
HAL Id: tel-04532865
https://theses.hal.science/tel-04532865

Submitted on 4 Apr 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Participation au développement d’un aimant haut
champ 30T en REBaCuO

Mohamad Rajab Alharake

To cite this version:
Mohamad Rajab Alharake. Participation au développement d’un aimant haut champ 30T en RE-
BaCuO. Superconductivity [cond-mat.supr-con]. Université Paris-Saclay, 2022. English. �NNT :
2022UPAST042�. �tel-04532865�

https://theses.hal.science/tel-04532865
https://hal.archives-ouvertes.fr


THE
SE
DE
DO
CTO

RAT
NN
T:2

022
UPA

ST0
42

Participation in the development of a
high-field 30 T REBaCuO magnet
Participation aux développements d’un aimant

haut-champ 30 T en REBaCuO

Thèse de doctorat de l’Université Paris-Saclay

École doctorale n◦579 Science mécaniques et énergetiques, matériaux et
géosciencs

Spécialité de doctorat: Solides, structures et matériaux
Graduate School : Sciences de l’ingénierie et des systèmes, Référent :

ENS Paris-Saclay

Thèse préparée dans les unités de recherche: unité de recherche : LMPS -
Laboratoire de Mécanique Paris-Saclay (Université Paris-Saclay,

CentraleSupélec, ENS Paris-Saclay, CNRS) et Département des Accélérateurs,
de la Cryogénie et du Magnétisme (Université Paris-Saclay, CEA), sous la

direction de Olivier Hubert, Professeur, le co-encadrement de Philippe Fazilleau,
Ingénieur- chercheur

Thèse présentée et soutenue à l’ENS Paris-Saclay, le 21 Mars 2022,
par

Mohamad Rajab ALHarake

Composition du jury
Jacques Noudem Président
Professeur, CRISMAT - Caen
Michel Coret Rapporteur
Professeur, GEM - Nantes
François Debray Rapporteur
Ingénieur recherche HDR, CNRS LNCMI - Grenoble
Laurence Bodelot Examinateur
Maître de conférence HDR, LMS Ecole Polytech-
nique
Olivier Hubert Directeur de thèse
Professeur, ENS Paris-Saclay
Xavier Chaud Invité
Ingénieur-chercheur, CNRS LNCMI - Grenoble



Titre: Participation aux développements d’un aimant haut-champ 30 T en REBaCuO
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Résumé: Les supraconducteurs sont divisés en
deux catégories, les supraconducteurs à basse tem-
pérature critique (LTS) et les supraconducteurs à
haute température critique (HTS). Avec les LTS,
des limitations strictes sont imposées sur la tem-
pérature de refroidissement (< 14 K) et le champ
magnétique réalisable (< 28 T). Lorsqu’il s’agit
de HTS, des températures de refroidissement et
des champs magnétiques plus élevés sont autorisés.
Cela offre une plus grande flexibilité dans les appli-
cations, d’autant plus que l’azote liquide peut être
utilisé dans le processus de refroidissement.

Divers projets et applications R&D sont devenus
envisageables avec la baisse significative du coût
des rubans HTS. Plus le champ magnétique est
élevé, plus les capacités d’applications telles que
la RMN, l’IRM, etc. sont possibles. Différents
electro-aimants ont été construits et testés pour
obtenir des champs élevés à l’aide de rubans RE-
BCO. Par exemple, l’aimant « Nougat » a at-
teint 32.5 T, dont 14.5 T provenant de l’insert RE-
BCO et 18 T d’un electro-aimant résistif extérne.
L’insert “Nougat” est composé d’un empilement
de galettes REBCO métal-isolant (MI). Les bobi-
nages MI offrent une protection contre le quench
grâce à leur capacité de dérivation de courant et un
renfort mécanique supplémentaire avec un ruban
d’isolation métallique rigide.

Lorsque la contrainte est calculée au niveau du
plan médian de la galette centrale de l’aimant «
Nougat » où les forces radiales de Laplace sont
les plus élevées, la contrainte radiale était positive

dans une majeure partie de celui-ci. Cela indique
que les spires peuvent être séparées là où la con-
trainte est positive. Cela va à l’encontre de la né-
cessité d’un contact dans les galette MI HTS pour
maintenir l’aspect de protection contre la quench
d’une telle configuration d’aimant.

Par conséquent, dans cette thèse, une meilleure
compréhension de la mécanique des galettes MI
REBCO est recherchée. Ainsi, différentes formu-
lations analytiques mécaniques sont discutées con-
cernant les trois chargements : enroulement (pré-
tension), refroidissement (contraction thermique)
et énergisation (effet des forces de Laplace). De
plus, le surbandage comme support mécanique
et les contributions de précontrainte sont dis-
cutés. Ensuite, l’identification des paramètres du
matériau se fait à l’aide d’essais de traction et de
compression diamétrale avec corrélation d’images
numériques (CIN), pour les utiliser dans le recal-
cul des contraintes de Nougat et d’un prototype
de modélisation en galette avant son essai. Ces
tests ont mis en évidence l’importance du proces-
sus d’enroulement et son effet sur le module radial
du test de compression diamétrale, et l’effet de
courbure du rapport de Poisson dans les matéri-
aux en feuille comme le REBCO et les rubans mé-
talliques isolants du test de traction. Enfin, une
nouvelle configuration adéquate a été développée
pour permettre des mesures in-situ du déplacement
de plein champ de galette MI à des températures
cryogéniques à l’aide de CIN. La configuration est
utilisée pour valider les formulations analytiques.
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Abstract: Superconductors are divided into
two categories, low temperature superconduc-
tors (LTS) and high temperature superconductors
(HTS). With LTS, strict limitations are posed on
the cooling temperature (< 14 K) and achievable
magnetic field (< 28 T). On the other hand, higher
cooling temperatures and magnetic fields are al-
lowed when dealing with HTS. This provides higher
flexibility in the applications, especially since liquid
nitrogen can be used in the cooling process.

Various R&D projects and applications are be-
coming more conceivable with the significant de-
crease in the HTS tapes cost. The higher the
magnetic field, the higher the capabilities are of
applications like NMR, MRI, etc. Different mag-
nets were built and tested to obtain high fields
using REBCO tapes (they are proven to achieve
high fields at 4K). For example, “Nougat” mag-
net achieved 32.5 T, with 14.5 T coming from the
REBCO insert and 18 T from a resistive outsert;
this magnet is composed of a stack of metal-as-
insulation (MI) REBCO pancakes. The MI config-
uration provides protection against quench with its
current bypassing capability, and mechanical sup-
port with a stiff metal-as-insulation tape.

When the stress was calculated at the mid-plane
of the central pancake of the “Nougat” magnet
where radial Laplace forces are the highest within

the whole magnet, radial stress was positive in a
major part of it. This indicates that the turns may
have separated where the stress is positive. This
stands against the necessity of contact in MI HTS
pancakes to maintain the quench protection aspect
of such magnet configuration.

