateral face, representing operating 

deformation area, we obtain: 

 














 1

sin 2

1

2

0

2

1

R

RR
F

m

m



. (1.33) 

 

Taking into account relationship (1.33), the resultant friction forces on the 

pressing axis is equal to: 
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msm fRT  cot)1(2

1  . (1.34) 

 

The contribution from friction forces overcoming in the deformation area into the 

total average pressing stress is: 

 

 /cot)1( msm f  . (1.35) 

 

The optimal angle of the slope of the generatrix to the pressing axis is determined 

by the minimum of the full pressing stress: only σpl and σm depend on angle m , 

therefore the minimum condition yields: 

 

 
0)(

tan





mpl

m




. (1.36) 

 

From the relationships (1.31), (1.33) and (1.35), we obtain: 

 













 







)1(
14.1arctan

fopt

m . (1.37) 

 

Equation (1.37) shows that the optimal matrix angle depends only on the friction 

coefficient and the elongation.  

On the Fig. 1.13 are shown the computed optimal angles at pressing depending on 

the elongation for various friction coefficients. From this dependence it follows that the 

optimal matrix angles increase as the elongation ratio λ increases. 
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Fig. 1.13. Computed optimal angles at pressing depending on the elongation for various friction 

coefficients: 1 – f = 0.01; 2 – f = 0.05; 3 – f = 0.1; 4 – f = 0.2. 

4 

 

3 

 

2 

 

 

1 

 

 

The present study results are published in work (Kolmogorov, et al., 2011). 

 

 

1.2.7. Optimization of technological tool geometry at pressing of bimetal blank 

 

The pressing deformation of the bimetal assembly blank consisting of the core 

(Nb-Ti or Nb) and copper shell are presented in Fig. 1.14.  

 

Fig. 1.14. Scheme of pressing of bimetal assembly blank: (1) core; (2) shell; (3) pressing tool. 
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We consider that during assembly blank pressing, the elongation coefficient for 

the core is the same as for the shell. The degree of deformation for the central part 

(core) is equal to (Kolmogorov, 1986): 

 

nav  tan
33

4
ln  , (1.38) 

 

where n  - is the angle of the slope of the generatrix of the core to the pressing axis; λ – 

is the elongation.  From the geometric ratio of Fig. 1.14, we obtain: 

m

c

n
R

R
 tantan

0

 , (1.39) 

 

Rс – is the radius of the core; R0 – is the external radius of the blank. 

Taking into account the relationship (1.39), the average degree of deformation of 

the core is equal to: 

 

m

c

av
R

R
 tan

33

4
ln

0

 . (1.40) 

 

From the relationship (1.40), the average resistance to the deformation of the core 

is equal to: 

 

)tan
33

4
(ln

0

m

cс

s

с

pl
R

R
  . (1.41) 

 

The part of full pressing force of the central part (core) of bimetal blank (Perlin & 

Reitbarg, 1975) corresponds to the stress (1.41): 
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







 m

cc

scc
R

R
RP  tan

33

4
ln

0

2
. (1.42) 

 

Similar computation is performed for the external part (shell) of bimetal blank. 

The shell pressing stress for averaged resistance to deformation is equal to: 

 

)tan
33

4
(ln m

sh

s

sh

pl   , (1.43) 

 

sh

s  - is the averaged resistance to deformation of shell material. 

Correspondingly the part of the total pressing force for deformation is equal to: 

 

  







 m

sh

scc RRP  tan
33

4
ln22

0 . (1.44) 

 

For the shell it is necessary to take into account for the friction forces in the 

operating part of the deformation area. The projection of the resultant friction force to 

the pressing axis is equal to: 

 

m

sh

sm fRT  cot)1(2

1  , (1.45) 

 

R1 is the radius of the external surface of the bimetal blank. 

The contribution of the friction forces overcoming the deformation area to the 

total average pressing stress is: 

 

 /cot)1( m

o

s

sh

m f  . (1.46) 
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The optimal angle of the slope of the matrix generatrix to the pressing axis is 

determined by the minimum of the full pressing stress. Since, m  depends on 

sh

m

sh

pl

с

pl  ,, , the condition of minimum pressing force could be expressed as follows: 

 

 
0)(

tan




 sh

m

sh

pl

с

pl

m




. (1.47) 

The total pressing stress comprising only values depending on m , is equal to: 

 

,tan
33

4
ln

tan

11
1tan

33

4
ln2



























 m

m

sh

smcc

c

s fRR 


  (1.48) 

 

where 
2

1

2

0

R

R
  - is the elongation; 

0R

R
R c

c  . 

After differentiation of expression (1.48) by tanαm , transformation and reductions 

we obtain: 

 




































321

)1(
14.1arctan

csh

s

c

s

c

opt

m

RR

f







 . (1.49) 

 

Fig. 1.15 shows the results of calculations according to formula (1.49) for friction 

coefficient f =0.1 and ratio 33.3σσ shc ss
.  



41 

 

Fig. 1.15. Dependence of the optimal cone angle on the drawing coefficient when pressing the 

bimetal billet for friction coefficients  f = 0.1 and ratio 33.3σσ shc ss
: 1 – Rc =1; 2 – Rc =0.65; 

 3 – Rc =0.45; 4 – Rc = 0.25. 

2 

3 

4 

1 

 

 

This ratio of deformation resistances of the core and the shell corresponds to hot 

(873 K) pressing of the superconducting billet, which consists in the niobium core and a 

copper shell. At this temperature, 30c

s  MPa for Nb and 9sh

s  MPa for copper 

(Tret’yakov & Zyuzin, 1973). 

Fig. 1.15 shows that during bimetal blank pressing the cone angle depends not 

only on the elongation, but also on the ratio of the blank geometry and the friction 

conditions. 

The present study results are published in work (Kolmogorov, et al., 2013). 
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1.2.8. Optimization of technological tool geometry at pressing of trimetal blank 

 

The method the determination of the optimal angels of the technological tool at 

trimetal blank pressing is shown in Fig. 1.16. The optimization is based on the pressing 

stress providing minimum power inputs during pressing (Kolmogorov, et al., 1991). 

 

 

Consider that the pressing deformation of the trimetal assembly billet consisting 

of a copper core with radius R2, an intermediate layer of the superconducting material 

(Nb–Ti or Nb) with radius R1, and a copper shell with outer radius R0. Fig. 1.16 shows 

the schematic of the cross section of a trimetal assembly billet and Fig. 1.17 shows the 

schematic of its pressing. 

The degree of deformation, which depends on the drawing coefficient and shear 

deformations at the inlet into the process tool and at the outlet from it, is determined for 

each element of this billet (Kolmogorov, 1986).  

We assume that the drawing coefficient during the billet pressing is identical for 

the core, the intermediate layer, and the shell. The average degree of deformation for the 

core Fig. 1.17 is: 

 

3 

Fig. 1.16. Cross section of a trimetal billet. 
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Fig. 1.17. Schematic diagram of pressing the trimetal assembly billet: 1 - Intermediate layer 

made of the superconducting material (Nb–Ti or Nb), 2 - copper core, 3 – shell, 4 - pressing tool. 

cav  tan
33

4
ln  , (1.50) 

 

c  is the slope angle of the core generatrix to the pressing axis and λ is the drawing 

coefficient. 

 

 

It follows from the geometric relationships that: 

 

mc
R

R
 tantan

0

2 . (1.51) 

 

In this case, allowing for (1.51), we derive (Kolmogorov, et al., 2011): 

 

mav
R

R
 tan

33

4
ln

0

2 , (1.52) 

 

2

3

2

0 RR  is drawing coefficient and R3 is the radius of the outer surface of the 

trimetal billet. 
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Similarly, let us derive the degree of deformation for the intermediate layer made 

of the superconducting material: 

 

nav  tan
33

4
ln  , (1.53) 

 

n  is the slope angle of the generatrix of the intermediate layer to the pressing axis. 

From geometric relationships, we have: 

 

mn
R

R
 tantan

0

1 . (1.54) 

 

In this case, allowing for (1.54), the average degree of deformation of the 

intermediate layer is: 

 

mav
R

R
 tan

33

4
ln

0

1 . (1.55) 

 

For the shell, we can write: 

 

mav  tan
33

4
ln  . (1.56) 

 

For the averaged value of the core deformation resistance, the stress component 

associated with the core plastic deformation, allowing relationships (1.52), is equal to: 

 

,tan
33

4
ln

0

2

2 







 m

с

s

с

pl
R

R
  (1.57) 

 

с

s2  is the average deformation resistance of the core material. 

Correspondingly, using for relationship (1.55), we have for the intermediate 

layer: 
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,tan
33

4
ln

0

1

1 







 m

с

s

с

pl
R

R
  (1.58) 

 

с

s1  is the average deformation resistance of the material of the intermediate layer. 

Stresses (1.57) and (1.58) correspond to the fraction of the total force of pressing 

the core and the intermediate layer of a trimetal billet (Perlin & Reitbarg, 1975): 
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4
lntan
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1

11

0

2

22 , (1.59) 

 

F1 and F2 are the cross-section areas of the intermediate layer and the core, respectively. 

A similar calculation was performed for the outer part (shell) of a trimetal billet: 

 

)tan
33

4
(ln0 m

sh

s

sh

pl   , (1.60) 

 

sh

s0  is the average deformation resistance of the shell material. 

The fraction of the total pressing force is: 

 

sh

plFP 00  , (1.61) 

 

F0 is the cross-section area of the shell, is associated with stress (1.60).  

The fraction of the total pressing force consumed for plastic deformation is 

determined by the sum of  (1.59) and (1.61): 

 

   .tan
33

4
ln0

2

1
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0 
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
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sh

spl RRRP   (1.62) 
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Friction forces in the working part of the deformation zone should be taken into 

account for the shell. The projection of the resultant of friction forces on the pressing 

axis can be written as follows: 

 

m

sh

sm fRT  cot)1(2

30  . (1.63) 

 

The contribution from overcoming the friction forces in the deformation zone to 

the total average pressing stress constituted: 

 

 /cot)1(0 m

sh

s

sh

m f  . (1.64) 

 

The optimal angle of the slope of the mold generatrix to the pressing axis is 

determined from the minimum condition of the total pressing stress; only 
sh

m

sh

pl

с

pl  ,,  

depend on angle m , Therefore, the condition of minimum pressing force is derived 

under the following form: 
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 (1.65) 

 

The total pressing stress, which includes only magnitudes depending on m , is 

equal to: 
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(1.66) 

 

After transformations, expression (1.66) can be written in the form: 
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0
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Fig. 1.18 shows the results of calculations according to formula (1.68) for friction 

coefficient f =0.1 and ratio 33.3σσ shc ss
. This ratio of deformation resistances of the 

core and the shell corresponds to hot (873 K) pressing of the superconducting billet, 

which consists of the niobium core and a copper shell. At this temperature, 30c

s  

MPa for Nb and 9sh

s  MPa for copper (Tret’yakov & Zyuzin, 1973). 

Thus formulas for the determination of the optimal angles at pressing of trimetal 

low-temperature superconducting products are provided. The friction coefficient, the 

elongation coefficient influence is shown as well as the ratio of the resistance to 

deformation of superconducting blank component.  

The present study results are published in work (Kolmogorov, et al., 2014). 
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1.2.9. Summary 

1. Optimal angles of molds for pressing the trimetal billet are determined from 

conditions of the minimum pressing force. Components of the pressing force, which 

contain the cone angle of process tool, are taken into account in this case; 

2. Production parameters that affect the pressing force are revealed. The influence 

of drawing and the friction coefficient on values of optimal angles are shown; 

3. The application of molds with an optimal cone angle makes it possible to lower 

power inputs for pressing during the production of low-temperature superconducting 

wares. 

 

Fig. 1.18. Dependence of the optimal cone angle on the drawing coefficient when pressing the 

trimetal billet for friction coefficients f=0.1 and 3.301 sh

s

c

s  :    1 – 5.01 R ;   25.02 R ;    2 – 

55.01 R ;   3.02 R ;       3 – 75.01 R ; 5.02 R ;  4 – 11 R ; 75.02 R . 

2 

3 

4 
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1.3. General conclusions 

 

1. The flowsheet of the production process of low-temperature superconductors 

for international thermonuclear experimental reactor ITER is shown. 

2. From the indicated technologies it follows that the main part of the plastic 

deformation is realized by pressing and drawing. 

3. Based on thermo-elasticity equations, temperature modes resulting in the 

appearance of thermoplastic deformations and the possible residual stresses formation 

are established. 

4. From the conditions of contact heating the critical drawing velocities are 

determined, which, when exceeded, cause residual stresses in the wire. 

5. The results of the work can be applied for development of the drawing 

technology of such metals as copper, titanium, zirconium. 

6. On conditions of minimum compacting force the optimal angles of matrixes for 

pressing of mono-, bi- and trimetal blank are determined. The compacting force 

components containing the cone angle of the technological tool are taken into account. 

7. The process parameters affecting the compacting force are revealed. The effect 

of the elongation and the friction coefficient to the optimal angles is shown. 

8. Application of the matrix with the optimal cone angle allows to reduce 

pressing energy intensity during production of the low-temperature superconducting 

products. 
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CHAPTER 2. High-temperature superconductors (HTS): 

Literature review 

 

The chapter 2 provides a general presentation of high-temperature 

superconductors (HTS). The history of development of the high-temperature 

superconductor material are shown and summarized. During the history of creation the 

HTS material of second generation the main disadvantages of first generation of this 

material are present, in particular the industrial challenges related to their 

development.  

The dynamics of the development the technology of production of HTS of second 

generation are strongly connected with the cost of this material. The main tendencies 

and predictions of their cost are shown as well as their future development and 

perspective of the use in a variety of industrial applications.  

The chapter presents also the fabrication process of this material and the 

challenges of this fabrication. The general structure of the high-temperature 

superconductor tape is shown. The main usable methods of creation HTS are listed. 

The literature review about the main problems and difficulties of creation the 

HTS of second generation were done. The argumentation of making a research in the 

field of optimization of the fabrication process was done. The necessity of usage 

numerical modelling is shown. 
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2.1. Introduction  

2.1.1. History of high-temperature superconductors (HTS) 

 

In the condition of the global energy crisis the scientists work on alternative 

sources of energy. The international community has major challenges such as providing 

consumers with reliable and safe electricity, overcoming the under capacity electrical 

system, increasing the controllability of the electrical networks and optimization of the 

electrical distribution. Along with this, for example, in electric networks of Russia face 

the challenge of aging. According to the statistics conducted in 2004, more than 10% of 

transformers, 6% of reactors and 29% of switches exceeded their service life. It is 

obvious, that all these factors together talking about the necessity of modernization of 

electric systems, including the replacement of obsolete equipment with new. But the 

main challenge is that the new equipment must comply with requirements of the XXI 

century and the technical and commercial performance: it should be efficient, reliable, 

fireproof and environmentally acceptable. 

Modern science offers new and effective solutions that are based on 

superconducting technologies, which have been already applied successfully in 

developed countries. Development in the heavy-current applied superconductivity 

began in 1961. These developments used low temperature superconductors (LTS) that 

require the cooling to helium level (4.2 K). Due to the complexity and high cost of the 

helium cooling systems, the designed devices did not find wide commercial 

applications. But the discovery in 1986 of high-temperature superconductors (HTSC) 

created a new story of development in the electrical power industry. So in the middle of 

the 90s the HTS wires of 1
st
 generation appeared. They were stranded wires on the basis 

of ceramics bismuth system in a silver shell, produced by the method of "powder-in-

tube". Devices based on HTS materials could operate at the level of nitrogen 

temperature (77 K), which simplified and made cheaper the cooling system. 

As a result, superconducting prototypes of all kinds of electrical equipment have 

been designed, manufactured and tested in the short term. However performance 
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characteristics of HTS device of first generation (1G HTS wire) at the temperature of 

liquid nitrogen were relatively low, and the cost - unreasonably high: 1 kA·m HTS wire 

of the 1
st
 generation was ten times higher than the cost of 1 kA·m copper conductor. To 

overcome this major difficulty, the leading companies developed new industrial-

strength technology HTS wires of 2
nd

 generation. HTS coated conductors were 

deposited on the long metal tape in a continuous process. The second generation of HTS 

(2G wires) provides high economic return. At nitrogen temperature, they have 

performance characteristics (the operating current density and magnetic field), 

competing with low temperature superconductors. At the same time the cost of 2G HTS 

wire was equal to that of the copper conductor or below this value. 