Hence, in this thesis, a better mechanical un-
derstanding of MI REBCO pancakes is sought.
Thus, different mechanical analytical formulations
are discussed regarding the three loadings: wind-
ing (with pre-tension), cooling (thermal contrac-
tion), and energizing (Laplace forces effect). In
addition, the over-banding as mechanical support
is also discussed. Then, identification of mate-
rial parameters is done using tensile and diametric
compression testing with digital image correlation
(DIC), to use them in recalculating Nougat stresses
and a prototype pancake modeling before its test-
ing. These tests highlighted the importance of the
pre-tension and its effect on radial modulus from
the diametric compression test, and the poisson ra-
tio curving effect in foil materials like REBCO and
metal-as-insulation tapes from the tensile test. Fi-
nally, a new adequate setup was developed that al-
low in-situ measurements of full field displacement
of MI pancakes at cryogenic temperatures using
DIC. The setup is used to validate the analytical
formulations.
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Introduction

Superconductivity is a state of matter where conduction current flows while encountering
negligible resistance. This phenomenon, discovered in 1911, allowed for the development or
improvement of many modern tools such as magnetic resonance imaging (MRI), nuclear mag-
netic resonance (NMR), particle accelerators, etc. However, no significant application of this
discovery was proposed until 1955 and the production of superconducting niobium wire with
which a superconducting magnet was made of. In 1962, the ductile niobium-titanium alloys
were discovered suitable to applications of up to 15 T. This material ushered the increase of
superconducting magnets as it became the backbone of MRI, NMR and particle accelerator
applications. However, the superconductors so far were limited with low critical temperature;
being called low temperature superconductor “LTS” where critical temperature is few Kelvins
(requiring liquid helium cooling) and critical magnetic field can reach around 28 T for niobium-
tin.

Later on, in 1986, a new family of superconductors was discovered, the high temperature
superconductors “HTS”, with the critical temperature above 30 K, achieving 93 K in YBaCuO
(Rare earth Barium Copper Oxide) superconductor. The critical temperature of YBaCuO (RE-
BCO) is above boiling point of liquid nitrogen at atmospheric pressure (77 K), opening a new
venue of applications for superconductors at liquid nitrogen temperature: the cooling is signif-
icantly simplified as nitrogen is cheaper, abundant, and has much higher vaporization enthalpy
than liquid helium. The initial discovered HTS superconductor was based on cuprate perovskite
materials, but other materials of different families were discovered later like magnesium diboride
or iron-based superconductors belonging to the same HTS family.

The critical temperature was not the only advantage of HTS comparing to LTS. It was shown
that the critical magnetic field is much higher than 23.5 T in HTS when using them at lower
temperature (liquid helium - LHe for instance). Experiments like “Nougat” magnet that is the
result of a joint effort of CEA Saclay – LNCMI (Laboratoire National des Champs Magnétiques
Intenses) reaching 32.5 T or the hybrid magnet at NHMFL-US (National High Magnetic Field
Laboratory) reaching 45.5 T proved the capability of HTS conductors to maintain supercon-
ductivity at high fields at liquid helium temperature. However, these accomplishments were
not achieved until approximately 35 years after HTS discovery, as the required manufactur-
ing process was being improved significantly to produce both mechanically strong and flexible
conductors. Indeed Cuprate based superconducting materials are brittle. With the use of su-
perconducting HTS layer deposition on a high strength Hastealloy substrate, different magnets
were produced in laboratories. However, the quench phenomenon that any superconductor is
prone to – that is the sudden transition from superconducting state to the resistive state –
proved to be an issue in HTS magnets unlike in LTS magnets.

The quench propagation is fast in LTS magnets, being in range of meters per second up to
tens of meters per second, allowing for direct quench detection and protection. The fast quench
propagation in a superconducting magnet causes a large part of the magnet to become resistive;
thus increasing the measured resistive voltage at the terminals significantly permitting quench
detection by voltage measurement. In addition, in this case, the stored energy is dissipated
over a large part of winding of the magnet and over a dump resistor, if active protection
is implemented, limiting the temperature attained in the magnet to safe levels. Unlike LTS
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magnets, in HTS magnets the quench propagation is slow with only a few millimeters up to few
centimeters per second, complicating the quench detection and protection significantly. Slow
quench propagation velocities result in having excessive heat build-up in the quenched zone
of the magnet exceeding the cooling rate. Thus, a thermal runaway can occur and degrades
irremediably the magnet.

In 2011, the no-insulation HTS magnet was tested [1]. No insulation means that the REBCO
tapes are wound without any insulation between the turns; thus turns have a direct electrical
contact between each other. No-insulation HTS were compared to that of insulated HTS
magnets regarding the quench phenomenon. It was found that the no-insulation configuration
protected the magnet which was quenched several times by allowing the current to by-pass the
quenched region to the next superconducting turn radially. Unfortunately, the current ramp
rate was significantly affected because of the radial currents generated during ramping due
to mutual inductance between turns with very high time constants. This point was tackled
by introducing the metal-as-insulation (MI) configuration, where the REBCO HTS tapes are
co-wound with a thin mechanically stiff metal tape. This metal tape increases the contact
resistance significantly thus decreases the radial currents during ramping and lowering their
time constants. In addition, it provides additional mechanical support to the magnet allowing
for higher fields to be achieved.

On the other hand, REBCO tapes were found to degrade if the mechanical stress exceeds
yield stress or an axial strain limit. The rectangular shape of the REBCO tape imposes bending
limitations that are to be considered in the mechanical design. Thus, the mechanical study
of MI HTS REBCO magnets is quite important to ensure its proper functioning, especially
at high field where Laplace forces are quite high. Previous computational mechanical studies
have been done regarding superconducting magnets with simplifying assumptions, but still now
no experimental measurement are available to be compared to calculations regarding MI HTS
REBCO pancake magnets.

This manuscript focuses on different mechanical aspects regarding MI HTS REBCO pancake
magnet for high field applications. Specifically, an experimental setup is developed allowing for
real time measurement of deformations during cooling and energizing using digital image cor-
relation (DIC). Experimental measurements are compared with outputs of both new analytical
formulations and finite element simulations. Objective is to use the analytical formulation for
fast evaluation of different magnet forming processes and geometries at the stage of design.
These evaluations are relevant for future improvements.

In chapter 1, superconductivity is introduced, and the MI HTS magnet aspects are presented.
In chapter 2, different analytical formulations and assumptions are discussed and used to cal-
culate the mechanical state after the main loading stages of a MI REBCO pancake (winding,
cooling, energizing). Analytical formulations results are compared to the results of a reference
finite element calculation using the Cast3m code. This comparison allows for the most appro-
priate analytical formulation to be chosen as the most representative of stress and deformation
distribution. Later in the chapter, Nougat magnet stresses are evaluated using both analytic
formulation and Cast3m for bench marking. Effect of over-banding and pre-tension during
winding on the mechanical stress distribution in the pancake are finally studied.

In chapter 3, the mechanical properties identification of both tapes (REBCO and stainless
steel (SS)) using digital image correlation (DIC) is presented. Tensile and diametric compression
testing have been used for identifications. A dedicated finite Element Method Update (FEMU)
has been developed and employed for that purpose. It highlighted the effect of winding process
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on the bulk material properties of tapes.

In chapter 4, a new experimental setup is presented that allows for real time image acquisition
of the deformation of the MI REBCO pancake during cooling and energizing. First, the setup
and image acquisition are validated during liquid nitrogen cooling of stainless steel 304 disc.
Then, a co-wound copper beryllium – stainless steel 304 pancake undergoes a cooling test at
liquid nitrogen. The deformation results during the tests acquired from DIC are compared to
the outputs of analytic formulation. Chapter 5 draws the general conclusions of this manuscript.
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1 - Metal-as-Insulation HTS Coil

1.1 . Superconductivity

Normal conductors carry electric current with a resistance generating heat. However, some
materials can conduct electricity with negligible to no resistance under specific conditions. These
materials are called superconductors, and they conduct large currents in specific temperature
and magnetic field ranges. After explaining superconductivity and associated properties, high
temperature superconductivity is introduced and the main corresponding materials BSSCO and
REBCO are described. Since BSCCO is mechanically weaker than REBCO as it will be discussed
in this chapter, REBCO is the superconductor used in this PhD. Then, few usage examples of
REBCO are presented followed by explanation of quench and metal-as-insulation of REBCO
magnets. Finally, the chapter ends with the outline of the thesis manuscript.

1.1.1 . Superconducting Properties

Superconductivity was first discovered in 1911 by H. Kamerlingh Onnes during an attempt at
measuring the electrical resistivity of mercury at low temperatures [2]. The discovery that the
resistance dropped so much that it measured zero with his equipment at 3 K was astounding.
The resistance was so small that his equipment could not measure it. At the same time, it was
discovered that above a certain temperature, there was a sudden jump back to the resistive
state, this temperature is called critical temperature Tc. Above Tc, superconductor changes
back to resistive state, which is called normal state.

A second property, that makes a superconductor different from a perfect conductor, was
discovered later on in 1933 by W.Meissner and R.Ochsenfeld [3]. They found that a supercon-
ductor will expel a surrounding magnetic field outside its body by creating currents in thin depth
near its surface to shield the remaining volume from the magnetic field. This is the Meissner
state, and the currents generated are Meissner currents.

1.1.2 . Limits of Superconductivity

Thereafter, it was discovered that for a material to remain superconductive, not only its
temperature has to be lower than Tc, but also the magnetic field should be lower than a critical
field Bc [4]. Later on, in 1957, Abrikosov [5] found analytically a difference between two types
of superconductors regarding their reaction to the magnitude of the external magnetic field
applied.

Type I superconductor has a very low single critical magnetic field Bc (less than 200 mT).
Beyond this Bc, it directly reverts back to the normal state. Bc is also inversely dependent of
temperature (T ) (Fig. 1.1a). Type I superconductors are mostly pure elements like mercury,
lead and aluminum.

However, type II superconductor has two critical magnetic fields : lower field Bc,1, and
upper field Bc2 . Type II behaves like type I below Bc,1 which has nearly same magnitude as
Bc of type I. However, between Bc,1 and Bc,2, type II enters a mixed state where normal and
superconducting regions are present. In the mixed state, the magnetic field can penetrate the
superconductor at some points while remaining superconducting. Above Bc,2, it reverts back
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to the normal state (Fig. 1.1b).

(a) Type I superconductor (b) Type II superconductor
Figure 1.1 – Magnetic field (B) vs temperature (T ) phase diagrams of a superconductor

Type I has an issue regarding Bc as it is very small leading to a fast transition to normal state.
Even the self-field that it generates when supplied with current can be enough to cause its revert
back to the normal state [4]. This limits the practical application of type I superconductors.

On the other hand, in type II, Bc,2 can reach hundred of Teslas (> 150 T for YBCO), which
is much greater than Bc of Type I. This made it practical for high current density applications
and high magnetic field generation. Several compounds belong to this category, but the most
used ones are Niobium-Titanium (NbTi) and Niobium-Tin (Nb3Sn).

Additionally, the superconducting phase is also limited by a maximum current density Jc
called critical current density (Fig. 1.2). Crossing Jc is different between Type I and Type
II, where in the former it is based on dislocation of Cooper pairs while for the latter it is due
to unpinning of vortex. Jc of a type II material is set based on energy dissipation criterion.
However, for calculation of magnetic field and mechanical stresses, engineers use engineering
current density Je. It is used because superconducting tapes or wires usually are a composite
material with a superconducting layer or wire.

Each of the above mentioned parameters (Tc, Bc, and Jc) of a superconductor are dependent
upon one another. Hence, the superconducting domain of a material is usually represented in
the 3D space (T,B,J) bounded by a critical surface (Fig. 1.3). Below the surface, the material
is superconductor, while above the surface it reverts back to the resistive state.

Depending on its critical temperature (Fig. 1.4), a superconductor can be either classified as
low temperature superconductor (LTS, below 14 K) or high temperature superconductor (HTS).
Well known LTS NbTi has been extensively used for various applications (MRI, accelerator
magnets, etc. [8–10]) because of its low cost, long length production, mechanical rigidity, and
achievable magnetic field strength of 10 - 15 T. Nb3Sn can achieve higher fields (up to 28

T) than NbTi and requires heat treatment, but it is mechanically weaker than NbTi leading
for the latter to be used whenever possible. However, with its limited critical magnetic field,
complex cooling requirement, and desired high field generation in various applications, new
superconductors are sought.
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Figure 1.2 – Engineering current density of various superconductors at 4.2K with applied magnetic field [6]

Figure 1.3 – Critical surface of common superconductors [7]

Figure 1.4 – Critical temperature Tc of various superconducting materials and their year of discovery (Classes: BCS(dark green), Heavy-Fermions(Light green), Cuprate(Blue), Buckminsterfullerene(Purple), Carbon-allotrope(Red), Iron-pnictogen(Orange-yellow)) [11]
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1.2 . REBCO High Temperature Superconductor

Achieving superconductivity at high temperature (above 20 K) was thought to be impossible
after the discovery of the first group of superconductors, i.e. low-temperature superconductor
(LTS). However, approximately 40 years after the discovery of Nb3Sn, other superconductors
with Tc higher than 30 K were discovered (Fig. 1.4). They are called high temperature super-
conductors (HTS) [12].

Unlike LTS superconductors, HTS superconductors can operate under high magnetic field
while still having high critical current densities as seen in Fig. 1.2 at low temperature. This
feature has been validated by characterizing the HTS tapes at high magnetic field [13, 14].

1.2.1 . Discovery of High Temperature Superconductor

In 1986, high temperature superconductivity was discovered in transition metal oxides. The
superconductivity was discovered in Lanthanum-Braium-Copper-Oxide [12, 15]. This discovery
resulted in finding other HTS superconducting materials, especially in cuprates family. It was
also noticed that HTS superconductors have higher current densities than LTS superconductors
at low temperature under high magnetic field.