Experimental devices for HTS wires of 2
nd

 generation were designed. Intensive 

development were conducted in USA, Japan and Germany. The JSC «Federal grid 

company of unified energy system» considered the use of advanced superconducting 

technology as one of the main ways of technical re-transmission and distribution 

systems of electric power (JSC «Federal grid company of unified energy system», 

2011). It is true that superconductors provide a solution for the problems of quality and 

reliability of electrical networks. The Electric Power Research Institute in USA 

estimated the economy due to this technology to 30 billions of dollars each year only by 

eliminating losses of electricity (Kannberg, et al., 2003). However to find a wide usage, 

the HTS wires of the 2
nd

 generation should be cheaper and more accessible. And what is 

interesting they should be cheaper in twenty times. This is the most popular phrase in 

any conference or seminar about superconductors.  

Today the HTS tape of 2
nd

 generation is a high tech-product. The part of the 

material in the product cost is negligible (less than 1%). If we exclude non-technical 

reasons, it turns out that the cost of the tape is completely determined by the cost of 

technology used. Also with the development of technology, more efficient technical 

solutions with decreasing defect rates and with increasing the production should be find, 

as result the price of the tape should be close to the cost of materials. The same situation 

was with Nb-Ti and Nb3Sn (LTS wires) (Scanlan, 2001), and also for HTS wire of 1
st
 

generation. 
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Fig. 2.1 shows the data from the SuperPower company that describe the dynamics 

of changes in the cost of the HTS (Selvamanickam, 2011). Fig. 2.2 shows the HTS 

material cost reduction over the time which was achieved by Superconductor 

Technologies Incorporation (Superconductor Technologies Inc, 2013). It is obvious that 

the price of the wire is decreasing while the companies are trying to improve the 

properties of HTS tape. According to the report (Hazelton, 2014), the situation with 

price also will change in future with tendency of decreasing. The complexity of the 

architecture of these multilayer HTS tapes causes a large number of ways to achieve the 

desired result. It is shown there that cost will decrease by improving both manufacturing 

process and performance. It is expected that the performance ratio ($/kA-m) will 

continue to decrease over the next years by factors of 2-4. 

 

 

 

 

Fig. 2.1.Dynamics of changes in the cost of HTS tape. 
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By 2016 the SuperPower company wants to increase the critical current of the 

HTS tape width of 4 mm to 200 A at 77 K in self-field, and up to 1000 A at 30 K in a 

field of 2 T (working conditions HTS windings in electric machines) (Lehner, 2013). By 

2020, it plans to increase the length of a single HTS conductors up to 1000 meters, 

while today the commercial length is less than 200-300 m. 

 

 

 

Fig. 2.3 shows the prediction of the Superconducting device market and HTS 

wire market (Lehner, 2013). According to the prognostication of BBC Research, in 

2017 the basic consumption of the HTS conductor in 2017 will be in the 

superconducting cables and current limiters, the contribution of the cost of a 

superconductor in the cost of the final product and is not determinative. Other 

superconducting electrical devices such as electrical machinery, transformers and 

inductive energy storage, according to the forecast BCC Research, have not yet reached 

the prototype stage and the market will be represented. 

 

Fig. 2.2.HTS materials cost reduction over the time (Superconductor Technologies Inc, 2013). 
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2.1.2. Perspectives of HTS 

 

The new generation of superconductors conducts electricity with no resistance 

allowing a substantial energy safe. A significant advantage of the high-temperature 

superconductors comes from the relatively high operating temperatures. HTS can work 

at super cooled liquid nitrogen at temperature ranging from 65 to 77 K, that’s makes 

them potentially useful in many areas such as energy, transport and scientific 

instrumentation technology. It is more interesting to work in the range of temperature 

20 - 50 K with hydrogen and helium gas, because critical field and current density of 

HTSC in this range is very large. In this range of temperature the stability of the wires is 

considerably higher than in the temperature of liquid helium, due to the higher heat 

capacity and good thermal conductivity (Bansal, 2008). The work in this range of 

temperature is substantially less affected by energy loss in the conductor. For small and 

mobile devices, it is very important to have higher reliability, compactness and lower 

cost of the cooling system at 20 to 50 K than at 4.2 K. Nowadays HTS tapes of the 2
nd

 

Fig. 2.3. Superconducting device market and HTS wire market prediction. 
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generation are widely used in windings, made of individual tapes, for example, high-

field magnets inserts in LTSC (for fields of the order of 25 Tesla). A large gam of high-

current applications based on high-temperature superconductors is now in the stage of 

prototypes. Some of the possible uses of HTSC are present below (National research 

centre "Kurchatov institute", 2012). 

High operating currents are needed for several of HTS devices, but each of them 

will have their own working conditions for current-carrying element (CCE). For 

example, for superconducting magnetic energy storage (SMES) (Van der Laan, et al., 

2011), (Shikimachi, et al., 2009), we need high operating current and low inductance for 

high-speed input / output energy at an acceptable voltage at the converter. For different 

applications operating temperatures of SMES can range from 4.2 K to 65-77 K; field on 

the windings from 1 T to T 20-25; and currents from 1 kA or even tens of kA at the high 

speeds of rises/decreases in current mode of input/output energy. 

For HTS transformers in the operating temperature range of 77-65 K, current 

reaches 1 kA at 50-60 Hz in the fields on the winding 0.2-0.3 Tesla. Also HTS power 

generators exist and may be of two types: with relatively high fields (several Tesla) 

without iron in the stator and in the rotor (working temperature 20-50 K) and low fields 

winding 0.2-0.3 T with iron rotor or stator (operating temperatures of 65-77 K). While 

operating currents are in the projects now, but at the nearest future the level of hundreds 

of amperes with the prospect of increasing of magnitude in several times are planned. 

HTS current limiters in the electrical network will operate under alternate currents as 

well as for direct current in the range from several amperes to several hundreds of kA 

and at the temperatures of 77-65 K. For SMES can be used the wide (about 12 mm) tape 

without a stabilizer or a tapes with very thin layer of stabilizer (less than 5 microns of 

copper). 

HTS power line both DC and AC currents should carry from hundreds of amperes 

and, potentially, to tens of kilo amperes at the temperatures of 77-65 K. The 

perspectives of flexible HTS power cables are also very huge. For example, the cables 

of small diameter and weight are planned for use on ships and planes (Van der Laan, et 

al., 2011), (Van der Laan, et al., 2012). For instance, at the temperature of 55 K in the 
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condition of flow cooling of helium gas such cables can carry a current with several kA. 

HTS engines from several megawatts, for example, for the ships – are very perspective 

because of the high power density per unit of weight and volume. Engines as generators 

can be divided into two types: the high magnetic field (stator and rotor without iron, the 

operating temperature from 20 to 50 K) and a low magnetic field (iron stator or rotor 

with operating temperature 65-77 K). 

Magnetic systems of particle accelerators are currently working at temperatures 

1.8 K on the basis of low-temperature superconductors (LTS). But in the future, we 

expect to use HTS coils in order to receive a fields of 10-20 T at 4.2 K with a current of 

10 kA and a current density of 400 A/mm2. For tokamak magnetic systems (Bansal, 

2008), current requires up to hundreds of kA in fields up to 25 T and this is grand and 

ambitious plan for the future. In this case, we need a further increase in the current-

carrying capacity of current-carrying element. Operating temperatures, apparently, will 

be in the range of 20-50 K. 

Current leads and current feedthroughs are the closest usage in the real and 

practical application of HTS CCE, operating temperature may range from helium to 

nitrogen, and the length does not exceed a few meters. Superconducting current-

carrying tapes have many engineering applications. They are widely used in creating 

high-power transmission lines and high-voltage cables, as well as laboratory magnets 

and current limiters.  

 

 

2.2. Fabrication process 

 

The modern HTS conductors of the 2
nd

 generation is a tape which includes a 

superconducting ceramic layer with a thickness of 1-3 microns deposited (via buffer 

layers) on a substrate (Hastelloy, stainless steel, alloys textured by Ni) with thickness of 

50-100 microns. Tapes are coated with a silver layer 1-2 micron in thickness in order to 

protect and stabilize materials, such as copper or bronze with tens of microns of thick. 
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The width of the tapes varies from 3 to 10 mm. One of the possible structures of the 

HTS tape is shown in Fig. 2.4.  

 

 

The superconducting tape is a multilayer structure that consists of a metal 

substrate, buffer layer, a superconducting layer and a stabilizing coating. For creating a 

chemical barrier between the substrate and the HTS and matching their coefficients of 

thermal expansion (the difference in temperature between the application and the 

operating temperature can be of over 900°C), it is necessary to produce a buffer layer, 

as well as creating a texture of HTSC by its epitaxial growth. Texture in the buffer layer 

is a necessary condition for the epitaxial growth and close lattice parameters of the 

buffer layer and HTS. To perform all the functions listed above the multiple buffer 

layers must be used. The report of the (National research centre "Kurchatov institute", 

2014) presented  main methods of fabrication of HTS. 