Recently, superconductivity has been discovered in various compounds while pushing the
critical temperature to unprecedented values. It was discovered, for example, in Magnesium
Diboride in 2001 [16] and in Iron Pnictide in 2008 [17] (Fig. 1.4). However, surprisingly,
superconductors with critical temperature close to room temperature were recently discovered:
Hydrogen Sulfide H2S (200 K) [18] and Lanthanum Hydride LaH3 (250 K) [19]. Unfortunately,
both of them require very high pressures, for example, H2S requires 155 GPa (Fig. 1.4) and
LaH3 requires 170 GPa making them unusable for practical applications.

1.2.2 . BSCCO and REBCO HTS Superconductors

From the discovered HTS materials, few are commercially available and suitable for magnet
manufacturing, such as: Bismuth Strontium Calcuium Copper Oxide (BSCCO) and Rare Earth
Barium Copper Oxide (REBCO).

BSCCO HTS

BSCCO superconductor, of general formula Bi2Sr2Can−1CunO2n+4, was discovered in
1988 [20]. Various versions of BSCCO exist depending on Copper content n, but the interesting
ones are those with n = 2 (BSCCO 2212) and n = 3. BSCCO 2212 has critical temperature
close to 90 K [21] with a large critical field (> 30 T) [22] (Fig. 1.2). BSCCO 2223 has even a
higher critical temperature close to 105 K [21].

BSCCO can be manufactured in different ways, one of them is conventional metallurgic
powder-in-tube process (PIT). PIT is used to make round wires of BSCCO 2212 (Fig. 1.5),
which can be grouped to form cables. Unfortunately, even though the fabrication is a well-
known method, it has significant difficulties. The PIT process starts with different precursors
that need to be reacted to produce BSSCO 2212. Reaction of the precursors is very exhaustive.
It requires heat treatment at a temperature of 900◦C for a very long time [24], with demanding
constraints on pressure and oxygen atmosphere [25].

In addition, silver is chosen as the matrix that supports BSCCO filaments as it meets the
conditions required in the manufacturing process [24]. Unfortunately, the wire is weak mechan-
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Figure 1.5 – BSCCO 2212 round wire cross section [23]

ically as the silver matrix has low yield stress. With the low yield stress of BSCCO wire, its use
at high fields is further limited in comparison to REBCO tape.

REBCO HTS

REBCO was initially discovered in the form of YBCO in 1987 [26]. Unlike BSCCO which
can be manufactured with conventional metallurgical methods, manufacturing REBCO requires
a special technique called thin film deposition. Critical temperature of YBCO is 93 K and the
upper critical field is greater than 100 T [27].

Figure 1.6 – Crystal lattice of YBCO superconductor [28]

REBCO is a family of superconducting materials, based on cuprates, of general chemical
composition: REBa2Cu3O7−x, where RE represents a rare earth element like Yttrium(Y) in the
case of YBCO or Gadolinium (Gd) in the case of GdBCO. It is a common feature of all super-
conductors of REBCO crystallography to be formed of CuO planes (Fig. 1.6, crystal lattice of a
member of REBCO family). However, the exact mechanism that results in superconductivity in
REBCO materials is unknown until now. We call them the unconventional superconductors, as
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opposed to the conventional superconductors explained by BCS theory [29]. It is worth noting
that the CuO planes could have a potential role in the superconductivity of HTS material [30].

In high field applications, large Laplace forces are generated. REBCO is preferred to BSCCO
because of its high mechanical strength and more supplies of REBCO worldwide [24, 31].
REBCO tape is the material considered in this PhD (Figs. 1.2 and 1.8).

1.2.3 . REBCO Tape Manufacturing Process

REBCO tape manufacturing process is quite different than that of other superconductors like
BSCCO or NbTi (PIT). The manufacturing starts with a substrate tape that is usually Hastelloy
C276 or nickel alloy (Ni5W ) [32]. The tape width can vary depending on the manufacturer
(2 to 12 mm), and the thickness can vary from 30µm to 150µm [33]. The substrate is the
building block upon which all layers are deposited. It is the thickest layer in the tape and mostly
defines the mechanical properties of the tape in the longitudinal direction.

To produce a superconducting layer with a high critical current Jc , it is paramount that
the crystallographic lattice of the REBCO layer must be carefully aligned as grain boundaries
and misorientations have critical effect on the REBCO layer’s current density [34]. Hence, the
REBCO layer is grown over a bi-axially textured support to control its orientation and achieve
high critical current density. Several techniques have been developed to produce high quality
REBCO tapes [35], which can be grouped, depending on the process used, whether physical or
chemical [36]. In the chemical group, there are Ion Beam Assisted Deposition (IBAD) and the
Rolling-Assisted Biaxially Textured Substrate (RABITS) techniques. In the physical, there is
Pulsed Laser Deposition (PLD) technique [37]. IBAD and PLD are subsequently discussed .

IBAD process method starts with a Hastelloy C276 substrate. The substrate is first polished
before adding the other materials and cleaned to obtain a good surface structure for depositing
other layers. Buffer layers are deposited on the substrate progressively while controlling the
lattice orientation for the REBCO deposition step. Previously, a buffer template composed
of Yttria-stabilized-Zirconia (YSZ ) is deposited on a substrate by using two ion sources, one
directed at the YSZ buffer precursor while the other was directed at the substrate to help in
the deposition of YSZ layer [38]. However, the slow deposition rate and film growth were a
problem from an industrial point of view, so other methods were studied to tackle this problem.
It was found out that buffer layer Zr2Gd2O7 can grow faster than YSZ buffer. Also, CeO2

deposition was discovered to improve in-plane grain alignment [35].

As for the PLD process, a pulsed laser of power approximately 300 W with a frequency of
300 Hz is used [36]. This laser is aimed at the precursor to be deposited in a vacuum chamber.
The precursor is vaporized forming a plume, which is layered on the substrate. PLD process
yields high grade superconducting layer while having a slow deposition rate. However, this is
solved with multi-turn and multi-plume systems for REBCO layers [35].

After the deposition of superconducting layer is achieved, it is covered with a silver layer
to act as a protection layer against chemical reactions for REBCO layer. After that, the tape
is encased in copper by electroplating or lamination, and this helps protecting the tape from
oxidation and enhancement of tape stability (electrically and thermally) [32]. Usually the final
REBCO tape measures tens or hundreds of micrometers in thickness (30 to 150 µm) and few
millimeters in width. Figure 1.7 shows a scheme of the production process of REBCO tapes
(Fig. 1.8) that uses PLD process.
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Figure 1.7 – PLD manufacturing process, Burker Manufacturer [32]

Figure 1.8 – REBCO coated conductor structure

1.3 . REBCO Tape Application

With the decrease in REBCO tape price and the possibility to choose between several sup-
pliers, several R&D and commercial applications (Fig. 1.9) have risen up. The tape is used
in projects of high-current cables in electrical networks [40–42], superconducting fault current
limiter [43, 44], superconducting magnet energy storage [45–47], dipole magnets [48–50], etc..
In this section, high magnetic field generation, and nuclear magnetic resonance REBCO tape
applications are discussed briefly.