IBAD methods (Ion Beam Assisted Deposition) was described in (Yu, et al., 

1986). It aims at creating niobium films. In the early phase, this method was used for 

creation the buffer layer by (Iijima, et al., 1991). This method consists in using two 

beams: the primary target material diffuses, while the auxiliary participates in the 

Fig. 2.4. Design of the HTS of the 2nd generation (Selvamanickam, et al., 2010). 
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formation of the texture layer (Yamada, et al., 2003). High speed of texturing of 

magnesium oxide (MgO) allows growing a film with a minimum thickness of the layer 

(Hühne, et al., 2005) and with minimum roughness (Miyata, et al., 2011) and also with 

high texture (Groves, et al., 2008). SuperPower Company used this technology to 

produce the superpower tape with more than 1 km in length (Xiea, et al., 2005). This 

method is widely used by companies such as Fujikura (Japan), SuperPower and 

Superconductor Technologies Inc (USA), Sunam Co Ltd. (Korea), International 

Superconductivity Technology Center (Japan). 

Later the method IBAD was modified (Usoskin & Kirchhoff, 2008). The method 

ABAD (Alternating Beam Assisted Deposition) was developed. It consists in the 

alternation of the use of primary and auxiliary ion beams. It is necessary to make up 60 

cycles of alternation to achieves the required performances, in order to improves texture 

and roughness values in comparison with the IBAD method (Usoskin & Kirchhoff, 

2008), (Obradors & Puig, 2013).  German company Bruker uses this method. 

The Inclined Substrate Deposition (ISD) was proposed by (Fujino, et al., 1996). It 

consists in sputtering a target of the buffer layer by laser (Fujino, et al., 1996) or by 

electron beam evaporation in a vacuum (Bauer, et al., 1999). The main principle of this 

method concerns the inclination of substrate in a way the pair fall on its surface at an 

angle of 55°.  This allows to achieve values of the texture 9.4 - 11.4, surface roughness 

of 11.16 - 23.66 nm (Bhattacharya & Xu, 2005) and the tape length up to 40 m 

(Bhattacharya & Xu, 2005). This method is used by German company Theva. 

One of the key factors in the technology of HTS wires of the second generation is 

the textured metal tape manufacturing. The (National research centre "Kurchatov 

institute", 2007) give the following requirements for the tape: 

 Material of the tape should have a face-centered structure. These materials 

include such metals as Cu, Ag, Au, Ni, Pd, Pt, Al, Pb, Rh, Ir, as well as many 

alloys based on them; 



60 

 

 Technology of cold-rolling followed by recrystallization should lead to the 

formation of acute cube texture. This cube texture should be stable at high 

temperatures without secondary recrystallization; 

 The tape should have good mechanical properties. It is important in both cases: 

during the deposition on it of coatings at high temperature and in the manufacture 

of cables and subsequent operation under cryogenic conditions; 

 In the case of usage with alternating current, the material of the tape should are 

not display the magnetic properties at the temperature of HTS use; 

 Technology for producing textured layers on such tapes should exist; 

 

The tendency in the development of texted tape is presented by (Bhattacharjee, et 

al., 2007). Attention was given for obtaining good mechanical properties of the tape 

such as solid-solution strengthening and multilayer tapes. In these multilayer tapes, one 

of the layers carries on itself mechanical load, while the outer layer provides a good 

texture and stability to oxidation. It is necessary to have good understanding of all the 

process occurring on the surface of the textured tape for the development if higher 

temperature superconductors of the second generation. 

Copper is a good alternative to nickel as a material textured substrate: it provides 

a good texturing and makes easier the fabrication process. It is also several times 

cheaper than nickel. The investigation of mechanical properties of copper and its alloys 

as well as its texturing are discussed in (Sarma, et al., 2003). The work of (Eickemeyer, 

et al., 2007) aimed at obtaining the textured ribbons with elongated grains in the rolling 

direction. This elongation reduces the number of intergrain boundaries in the current 

path. Critical currents in the HTS tapes are significantly anisotropic. This microstructure 

was successfully obtained in the tape of copper and nickel, microalloyed silver. 
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2.3. Design process and challenges 

 

Composite superconductor materials have specific mechanical, electrical and 

thermal properties. The variety of designs of high-temperature superconductor materials 

leaded to a large variety in technology of their production. The layered structure of HTS 

in combination with extremely weak adhesion between the layers leads to the fact that 

the presence of relatively small transverse tensile stress is sufficient to cause 

delamination of conductor. The production of High-temperature superconductors 

encountered major difficulties (Van der Laan & Ekin, 2007), (Van der Laan, 2009), 

(Maeda & Yanagisawa, 2014).  

The HTS fabrication process meets two main difficulties. The first concerns the 

stabilization of 2G tapes having at helium temperature with insufficient capacity and 

low speed of propagation of normal zones (and complexity increase with increasing 

magnetic field, the stored energy and inductivity). Up to now, fabrication of THS uses 

standard approaches for the protection of the windings, such as the use of extra copper 

stabilization and transition to the resistive coils connected, the use of detection systems 

of normal zones and output energy of the windings.  

In the reference (Song, et al., 2012) presented a comparative analysis of the 

properties of impregnated and non-impregnated windings. The critical current for 

impregnated windings after several cycles of cooling-warming can be reduced by 0.3 - 

0.4 times from the value of the critical current short sample of HTS tapes. The 

degradation degree of the critical current of the winding have a correlation with the 

value of transverse force which appears in the beginning of the delamination in a single 

HTS conductor under the influence of radial stresses during cooling coil to operating 

temperature. The conductor delamination is partially exposed because of the difference 

in the coefficients of thermal deformation of HTS tapes, and epoxy compound material, 

which is used as frame. As a result this significantly reduces its current carrying 

capacity. It should be noted that the transverse stresses that’s leads to delamination, is 
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several times below the maximum of allowable longitudinal tensile stresses for HTS 

tapes (National research centre "Kurchatov institute", 2013). 

The second problem in the HTS fabrication concerns the degradation of the 

properties of conductors, due to the high mechanical stresses. Thermomechanical and 

mechanical stresses cause the degradation of the critical current in the HTS conductor 

(Van der Laan & Ekin, 2008), (Van der Laan, et al., 2010). Experimental studies of the 

delamination process of HTS conductors 2
nd

 generation were done by (Van der Laan, et 

al., 2007) and (Gorospe, et al., 2014).  They used the technique of stretching in the 

transverse direction of the conductor. Samples in the form of strips of 10 mm wide and 

4 mm were cut from YBCO-tape 40 mm of width. Also YBCO-tape with the original 

width of 10 mm was studied. In the process of stretching in the transverse direction, a 

sample voltage was measured. It should be noted that voltage was constant until the 

beginning of the fall of the critical current. The transverse tensile stress on the sample 

increased with increments of 0.08 MPa. Other researches on this issue are available in 

(Zhang, et al., 2011), (Myazato, et al., 2011), (Nishijima & Kitaguchi, 2012) and 

(Yanagisawa, et al., 2011). 

(Van der Laan, et al., 2007) and (Jeong, et al., 2012) showed the necessity to 

study the mechanicals properties of HTS materials in order to overcome the fragility 

problem. Fig. 2.4. shows that high-temperature superconducting tape has multilayer 

structure, consisting of different materials including HTS (YBCO) layer. YBCO coated 

conductor is a tape, but for some applications, this tape should be submitted to bending. 

It is known that ceramic HTS tapes, which transmit power, are difficult to bend, because 

during this operation they can lost their conduction. At the same time, the technology of 

production HTS magnet tape includes pancake winding and layer winding (Markiewicz 

& Swenson, 2010). 

We find New HTS 2G Round Wires (Bruzek, et al., 2012) (Fig. 2.5). The “round 

wire” design solved two problems: reducing the diameter of HTS wire and increasing 

the superconducting section (and current density) (Nexans, 2015). The figure shows the 

destruction of HTS layer after bending operation. Analysis of this issue requires non-

linear numerical modelling. 
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Fig. 2.5. Design of the New HTS 2G Round Wires (Nexans, 2015) 

 

 

 

2.4. Conclusion  

 

This chapter gave a global presentation of the High-temperature superconductors 

(HTS). It described the different phases of the development of this high-tech material. 