1.3.1 . High Magnetic Field

As REBCO tapes can withstand high magnetic fields at low temperatures and still maintain
high current densities in comparison to other superconducting materials, this makes them a
prime candidate for the design of high field magnets. The magnet design is open to various
configurations, from a single REBCO magnet, to REBCO concentric magnets, or a combination
of REBCO magnet with another magnet such as LTS or resistive. This combination is called a
hybrid magnet. REBCO hybrid magnet uses the conductors effectively based on their properties,
and usually is composed of REBCO insert because REBCO sustains high fields and outsert
magnet, which can be resistive or LTS used in the low field region. A REBCO pancake is a
REBCO magnet that is composed of flat spiral winding of the REBCO tape unlike the layered
magnet that utilizes layer winding.

The “Nougat” magnet is a solenoidal HTS insert composed of a stack of REBCO coils. It
achieved a world record 32.5 T total magnetic field with a 38 mm bore, 18 T from external
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Figure 1.9 – Various applications of superconductors [39]

resistive magnet and 14.5 T by itself [51] (Fig. 1.10a). Another magnet achieved 45.5 T, its
resistive outsert generated 31.1 T, and its REBCO insert generated 14.4 T [52]. This magnet is
more of a demonstration magnet with an internal bore not useful contrary to Nougat. Addition-
ally, an-all REBCO magnet was done achieving 26 T central magnetic field [53]. Furthermore,
a 32 T HTS / LTS high field magnet is open to users at NHMFL for measurement of various
physical properties [54] with field homogeneity of 2.5 ppm. The focus of the project this PhD
belongs to is to achieve a magnet characterized by a high field and stable operation. The higher
the magnetic field is, the higher mechanical stresses are limiting achievable magnetic field and
stability.

1.3.2 . Nuclear Magnetic Resonance / Magnetic Resonance Imaging

High field magnets are of great interest in the domains of Nuclear Magnetic Resonance
(NMR) and Magnetic Resonance Imaging (MRI ). These domains impose high demands on the
quality of the magnetic field requiring it to be homogeneous and very stable for measurements
to be possible [56]. The high field magnitude is of great interest due to the ability of increasing
the image resolution. Despite its high constraints, a commercial NMR has been produced
by Bruker achieving 28.2 T, it uses HTS insert / LTS outsert configuration [55] (Fig. 1.10b).
Additionally, other projects regarding MRI are in progress [57–60] where MRI cooling is done
by conduction.
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(a) Nougat Magnet[51] (b) Ascend 1.2 GHz HTS / LTS NMR [55]
Figure 1.10 – Applications of REBCO tape

1.4 . Quench in superconductor magnets

As specified in Section 1.1.2, superconductivity defines a critical surface in the (T,B,J)
space, below which materials are superconducting, and above which they revert to resistive
state. This transition can happen due to several reasons, it might be due to an increase of
temperature (radiation, Joule effects), magnetic field, or current density. This transition occurs
at Tc. However, there is another temperature called current sharing temperature (Tcs), above
which a part of the current flows in the matrix of the superconducting tape/wire resulting in
Joule effect while remaining superconducting. Always, Tcs is less than Tc, and it depends on
the loading conditions of the superconductor (magnetic field and current density).

Heat is generated in the local resistive state of superconductor in superconducting magnet
by Joule effect. This heat is transmitted by conduction (longitudinal and transversal) to the
adjacent conductors. The magnet in this case has quenched. Resistive zone growth continues
until energy dissipation stops. Energy dissipation stops either if the cooling system managed to
restore resistive zone to its superconducting state, or if all the energy is dumped in an external
resistor or the power supply.

1.4.1 . Minimum Propagation Zone

Knowledge of the outcome of a resistive zone is important for the magnet stability. It
can either propagate and quench the magnet or support the heating without growing and
quenching the magnet while the heat is being absorbed by the cooling system. The largest
zone that can support the heating without propagating is called the minimum propagation
zone (MPZ) [61–63]. If the resistive zone is higher than MPZ, the magnet quenches. MPZ
differs greatly based on several factors starting with the magnet structure, superconducting
material, constituents of the superconducting wire, specific heat, loading conditions, etc.. MPZ
is much lower in LTS magnet than in HTS when both are compared at the same low operating
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temperature because for LTS magnet it is quite close to its critical temperature while for HTS
there is a large margin between the operating and critical temperature (depending on the loading
conditions). This means that mechanical disturbances can rarely quench an HTS magnet unlike
the LTS magnet that can face a quench more easily because of such a disturbance.

1.4.2 . Minimum Quench Energy

The minimum energy pulse required to initiate the quench in the magnet is called the min-
imum quench energy (MQE). MQE is equal to energy required to give rise to MPZ. The
source of this energy can be anything ranging from radiation, mechanical deformation, wire
defect, etc. [64]. The value of MQE is dependent on several factors as well, like specific
heat of superconducting material (wire components), operating temperature, magnet’s loading
condition (current density, magnetic field), etc.. Estimating MQE is important as it can give
an idea of how much the magnet can accept energy before it quenches, this allows to better
design a quench protection system. MQE estimation is based on MPZ value with the following
approximative formula:

MQE = VMPZ

∫ Tcs

T0

Cpe(T )dT (1.1)
Such that, MQE is the minimum quench energy, VMPZ is the volume of the minimum propaga-
tion zone, T0 and Tc are the initial operating temperature of magnet and the critical temperature
of superconductor under load conditions respectively, and Cpe is the volumic specific heat of
the conductor. The higher MPZ, the higher MQE, and this makes the magnet more stable.

The critical surface of HTS superconductors is much larger (especially in the temperature
direction) than that of LTS superconductors due to the high critical temperature, the critical
current and the high critical magnetic field. This leads to have an MQE value in the range
of Joules for HTS magnets while it is in a range of milli-Joules for LTS magnets [65, 66]
(Table 1.1). This results in LTS magnets being more prone to quench than HTS magnets.

1.4.3 . Propagation Velocity of quench

For the magnet to quench, MPZ has to propagate until the whole magnet transmutes to
resistive state. The speed at which it propagates is called normal zone propagation velocity
(νnzp). The propagation velocity νnzp is of extreme importance when considering the stability of
the magnet and quench protection system as it is a critical factor in determining the temperature
increase. A slower propagation means that the energy stored will be dissipated in a smaller region
of the magnet resulting in a higher temperature in the region unlike faster propagation.

Propagation velocity depends on several parameters such as thermal conductivity, heat ca-
pacity, Joule effect in the resistive part, etc.. These parameters depend on the temperature,
and thus the propagation velocity as well. For example, REBCO tape is mainly composed of
Hastelloy and Copper stabilizer, and the specific heat of copper increases by 2 orders from 4 K
to 30 K, and 3 orders from 4 K to 80 K [67]. This results in slow propagation velocity as it
is inversely proportional to the specific heat. The propagation velocity at adiabatic conditions
[63] is:

νnzp = J

√√√√ ρn(Tt)kn(Tt)[
Cn(Tt)− 1

kn(Tt)
dkn
dT |Tt

] ∫ Tt
Top

Cs(T )dT
(1.2)

J, Cn(T ),Cs(T ), kn(T ), ρn(T ), Top, and Tt are respectively the current density, normal state
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Quantity LTS HTSThermal margin few K several decades KMQE mJ JMPZ (at LHe temperature) 0.1 - 10 mm 0.1 - 0.6 mNormal-zone propagation velocity up to hundred m/s up to few cm/s
Table 1.1 – Comparison of quench characteristics of LTS/HTS magnets [65, 68]

heat capacity, superconducting state heat capacity, thermal conductivity, electrical resistivity
and transition temperature.

νnzp of LTS magnet quench can reach up to 100 m/s, while in HTS magnets νnzp is just few
cm/s [65, 66] (Table 1.1). One of the factors that leads to high νnzp in LTS magnets is the
low thermal margin that is few Kelvins, while in HTS magnets the thermal margin is in tens of
Kelvin affecting the specific heat and other parameters that determine νnzp.

1.4.4 . Thermal Stability

Due to the complex working conditions of a superconducting magnet (cooling, power re-
quirement, and mechanical limitation), ensuring thermal stability is critical so that the magnet
remains functional over time without any degradation. It is very important due to their high
cost and end application. Whether the magnets are MRI, NMR or particle accelerators, they
are made to have a long life cycle. In the case of NMR and MRI, they are normally energized
only once.

Additionally, the magnet applications (MRI,NMR...) require homogeneity and field stability
in order to achieve their end target. The magnet is operated with a safety margin in place so
that slight disturbances can be accommodated whether it is a small temperature increase or a
small magnetic field disturbance.

The safety margin can be defined as how much an increase or a change in the different critical
parameters (T , B, J) can be tolerated before the conductor transits to the resistive state. The
critical surface in Fig. 1.3 shows an interdependence between the three parameters (T , B, J).
For example, if J and B are fixed, a temperature margin can be found, where it is the difference
between the critical temperature at (B,J) and the operating temperature. Another example is
a superconducting magnet acting as insert; the additional external field that can be added to
insert field is limited by a magnetic field margin at the insert operating conditions. Field margin
is the difference between the critical field at J ,T and the field generated by insert.

In real superconducting magnet operation, quench can occur due to several reasons (cooling
malfunction, disturbance in power supply, etc.). Thus, a detection and protection system
against quench is required to ensure magnet protection from a quench damage.

1.4.5 . Quench Protection

When a magnet quenches, the magnetic energy stored in it will be transformed into heat by
Joule effect. The protection goal is to limit the temperature rise in the magnet to an acceptable
level between 150 K and 300 K. This is for mechanical reasons in order to avoid high gradients
of temperature that can cause high thermal stresses. If the magnet can sustain the quench by
itself, the protection is passive.

However, sometimes the energy stored can be rather large; the quench temperature exceeds
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(a) REBCO pancake winding (b) REBCO layer winding
Figure 1.11 – REBCO winding configurations [72]

the safety limits if all the magnetic energy is dissipated in the magnet. Therefore, a combined
protection system can be implemented, where a part is dissipated in the magnet while the other
is dumped into an external resistor when a quench is detected. An example of such a case is the
CMS LTS magnet [69] where 50 % of the energy (in order of GJ) is dissipated in an external
resistor.

In other cases, because of some considerations, whether it is cryogenic (minimizing helium
consumption) or quench temperature, the magnetic energy has to be dumped into an external
resistor. In order to do so, the quench has to be detected at first. Quench is detected by
voltage measurement, which is a delicate process. The voltage at the terminals of a magnet is
smaller than the voltage of resistive zone, this complicates the detection. This protection is an
active protection.

The fast quench propagation in LTS magnets results in whole magnet quench and high
voltage increase at magnet’s terminals allowing for easy quench detection by voltage. However,
in HTS magnets, quench propagation is slow; this leads to high temperature increase in the
quenched zone and complicates detection by voltage since its increase is rather very small in
comparison to the case of LTS requiring sensitive instrumentation.

1.5 . Metal-as-Insulation HTS REBCO magnets

In this section, the different coil configurations of HTS REBCO magnet will be discussed.
With the rectangular shape and the aspect ratio (1:100) of the REBCO conductor, two different
winding techniques are allowed; layer-wound or pancake-wound [70, 71] as seen in Fig. 1.11.
However, the pancake-wound technique is preferred for REBCO tapes as it requires smaller
length than layer-wound in magnet manufacturing. Also, it grants the ability to change a
damaged pancake or part instead of the whole magnet.

1.5.1 . Issues faced in HTS REBCO insulated /impregnated magnets

As stated in Section 1.4, magnet stability and quench protection are of extreme importance for
proper functioning of the magnet. In LTS magnets, quench protection is rather straight forward
because propagation velocity is high (1 to 100 m/s). This results in very fast propagation of
the resistive region, and the energy is dissipated over a large volume of conductor. The hot
spot in a superconducting magnet is the small region in the winding that attains the highest
temperature after a quench; usually it is at quench initiation point [63].

However, in insulated HTS REBCO magnet, propagation velocity is low as seen before.
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This results in having the stored energy being dissipated in a smaller zone. This can achieve
dangerous high temperatures for the HTS REBCO. It can either cause conductor degradation
or total failure.

Due to the slow propagation velocity, the temperature increase in the zone will be much higher
than the cooling capacity, with the temperature being higher than the critical temperature Tc.
This causes accelerated temperature increase with the resistivity increasing leading to a thermal
runaway in the HTS REBCO manget [73]. In addition, the slow propagation velocity makes
it difficult to build a protection system against thermal runaway. This is because conventional
systems used for LTS magnets can not be used in this case. Even after detection is done, due
to the slow propagation velocity [74], active protection is the only possible option.

Moreover, insulated-impregnated HTS REBCO magnet has another issue regarding the mag-
net’s cooling. The difference in thermal contraction between the resin and the REBCO tape
may cause de-lamination of the tape, which results in magnet failure [75, 76].

1.5.2 . No-Insulation HTS REBCO magnets and Current By-passing during a
Quench

In order to overcome the issues faced in HTS REBCO insulated magnet, another coil configu-
ration was implemented: the No-Insulation (NI) HTS REBCO magnet [1]. In this configuration,
as its name suggests, the coil is wound without any insulation between the turns. This config-
uration was tested before with NbTi superconductor [77].

During magnet energizing, as turns are in contact with each other, current will pass in
hoop and radial directions. The radial current is the result of inductive voltage due to mutual
inductance between the two adjacent turns and the contact resistivity. The amount of current
that bypasses is strongly dependent on the current ramp rate [78] and contact resistivity. At
steady state, the current only flows in the REBCO tape.

The advantage of NI-HTS REBCO magnet is the self passive protection [79–81]. The current
by-passing aspect acts as a passive protection system in case of a quench. When a quench
occurs, the current will by-pass the resistive zone to the adjacent superconducting turn; thus
limiting the temperature increase and decreasing the hot spot temperature. Time constant of
radial current redistribution is long; thus time constant of field is long.

Furthermore, the protective aspect of NI-HTS REBCO magnet was proved experimentally
in different magnet designs at different loading of current and magnetic field [53, 82–84]. The
different magnets in these articles were composed of stacks of NI REBCO double pancakes i.e.
two pancakes connected together. When a quench occurred at some position in a pancake in
these magnets, the current increases in the other pancakes due to the magnetic coupling among
one another in order to conserve the total magnetic flux. This leads to a quench in the other
pancakes, and the NI configuration protects each pancake from burnout.