For each phase, the chapter described the industrial challenging as well as the 

innovation in the technology. 

With the 2
nd

 generation of HTS, we have large perspective of industrial 

application, but yet we have to overcome difficulties related to the fabrication of this 

material. Indeed, the fabrication stands for the major part of the HTS cost, because the 

cost of the material is negligible (less than 1%).  

The modern HTS conductors of the 2
nd

 generation is a tape which includes a 

superconducting ceramic layer with a thickness of 1-3 microns deposited (via buffer 

layers) on a substrate (Hastelloy, stainless steel, alloys textured by Ni) of 50-100 

microns in thickness. Tapes are coated with a silver layer 1-2 micron in thickness in 

order to protect and stabilize materials, such as copper or bronze with tens of microns of 

thick.  The fabrication process of HTS meets two main difficulties. The first concerns 

the stabilization of 2G tapes having at helium temperature with insufficient capacity and 
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low speed of propagation of normal zones. The second difficulty concerns the 

degradation of the properties of conductors, due to the high mechanical stresses.  

The design of HTS as well as the optimization of the fabrication process requires 

the development of numerical models that could consider both the specific 

heterogeneous geometry of this material, the ultra-small thickness of some layers and 

the nonlinear behaviour of the constitutive material. Since the development of close-

analytical solution seems to be laborious, we have to develop (use) numerical 

modelling. 

In the next chapter we present the numerical modelling of the HTS using both 

finite element method and a simplified beam-model, which was developed in this work.  
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CHAPTER 3. Numerical model 

 

The chapter 3 presents a simplified model for HTS beams. This model is based on 

the classical beam theory together with the discretization of each layer in small sub-

layers working under purely axial stresses. The model takes into consideration the 

plastic behavior of the HTS constitutive materials. This model was implemented using 

MATLAB software. 

It presents also the validation of this model by its confrontation to finite element 

analyses. This validation was done using COMSOL Multiphysics software. The 

comparable results of these two programs are shown. 

After validation our model the research in the field of the optimal design of HTS 

was done by the analysis of different industrial configurations. The recommendation 

about the best configuration is shown as well as the future perspectives were given. 
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3.1.  Introduction  

As presented in the second chapter, HTS could be modelled using the beams 

theory. In the following we present briefly works conducted on simple beams as well as 

multilayer beams. Then we discuss the necessity to develop specific model for HTS. 

 

 

3.1.1. Beams’ theory  

 

Since beams are largely used in engineering, important works were conducted for 

developing mechanical model (theory) for their design.  The classical beam models are 

based on the theory of Euler-Bernoulli (Bernoulli, 1751), (Euler, 1744), Saint-Venant 

(Saint-Venant, 1856), (Feodosyev, 1999) and that of Timoshenko (Timoshenko, 1921), 

(Timoshenko, 1922). The former didn't take into account the transverse shear 

deformation, whereas the latter accounted for a uniform shear distribution along the 

beam cross-section.  

A good synthesis of beams’ theories can be found in (Carrera, et al., 2011). A 

general model of thin straight beams for large vibration amplitudes was proposed by 

(Benamar, et al., 1991). In order to find a set of non-linear algebraic equations, the 

Hamilton’s principle was used. To obtain a numerical solution for the nonlinear 

problem, the special condition on the contribution of one motion was imposed. Also the 

investigation of simply supported and clamped-clamped boundary condition was 

conducted. The analysis subjected to initial axial forces where done for buckling loads 

of simply supported beams and the natural frequencies were taken into consideration by 

(Matsunaga, 1996). The research concerning cross-sections of thin rectangular beams 

aimed at studying the bi-dimensional displacement field. The properties of a 

Timoshenko beam were analysed in (Van Rensburg & Van der Merwe, 2006). 

(Attarnejad, et al., 2010) represented the basic displacement functions (BDF), which 

were obtained by solving the governing differential equations of transverse motion of 
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Timoshenko beams via the power series method. (Voros, 2009) analysed connections 

between different vibration modes including the geometry, steady state lateral loads and 

internal stress resultants. Taking into account small strains and linearized theory of large 

rotations, a finite element model with seven degrees of freedom per node was 

developed. The researches in the reference (De Borbon & Ambrosini, 2010) studied 

thin-walled beams with axial load in order to investigate natural frequencies. 

 

 

3.1.2. Multilayer beams 

 

Nowadays, multilayer composite materials are widely used in industrial 

applications such as aerospace (Krasilcikov, 1991), automobile industry, marine, etc 

(Vasil'ev & Protasov, 1990), (De Lorenzis, et al., 2001). This large use results from the 

increasing demand for the reduction in the weight of structures and the increase in the 

resistance. Indeed, the weight saving is a dominant factor in some applications such the 

transport sectors: high speed trains, high-speed boats, cars etc. 

It should be noted that composite multilayer beam is composed of layers of 

various materials (William & Callister, 2007). Important researches were conducted in 

this area for the analysis of the mechanical properties of layered beams (Bolotin & 

Novikov, 1980) (King, 1990), (Golas, et al., 2002) as well as their industrial 

applications. 

(Bareisis & Kleiza, 2009) proposed a mechanical model for the analysis of the 

multilayer beam bending. (Yaghoobi & Fereidoon, 2010) studied a simply supported 

beam under uniformly distribution load. He analysed the influence of the material 

properties of the beam and its thickness ton the location of the neutral axis as well as its 

deflection. Analytical solution for two-layer beam with different material and geometric 

characteristics was developed (Schnabl, et al., 2007). This mathematical model was 

considered the influence of the transverse shear deformation on the displacements in 

each layer.  
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(Jonas, 2006) proposed a mathematical relationship for the connection between 

the position of the neutral layer and of the geometric characteristic of the beam and its 

stiffness. (Garuckas & Bareisis, 2003) studied the bending of multi-layer beams. He 

showed that the normal stresses due to bending depend on the position of layers relative 

to the neutral axis as well as their bending stiffness. 

 

 

3.1.3. Need for a numerical model for HTS  

 

Consequently, the analysis of the fabrication of these cylindrical wires from HTS 

tapes constitutes a challenging process issue. It is expected from this analysis to 

determine the stresses and strains induced into the different layers of the HTS tapes by 

considering some non-linear mechanical behavior of the different layers. The use of the 

finite element method for this analysis encounters a major difficulty, because of the 

very small thickness of some layers. This FEM computation requires very fine meshes 

and consequently a very long computation time.  

In the Fig. 3.1 is presented scheme of the shaping of the HTS tape. Conditionally, 

this shaping process can be divided into three main steps, like it shown in the Fig. 1: 1 – 

tape in the normal state; 2 – under the acting forces at the both ends of the tape, the 

process of the shaping starts; 3 – before the final form of the cylindrical shape (Bruzek, 

et al., 2012), (Bruzek, et al., 2011).   

The design and the optimization of the fabrication process of HTS require a 

numerical model that can describe easily large bending of HTS. Since HTS materials 

are composed of thin layers with non-linear behaviour, we have to use advanced 

numerical model such as the finite element method. In this work, we have started by the 

use of this method. We have encountered major difficulties, related to the ultra-small 

size of some layers of the HTS, which requires large meshes and large computation 

times, with some convergence difficulties in the non-linear domain. After this 

experience, we started a research work for the development of a simplified model, based 
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on the beam theory. In the following we present this model as well as its validation and 

use in industrial applications. And finally we use this model to propose an optimized 

design of HTS tapes adapted to the cylindrical shaping process. 

 

 

 

3.2. Numerical model 

The proposed model is based on the bending theory of beams.   

The beam section is composed of m layers. Each layer (m) is characterized by the 

thickness hm, Young’s Modulus Em and axial stress strength 
m

 . Each layer is 

subdivided in small sub-layers as illustrated in Fig. 3.2 and Fig. 3.3. Each sub-layer is 

supposed to be submitted to a purely axial stress i. 

Fig. 3.1. Scheme of the shaping of the HTS beam (Bruzek, et al., 2011).  
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Fig. 3.3. Configuration of the HTS beam section. 

 

We assume that the beam section is submitted to purely bending moment M (the 

axial force N=0). The bending moment induces a beam curvature with a rotation of the 

section around the neutral axis of the beam. 

 

 

 

 

  

Fig. 3.2. Scheme of a multi-layered bending beam. 
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3.2.1. Analysis in the elastic area  

Axial stress distribution  

The section is supposed to be submitted to the curvature (k), which induces the 

following strain in the section:  

 

 

zN - is the position of the neutral axis, zi - is the position of the i-th layer 

The corresponding axial stress and force are equal to: 

 

 

Ai  is the cross-sectional area of i-th layer. 

The location of neutral axis position (zN) can be obtained using the equilibrium 

equation in the axial direction: 

 

 

which leads to the following expression:  

 

 

The bending moment is given by:  
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Equation (3.6) gives an explicit relationship between the bending moment and the 

curvature: 

 

 

Shear stress distribution  

The shear stress distribution is determined from the equilibrium of a small slide 

of the beam as illustrated in Fig. 3.4. The slide is delimited by the lateral surfaces Si and 

Si+1 and the lower surface Bi and the free up-surface. The lateral surfaces Si and Si+1 are 

submitted to the axial force Pi and Pi+1, respectively, while the lower surface is 

submitted to the force idy. 

The equilibrium of the slide allows the determination of the shear stress as 

follows: 

 

Pi
 
stands for the total axial force applied on the section situated above the layer i. 
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Fig. 3.4. Determination the shear stress. 
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Beam deflection 

According to the beam theory, the deflection (w) is determined by the integration 

of the following differential equation: 

 

 

 

3.2.2. Analysis in the plastic area 

Axial stress distribution  

As in the elastic area, we assume that the rotation of the section around the 

natural axis induces the following strain:  

 

 

The corresponding elastic axial stress is equal to: 

 

 

This stress is submitted to the condition of plasticity: 

 

 

With this condition the variation of the axial stress i is not linear with the 

curvature k. In plastic domain i is constant and depend only the nature of the material, 

whereas in elastic domain as explained in the previous paragraph i is dependent on k 

and z. 
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The corresponding axial force is equal to: 

 

 

The position of the natural axis (zN) as well as k are determined from the 

resolution of the set of equations (3.4) to (3.6) and from (3.10) to (3.13). Since this set 

of equations is nonlinear, the resolution is conducted using an iterative procedure.  

The bending moment is calculated according to the following equation: 

 

 

Equation (3.14) gives the nonlinear relationship between the bending moment 

(M) and the curvature (k).  

 

 

3.3. Implementation in MATLAB 

The model presented was implemented in MATLAB. The program, called 

(HTS_Analysis), uses a step-by-step analysis. At each step, we impose the curvature 

increment k. The values of the neutral axis (zN), axial stress () and axial stain (m) are 

determined by the resolution of the nonlinear system of equations (3.4) to (3.6) and 

(3.10) to (3.13). The shear stress ( is computed from equation (3.8), while the 

corresponding bending moment is determined from equation (3.14). The program 

provides for the different values of the curvature (k) the corresponding values of the 

neutral axis (zN), the axial stress (), the axial stain (m), the shear stress ( and the 

bending moment (M).  

The relationship between the bending moment (M) and the curvature (k) stands 

for constitutive law of HTS. It could be used in the general beam theory (Equation 3.9) 

for the calculation of the beam deflection due to external loading. Since the relationship 
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between the bending moment and the curvature is nonlinear, a step-by-step approach 

should be used in the integration of Equation 3.9. At each step, and in each section, we 

can use the value of the curvature for the determination of the distribution of the stress 

and strain fields in the beam.  

 

3.4. Validation  

3.4.1. Presentation of the validation example  

The program (HTS_Analysis) was checked by its confrontation to finite element 

analyses conducted by COMSOL Multiphysics software. In COMSOL Multiphysics 

software adaptive meshing and re-meshing was used to overcome the problem of 

differing length scales. The 3D model used the boundary-mapped mesh. High-

resolution solutions with minimum computation requirements were tracked. The mesh 

resulted in around 5400 elements and 155008 degrees of freedom.  

Fig. 3.5 shows the cantilever beam used in the analysis. Its length (l) is equal to 

300 m, while its width (b) is equal to 20 m. The beam is composed of 4 layers. Table 

3.1 summarizes the properties of these layers, which were taken from references 

(Clickner, et al., 2006) and (Osamura, et al., 2009).  

The beam is submitted to an increasing uniform linear force (q). 

 

 

Fig. 3.5. Beam used in the validation of the proposed method. 
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Table 3.1: Properties of the beam used in the validation of the numerical model. 

Number m 1 2 3 4 

Material Cu YBCO Hastelloy Cu 

Height h(µm) 72 2 50 18 

Young's modulus Em (GPa) 110 128 192 110 

Axial yield stress m (MPa) 150 260 478 150 

 

The value of load was increased during calculation from zero till 700 N/m.  

 

3.4.2. Finite element analysis 

Fig. 3.6 shows the variation of the axial stress in the beam with the increase in the 

load.  

Fig. 3.6. Finite element analysis: Variation of the stresses in the beam. 
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We observe a high concentration of the stress close to the full-fixed section (left 

section), which corresponds to the maximum of the bending moment. The distribution 

of the axial stress in the section does not follow linear variation, because of both the 

beam heterogeneity (multilayer) and the nonlinear behaviour of the constitutive 

material. By the end of the loading (q = 700 N/m), about a half of the beam is concerned 

by plasticity, mainly in the lower and higher parts of the beam. 

Fig. 3.7  presents  the  distribution  of  the  axial  stress  distribution  in  the 

section l = 35 m. In the beginning of the loading (q = 22 N/m), we observe low 

stresses with linear variation in each layer. With the increase in the load, we observe the 

apparition of plasticity in the lower layer (Cu) and in the upper one. The apparition of 

plasticity in these layers is due to their far position from the axe of the beam as well as 

their low axial strength (150 MPa). By the end of the loading (q = 700 N/m), we 

observe plasticity in the upper part of the Hastelloy layer. 

 

 

 

q=22 N/m 

q=300 N/m
 

q=400
 
N/m 

q=500
 
N/m 

q=600
 
N/m 

q=700
 
N/m 

Fig. 3.7. Finite element analysis (COMSOL) variation of the axial stress in the section l= 35 µm. 
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Fig. 3.8 shows the variation of the shear stress in the section l = 35 m. In the 

beginning of the loading (q = 22 N/m; elastic area), we observe a conventional 

distribution of the shear stress: it increases when we go from the beam extremities 

toward the beam neutral axis. For higher loads, we observe important reduction of the 

shear stresses in the upper and lower parts of the beam and an increase in the 

concentration in the central part. This pattern is due to the apparition of plasticity in the 

upper and lower parts of the beam, which leads limitation of the axial stress in these 

areas and consequently to close values of the corresponding forces (Pi and Pi+1) (Fig. 

3.4).  

 

 

  

q=22 N/m 

q=300 N/m
 

q=400
 
N/m 

q=500
 
N/m 

q=600
 
N/m 

q=700
 
N/m 

 

Fig. 3.8. Finite element analysis (COMSOL) variation of the shear stress in the section l= 35 µm. 
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3.4.3. Comparison COMSOL – Simplified model  

 

Fig. 3.9 and Fig. 3.10 shows a comparison between the results of COMSOL 

Multiphysics and those obtained by the simplified model (HTS_Analysis).  

 

 

Fig. 3.9 shows the distribution of the normal stress in the section l = 35 m for 

two levels of the linear force q = 300 and 500 N/m. At q = 300 N/m, we observe a linear 

variation of the normal stress in each layer. The stress remains in the elastic area. The 

results of the two programs agree well. At q = 500 N/m, the two programs show a linear 

variation of the normal stress in the second and third layers and plasticity in the 1
st
 and 

4
th

 layers. 

Fig. 3.10 shows the distribution of the shear stress in the section l= 35 m for q = 

300 and 500 N/m. At q = 300 N/m, the two programs show conventional variation of the 

shear stress in the beam section with a maximum near the beam axis, while at q = 500 

Fig. 3.9. Validation of the simplified model (HTS_Analysis): Distribution of the normal stress in the 

section l = 35 μm at q = 300 and 500 N/m. 
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N/m,
 
they show very low shear stresses in the zones close to the extremities of the beam 

(plastic area) and a concentration of the shear stress in the central part of the section. 

The results of the two programs agree well.  

 

 

Fig. 3.11 shows the variation of the beam deflection in the section l = 35 m with 

the increase in q. We observe a good agreement between COMSOL and HTS_Analysis. 

The deflection varies linearly with the linear force (q) up to q = 300 N/m, then we 

observe a non-linear variation with an increase in the rate of deflection with the 

augmentation of the load. This increase results from the development of the plasticity in 

the beam. 