In addition, in this configuration, all mechanical stresses are supported by the REBCO tapes.
The mechanical properties of the REBCO tape that is being used lead to an additional limitation
on the REBCO magnet design. However, as shown in Fig. 1.8, the substrate constitutes the
main part of the tape. Hence, a mechanically stiff substrate like Hastelloy may enhance the
tape’s stiffness in the tensile direction, permitting higher field applications that result in higher
stresses.
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1.5.3 . Metal-as-Insulation HTS REBCO magnets

As mentioned in Section 1.5.2, two drawbacks are present in NI HTS REBCO magnet. In
order to solve the issue of slow current ramp rate and time constant, the contact resistance
between the turns has to be increased significantly as current bypassing is inversely dependent
on it. In addition, the achievable magnetic field is rather limited by mechanical properties of
the REBCO tape.

One of the possible solutions for current ramping delay problem is to apply non magnetic
stainless steel cladding on the REBCO tape [85, 86]. This will result in increasing the contact
resistance between turns. Thus, current ramp rate can be increased significantly in comparison
to NI REBCO HTS without losing the self-protecting feature.

Another solution that can eliminate the current ramp rate drawback of the NI configuration
and provide additional mechanical strength is theMetal-as-Insulation (MI) HTS REBCO magnet
[87]. In this configuration, the REBCO tape is co-wound with a non-magnetic stainless steel
(SS) tape. In this scenario, the adjacent REBCO turns are separated by stainless steel tape
which increases the contact resistance significantly by two orders of magnitude. Thus, the
bypassing currents are decreased and ramping rate can be increased significantly [88].

Moreover, co-wound stainless steel tape acts as a structural support for REBCO tapes with
its high mechanical strength. Furthermore, adding stainless steel at the end of the REBCO
winding acts as an additional mechanical reinforcement; this is called over-banding. Over-
banding can decrease the mechanical stresses the magnet is subjected to [89], this point will
be addressed more clearly in the next chapter. With this configuration, we can get the best of
a REBCO tape in high magnetic fields while remaining within its mechanical limits.

A MI REBCO magnet [82] was tested to check its electromagnetic stability and magnetic
coupling response inside of a resistive magnet. The results showed that in case of fast discharge
of the resistive magnet, the MI REBCO magnet maintained a self-protection feature due to
conservation of total magnetic flux and current by-passing inside the pancakes. This magnet
was a prototype for the Nougat magnet [51] that was fast discharged on purpose at 29 T central
field without the magnet being damaged. Hence, the MI REBCO magnet configuration has
been proved its self-protecting feature while eliminating the drawbacks of the NI configuration.
The advantage of MI configuration is further proved by the positive results of Nougat magnet
insert that reached 32.5 T [51].
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1.5.4 . Necessity of Contact

In both NI and MI HTS REBCO magnet configurations, when a zone quenches, current
by-passing occurs to the adjacent turns that are in contact with the quenched zone. Should
the turns be separated, this self-protective trait is lost. Hot spot formation and conductor
degradation may occur.

Also, when turns are separated, each turn will support the external forces applied on itself
alone which increases significantly the mechanical failure’s possibility. Thus, maintaining con-
tact between all the turns is a requirement in the design and for the stability of NI or MI HTS
REBCO magnet.

1.5.5 . Stress and Strain Distribution

Due to the significant advantages of MI over NI configuration regarding current loading
delay and mechanical strength, MI HTS REBCO magnet has been chosen for this study. Both
tapes, REBCO and stainless steel, have their own respective mechanical properties and limits.
During the design analysis of the magnet, these limits are to be considered with a safety margin.
Maintaining contact is a critical aspect as well in the design study, and it is ensured by having
radial stress in compression during nominal operation. However, there is a threshold on tensile
radial stress up to 10 MPa before de-lamination occurs [70, 76], and in radial compression
(100-150 MPa) before superconductor degradation occurs). The critical current decreases with
the increase of hoop strain.

Several studies reported that a relationship exists between critical current and elastic stress
(strain) as shown in Fig. 1.12 where critical current degrades in a reversible manner with the
stress (strain) until a certain limit [90–98]. Beyond this limit, critical current degrades in an
irreversible manner. Thus, these stress limits must be considered during the mechanical design
of MI magnets.

Furthermore, additional mechanical limits exist on the tape and hence the magnet because
of the tape’s rectangular shape. The minimum soft bending radius is high (bending in flat
circumferential winding direction), it is defined as the lowest radius for which irreversible critical
current degradation, i.e. decrease from nominal critical current, is less than 5%. Also, the hard
bending, like the angular winding transition from turn to turn in layer winding, requires a large
smooth curvature to be done due to the tape’s rectangular shape. Hence, pancake winding
configuration is chosen in this thesis due to bending requirements and limited length of REBCO
tape, both of which are not suitable for layer winding.

The effect of soft bending on critical current has been studied previously [99–101]. The soft
bending strain can be expressed as:

εsb = ± d

2R
(1.3)

Where εsb is the soft bending strain, d is the thickness of the substrate, and R is the bending
radius. εsb is calculated assuming that the presence of the neutral axis is along center the center
of the substrate, the bending strain is substrate shape dependent, REBCO layer thickness is
much lower than that of substrate, and the bending radius is much larger than the substrate
thickness. Soft bending can facilitate REBCO tape degradation if it is in tensile state which
occurs when REBCO layer is above the neutral axis. However, when REBCO layer is below the
neutral axis, it is in compressive state which is more favorable for the tape in terms of critical
current reversible degradation.
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Moreover, MI REBCO pancake is subjected to three mechanical loadings from the following
processes: winding, cooling, and energizing. During winding, the coiling is done with a pre-
tension to maintain the turns in contact with one another. The pre-tensioning used with turn
n results in a pressure Pn being applied on the previous turn n − 1 expressed as (simplified
formula):

Pn =
rn+1 − rn

rn
σn (1.4)

Where rn+1 and rn are the external and internal radius of turn n, and σn is the pre-tensioning
stress. The winding load is proportional to the pre-tension and inversely proportional to the
radial position. Over-banding is part of the winding load, since over-banding turns are wound
with pre-tension.

In cooling from room temperature to cryogenic temperature, for example to 77 K or 4 K,
thermal contraction occurs. Since MI REBCO pancake is composed of two tapes, REBCO
and SS, thermal stresses occur because of the different thermal contraction of each tape while
assuming that the whole pancake is at the same temperature. Since the MI pancake is dry-
wound, the de-lamination issue of REBCO tape is avoided.

In energizing, the axial field and the current density in hoop (tangential) direction (Jh)
generate radial Laplace forces. These forces are applied only on the REBCO tape as current
flows in it only at steady state. Since REBCO tapes are very thin and can carry large currents,
the engineering current density, magnetic fields, and Laplace forces (hundreds of MPa) are high.
A general stress equilibrium equation with the radial Laplace force is expressed as:

r
∂σr
∂r

+ σr − σh + rJhBz(r) = 0 (1.5)
σr, σh, Jh, Bz(r), r are respectively the radial stress, hoop stress, current density, axial magnetic
field and radius.