Fig. 3.10. Validation of the simplified model (HTS_Analysis): Distribution of the shear stress in the 

section l = 35 m at q = 300 and 500 N/m. 
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This validation example shows that the simplified model globally well agrees 

with the results of the complex finite element analysis. It could be easily implemented 

in industrial environment and used in the HTS design. 

 

 

 

3.5. Application to the optimal design of HTS 

In this section, the simplified model (HTS_Analysis) is used for the optimal 

design of HTS. The criteria used in this analysis concern the position of the neutral axis 

regarding the YBCO layer. The neutral axis during the process of bending should 

remain close to the YBCO layer in order to reduce the stresses in this fragile layer.  

In the following we analyze different configurations proposed by the industry. 

Analyses were conducted with three materials in the third layer: Hastelloy, NiW5 

and Stainless steel, whose properties are summarized in Table 3.2. The Young’s 

modulus of Hastelloy and Stainless steel are close (around 192 GPa) and higher than 

Fig. 3.11. Validation of the simplified model (HTS_Analysis): Variation of the deflection in the 

section l = 35 m with the load. 
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that of NiW5 (111 GPa), while the axial strength of the stainless steel is about 62% of 

that of the Hastelloy and the axial strength of NiW5 is about 25% of that of Hastelloy. 

For each material we have analyzed 4 cases, which correspond to different values 

of the thickness of the layers of the HTS proposed by the industry. 

 

Table 3.2: Mechanical properties of the materials used in the 3rd layer 

 
Young's modulus  (GPa) Axial strength stress (MPa) 

Hastelloy 192 478 

NiW5 111 121 

Stainless steel 193 300 

 

Table 3.3 summarizes the configurations analyzed with Hastelloy.  The variation 

of the position of the neutral axis during bending is illustrated in Fig. 3.12. We observe 

that in the first configuration (Case 1), the natural axis is far away from the YBCO 

layer, while in the 3
rd

 and 4
th

 configurations, the neutral axis is below the YBCO layer 

in the elastic domain and then, it translates towards the upper surface and exceeds the 

YBCO layer by about 5% of the beam thickness. In the second configuration, the 

neutral axis is below the YBCO layer in the beginning of the loading and then it 

translates towards the upper part of the beam and stays close to the YBCO layer. This 

configuration is the best one, because the neutral axis remains close to the YBCO layer. 

 

Table 3.3:Configurations analyzed with Hastelloy 

Case   

(Layer) 

1 

(Cu) 

2 

(Cu) 

3 

(YBCO) 

4 

(Hastelloy) 

5 

(Cu) 

Total Height 

(µm) 

Case 1:  

height (µm) 18 52 2 50 18 140 

Case 2:  

height (µm) 
30 55 2 25 30 

142 

Case 3: 

height (µm) 
18 45 2 25 18 

108 

Case 4: 

height (µm) 
18 50 2 25 18 

113 
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Fig. 3.12. Variation of the position of the neutral axis during bending - HTS with Hastelloy 

layer; the characteristics of the 4 cases are summarized in table 3.3. 
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Table 3.4 summarizes the configurations analyzed with NiW5. The total 

thickness of the beam varies from 90 m (Case 2) to 203 m (Case 4); this large 

variation results from the large variation in the thickness of the 2
nd

 and 4
th
 layers. 

The variation of the position of the neutral axis during bending is illustrated in 

Fig. 3.13. We observe that in the configurations 1, 2 and 3, the neutral axis remains 

close to the YBCO layer, while in the 4
th
 configuration; the neutral axis is below the 

YBCO layer by about 10% of the beam thickness. This configuration should not be 

used. 

 

 

Table 3.4: Configurations analyzed with NiW5 

Case  

 (Layer) 

1 

(Cu) 2 (Cu) 

3 

(YBCO) 

4 

(NiW5) 5 (Cu) 

Total Height 

(µm) 

Case 1:  

height (µm) 18 52 2 50 18 140 

Case 2: 

height (µm) 
18 27 2 25 18 

90 

Case 3:  

height (µm) 
18 82 2 80 18 

200 

Case 4:  

height (µm) 
18 90 2 75 18 

203 
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Fig. 3.13. Variation of the position of the neutral axis during bending - HTS with NiW5 layer; 

the characteristics of the 4 cases are summarized in table 3.4. 



86 

 

Table 3.5 summarizes the configurations analyzed with stainless steel. The total 

thickness of the beam varies from 108 m (Case 3) to 142 m (Case 2).  

The variation of the position of the neutral axis during bending is illustrated in 

Fig. 3.14. We observe that in the configurations 2, 3 and 4, the neutral axis remains 

close to the YBCO layer in the plastic area, while in the 1
st
 configuration, the neutral 

axis is above the YBCO layer by about 10% of the beam thickness. This configuration 

is then not recommended.  

 

 

Table 3.5: Configurations analyzed with stainless steel 

Case 

(Layer) 

1 

(Cu) 

2 

(Cu) 

3 

(YBCO) 

4 (Stainless 

steel) 5 (Cu) 

Total 

Height  

(µm) 

Case 1:  

height (µm) 18 52 2 50 18 140 

Case 2:  

height (µm) 
30 55 2 25 30 

142 

Case 3:  

height (µm) 
18 45 2 25 18 

108 

Case 4:  

height (µm) 
18 50 2 25 18 

113 
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Fig. 3.14. Variation of the position of the neutral axis during bending - HTS with stainless steel; 

the characteristics of the 4 cases are summarized in table 3.5. 
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3.6. Conclusion  

 

The fabrication of 2G high-temperature superconductors (HTS) includes a phase 

of large bending, which induces both axial and shear stresses in the HTS. The optimal 

design requires keeping the neutral axis close to the super-conductive substrate. The use 

of finite element method for the analysis of this complex material requires large meshes 

and computation time, because of the ultra-small thickness of the supra-conductive 

substrate. In this chapter we presented a simplified model, which is based on the 

classical beam theory together with the discretization of each layer in small sub-layers 

working under purely axial stresses. This model takes into consideration the plastic 

behavior of the HTS constitutive materials. The model was validated by its 

confrontation to finite element analyses. The validation test gave satisfactory results. In 

addition, this model could be easily implemented and used in industrial environment. 

The model was used for the optimal design of HTS by the analysis of different 

industrial configurations. Analysis resulted in recommendations for the optimal 

configurations that reduce stresses in the superconductive substrate. 
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CHAPTER 4. Validation of the HTS numerical model on 

experimental tests 

 

The chapter presents the verification of the numerical model presented in the 

previous chapter for high-temperature multilayer 2G.  The verification is carried out on 

a bending beam test conducted on a high-temperature superconductor tape. The test 

will be first presented.  

The numerical modelling includes two phases. The first one concerns the 

construction of the global behaviour of the beam using the model presented in chapter 3 

and then the calculation of the beam deflection using both the conventional structure 

theory together with the nonlinear relationship between the bending moment and the 

curvature as determined in the first phase.  

The comparison of the numerical and experimental results will allow analysing 

the performances of the numerical model developed in the previous chapter and its use 

in practical applications. 
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4.1. Introduction  

One of the oldest disciplines in the area of studying behaviour of the material is 

mechanical-technological testing. Since 15
th

 and 16
th
 century the greatest scientist such 

as Leonardo da Vinci and Galileo Galilei were trying to explain the behaviour of 

materials in the elastic state but with taking into account flexural stressing. They were 

creating special devices in order to study more. The further knowledge was received 

with time and as a result finally the first testing machines appeared in France in the 18
th
 

century. Since 1920 the material testing become a business where has been involved 

such company as Roell & Korthaus, Mohr & Federhaff, Carl Benz, Zwick Roell Group, 

etc. These and all other companies know how to create an “intelligence” modern testing 

system or machine with a wide range of high-performance products – from the 

economical standard machine up to special versions and designs for special test jobs 

(Zwick Roell Group, 2015). Being a leading company or being an expert in the test 

systems for different materials this is a big responsibility. And also this means that you 

can predict a future, because everything that surrounds us – is a big variety of materials. 

The high quality manufacturing standards are strongly required during production 

of 2G high-temperature superconductor tape; otherwise, manufacturing defects may 

have a big influence in the HTS structure performance. That’s why to have a good 

knowledge of the materials as well as technological process and their influence on the 

structure is essential. Also it should be taken into account that during the designing 

process of these complex multilayer tapes, the designer has also to consider such 

selection of constituents as type of material, their proportion, distribution of the layers 

and their orientation. All of these constituents depend on the properties required as well 

as selection processes that are depends on the shape and production requirement. And 

finally, the mechanical properties of these tapes are playing the major role.  

In the following section, the experimental study of the HTS tape during their 

mechanical bending process is given. 
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4.1.1. Experiment description 

 

Tests were conducted using the texture analysis machine (Fig. 4.1). Usually these 

machines are used for investigation the mechanical and physical property of raw 

ingredients like food structure or/and designs of specific samples, what means that this 

machine is a well-established technique for the testing unusual samples. Our sample has 

a very small and specific thickness; as a result the texture of this sample is related to the 

sense of touch. So, with help of mechanical methods in units such as force, it can be 

measured. Also this machine can conduct standard test as compression, tension, and 

flexure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1. Test machine. 
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The machine software allows monitoring the test and data collection. It provides 

the variation of both the force and displacement. The test was conducted on a beam with 

simple supports subjected to a concentred force in the middle (Fig. 4.2.) 

 

 

 

 

 

 

 

 

 

 

4.1.2. Sample description 

Tests were conducted on the high-temperature superconductor tape, which is 

shown in Fig. 4.3. Table 4.1 and Table 4.2 summarize the geometrical and mechanical 

characteristics of the tape, respectively. 

 

Table 4.1: Geometrical characteristics of the sample 

Number of layers 4 

Length of the sample (mm) 70 

Total height (µm) 140 

Width of the sample (mm) 5.95 

 

Table 4.2: Mechanical properties of the sample 

Layer Number 1 2 3 4 

Material Cu YBCO NiW5 Cu 

Height (µm) 70 2 50 18 

Young's modulus (GPa) 110 128 111 110 

Axial strength stress (MPa) 150 260 121 150 

Fig. 4.2. Scheme of loading the sample. 
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4.1.3. Experimental results 

The test was conducted by increasing the beam deflection up to the bearing 

capacity of the beam. The test was repeated 4 times. Figure 4.4 shows the results of 

these tests. We can observe a good agreement between these tests, which confirms the 

reliability of both the experimental setup and experimental procedure. In the following, 

we will consider the average value of these tests.  

The load-deflexion curve shows first a quasi-linear variation up to P = 0.15 N, 

followed by a nonlinear variation, then by quasi-stabilization. The maximum load is 

around 0.24 N the corresponding deflection is equal to 20 mm. 

During the test, we did not observe the destruction by delamination of the tape. 

 

Fig. 4.3. Example of the HTS test sample. 
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4.2. Numerical modeling 

4.2.1. Beam behavior  

The program presented in chapter 3 is used in this section for the determination of 

the beam response to the load described in section 4.1.2.  

Analyses were conducted with the geometrical and mechanical properties 

summarized in Table 4.1 and Table 4.2.   

Fig. 4.5 shows the variation of the bending moment with the beam curvature. It 

shows first a linear variation, followed by a non-linear variation, and finally a 

Fig. 4.4. Test result dependence. 
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stabilization of the bending moment, which corresponds to full plasticity. The maximum 

bending moment is around 4·10
-3

 N·m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5.HTS_Analysis calculation: Curvature – moment dependence. 
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Fig. 4.6 shows the variation of the position of the neutral axis during the increase 

of the moment. We observe that the neutral axis is first located in the YBCO layer, then 

it moves below the YBCO layer by about 3.5% of the beam thickness.  

It should be taken into account that with such amount of the bending moment the 

diameter of wire from 2G HTS tape can reach 1 mm (curvature 250 till 1000).  

 

 

Fig. 4.7 shows the bending moment at different levels of the concentrated force.  

Fig. 4.6. HTS_Analysis calculation: Evaluation of the position of the neutral layer. 
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The distributions of the normal and shear stresses in the section x = 35 mm under 

different forces are shown in Fig. 4.8. A linear variation of the normal stress in each 

layer is observed under the force P = 0.0026 N. With the increase in the force, plasticity 

appears in the extreme layers (1
st
 and 4

th
 layers).   

Concerning the shear stress, we observe first a (P = 0.0026 N) a conventional 

distribution of the shear stress. With the increase in the load, we observe a concentration 

Fig. 4.7.HTS_Analysis calculation: Distribution of the bending moment in the section at the 

different forces. 
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of the shear stress in the central part (around the neutral axis), which results mainly 

from the plasticity. 

 

Fig. 4.8. HTS_Analysis calculation: Normal and shear stress distribution. 
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4.2.2. Beam deflection  

The beam deflection was determined using the classical theory of beams together 

with the relationship between the bending moment and the beam curvature determined 

in the previous section (Fig. 4.5). We can observe a very good agreement between these 

results.  

 
Fig. 4.9. Matlab - test result comparison. 
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The numerical model reproduces well the different phases of the beam response: 

the linear phase, the nonlinear one and finally the stabilisation phase at P = 0.20 N.  

This good agreement shows the performance of the numerical model developed in the 

previous chapter and its ease use in practical applications. 

 

4.3. Conclusion  

The chapter included the verification of the numerical model developed in the 

previous chapter for the complex behaviour of high-temperature multilayer 2G tape.  

The verification was conducted on a bending beam test conducted within this thesis. 

The test was performed on a high-temperature superconductor tape composed of 4 

layers.  

The numerical modelling included two phases. The first one concerned the 

construction of the global behaviour of the beam (relationship between the bending 

moment and the curvature) using the model presented in chapter 3 and then the 

calculation of the beam deflection using both the conventional structure theory together 

with the nonlinear relationship between the bending moment and the curvature. 

Analysis was conducted using a step-by-step analysis with an actualisation of the beam 

behaviour at the beginning of each step. 

The comparison of the numerical and experimental results showed excellent 

agreement, which confirms the performance of the numerical model developed in the 

previous chapter and its ease use in practical applications. 
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GENERAL CONCLUSIONS 

 

The optimization process of the low-temperature superconductor and high-

temperature superconductor for the International thermonuclear experimental reactor 

(ITER) is shown. 

The main problem for the LTS materials that was caused by the plastic 

deformation and realized by pressing and drawing are shown. With help of thermo-

elasticity equations, the temperature modes resulting in the appearance of thermoplastic 

deformations and the possible residual stresses formation are established. The critical 

drawing velocities are determined from the conditions of contact heating, in order to 

prevent the residual stresses in the wire. For some kind of metals as copper, titanium,  

zirconium the critical drawing velocities were given  a recommendation that can be 

applied for development of the drawing technology.  

The optimal angles of matrixes for pressing of mono-, bi- and trimetal blank were 

determined with the conditions of minimum compacting force. The compacting force 

components containing the cone angle of the technological tool are taken into account. 

The process parameters affecting the compacting force are revealed. The effect of the 

elongation and the friction coefficient to the optimal angles is shown. Application of the 

matrix with the optimal cone angle allows to reduce pressing energy intensity during 

production of the low-temperature superconducting products. 

The main problems in the optimization of the fabrication of 2G high-temperature 

superconductors (HTS) were shown. The manufacturing of 2G HTS are required the 

special conditions, in order to decrease the axial and shear stresses in the HTS. The 

difficulties of usage of finite element method for solving this challenge task were 

described.  

The simplified model that allows to find the optimal design was created. The 

main condition that requires keeping the neutral axis close to the superconductive layer 

were taken into consideration. The main principle of this model is the combination of 

the classical beam theory with the discretization of each layer in small sub-layers 

working under purely axial stresses. This model was implemented using MATLAB 
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software. The plastic behavior of the HTS constitutive materials were taken into 

consideration by this model. The validation of the model was successfully done by its 

confrontation to finite element analyses.  

The best geometry of the HTS tape with the condition of reducing the mechanical 

stresses was found. Analysis resulted in recommendations for the optimal 

configurations that reduce stresses in the superconductive layer. 

The validation experimental test on the real sample of 2G high-temperature 

superconductor tape was done. The validation test gave satisfactory results in 

comparison with prediction of numerical model (HTS_Analysis program) that was 

implemented using MATLAB software. As a result a number of experiment can be 

reduce, because the program allows to make a simulation of bending process in order to 

satisfy the high quality manufacturing standards as well as reduce the possibility of 

manufacturing defects. Prediction and analysis such important characteristics as  critical 

forces, deflection, influence of boundary condition will help to construct the HTS tape 

with condition of respect of the high quality manufacturing standards. The 

recommendation about improvement and optimization the fabrication process can be 

easily given after HTS_Analysis program simulation. 

In addition, this model could be easily implemented and used in industrial 

environment, in particular to make a prediction and to find a right geometry for the HTS 

materials of second generation for different industrial applications. 
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