At high fields and high current densities, Laplace forces can cause the turns to separate
if there are no residual compressive radial stresses. These stresses can be generated during
the winding process through pre-tensioning. Thus, to maintain the turns in contact, the total
radial stress after energizing should remain compressive, this requires winding with pre-tension
to achieve such result. For these three loading calculations, the young modulus, Poisson ratio
and thermal contraction properties of REBCO and SS are required.

1.6 . Outline of the Thesis

As stated in Section 1.5, mechanical study of MI HTS REBCO magnet is of critical impor-
tance for proper nominal functioning. Previous computational mechanical studies have been
done regarding superconducting magnets with simplifying assumptions, but there was no experi-
mental measurement that verified the calculations regarding MI HTS REBCO pancake magnets.
In addition, the proposed analytical stress calculation in the thesis is done turn-wise, at the turn
extremities, of the MI REBCO pancake instead of a whole body as previously done like in the
case of impregnated REBCO pancakes. This turn-wise calculation is necessary since the mag-
net is not impregnated. At the same time, it is much faster than FE calculation allowing for
significant time saving in the initial stress calculation and design phase of a MI REBCO magnet.
With it, various crucial points regarding MI REBCO pancake can be studied like constant con-
tact between turns for quench protection, winding process contribution to pancake mechanical
robustness, and respecting the stress limits of the materials.
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Figure 1.12 – Normalized critical current, as a function of uni-axial strain under various magnetic fields (B//c) at 77 K inRCE−SmBCO (fitted curves are shown as solid lines) [93]

The thesis focuses on the mechanical aspect of MI HTS REBCO pancake magnet for high
field application. An experimental setup is developed allowing for real time measurement of
the deformation during cooling and energizing of MI HTS REBCO pancake using digital image
correlation (DIC). The experiment is used to verify the stress analytical formulation and finite
element calculation of a test MI REBCO pancake with external field. Using the experiment,
stress analytic formulation can be checked if it is representative of what is happening in reality.
The stress analytic formulation can also provide a multi-level optimization tool helping at the
design of a new generation of MI RBCO pancakes to be used in high field application (cost,
mechanical stress, magnetic field, quench).

Hence, the manuscript is organized as follows:

• In chapter 2, different stress analytical formulations regarding MI REBCO pancake mag-
net for the different loadings (winding, cooling, energizing) have been developed and
are discussed while comparing the results with calculations from the Cast3m FE code.
Furthermore, de-bonding between turns is considered in the analytical formulation, and
winding process parameters (pre-tension, over-banding) contribution to stress distribution
and contact between turns is studied.

• Mechanical properties identification of both tapes (REBCO and INOX) using two testing
setups with DIC is presented in chapter 3 to have a more precise stress calculation. In
addition, a study is done on the mechanical properties of the materials to understand
their effect on contact between turns and radial stress.

• In chapter 4, an experimental setup for MI REBCO pancake field displacement measure-
ment during testing is developed. The considered loadings are:

– Stainless steel 304 disc liquid nitrogen cooling.

– MI CuBe2/SS304 pancake liquid nitrogen cooling.

Experimental results are compared with both analytical and numerical modeling.

• Finally, chapter 5 will be the general conclusion of this manuscript.
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2 - Analytical Formulations of Displacements and
Stresses within a MI HTS Coil

2.1 . Introduction

A superconducting magnet undergoes three processes: winding, cooling, and energizing.
Winding is done with a pre-stress to maintain the conductors in their position. Moreover, over-
banding, i.e. winding additional turns for mechanical support, is a part of the winding process
that leads to an additional mechanical loading by pre-tensioning. Then, the magnet is cooled
to cryogenic temperature to reach the superconducting state of the conductors. After cooling,
the magnet is energized for operation.

Mechanical stress analysis of superconducting magnets is a critical part of the design process
because of the high forces that arise during the three processes, especially during cooling and
energizing in high field magnets. There are various analytical formulations proposed for the
stress calculation of the three processes (winding [102–108], cooling [102, 105–112], energizing
[105, 106, 108, 111–117]).

The aim in this chapter is to find an analytical formulation that best describes the stresses
during these three stages of the magnet (winding, cooling, energizing ) starting from the general
equilibrium equation. The analytical formulations, plane stress and generalized plane strain, are
compared against Cast3m finite element calculation on an exemplary MI REBCO pancake
magnet then bench-marked on the real MI REBCO magnet “Nougat” [51]. Each process is
studied separately due to the linear behavior of the materials in the elastic region that allows
a superposition of the results. Then, a study is done on pre-tensioning and over-banding using
plane stress assumption on Nougat case to understand their contribution to the mechanical
stress and state of the pancake. Finally, an analytical formulation that best describes the stress
distribution is chosen.

2.2 . General mechanical formulation

The stress-strain relation in matrix form is:

ε = S : σ (2.1)

where ε is the strain tensor, σ is the stress tensor, and S is the compliance tensor (stress and
strain are in voigt notation in Section 2.2). The stress calculations for solenoids is done at the
mid-plane of the magnet where the axial field is the highest resulting in the highest Laplace
force at the aforementioned position.

Since magnet is cylindrical, axial symmetry condition simplifies the calculation. In reality,
the winding is spiral, but to simplify the calculations, the turns are considered as concentric
cylinders. In cylindrical coordinates, the general stress balance equations for a body with a
distributed force are well known. The magnet materials are assumed orthotropic. Hence, the
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stress-strain relation can be expressed as:

εr
εθ
εz
εθz
εzr
εrθ

 =



1
Er

−νrθ
Er

−νrz
Er

0 0 0
−νrθ
Er

1
Eθ

−νθz
Eθ

0 0 0
−νrz
Er

−νθz
Eθ

1
Ez

0 0 0

0 0 0 1
2Gθz

0 0

0 0 0 0 1
2Gzr

0

0 0 0 0 0 1
2Gθr





σr
σθ
σz
τθz
τzr
τrθ

 (2.2)

Also, since it is axially symmetric, shear stresses τrθ, τθz, displacement in hoop direction, and
the derivative in hoop direction is zero ∂

∂θ = 0. With axial symmetry (homogeneous tape
material) the form of stress balance equations become:

∂σr
∂r

+
∂τrz
∂z

+
σr − σθ

r
+Xr = 0

∂τrz
∂r

+
∂σz
∂z

+
τrz
r

+Xz = 0

(2.3)

Xr and Xz are the body forces in radial and axial directions respectively. σr is the radial stress,
and the σθ is hoop stress.

Maintaining contact between turns, which is an important aspect, results in the continuity
of radial displacement and radial stress at the interface between turns as boundary conditions.

The REBCO and the metal-as-insulation stainless steel (SS) tapes used in MI REBCO pan-
cake winding are ductile elasto-plastic materials, i.e. their behavior in the elastic region below
the yield stress is linear. In addition, for a functional magnet, the REBCO tape mechanical
limits are to be considered, i.e. the total stress after energizing must remain below the yield
stress. Hence, according to the superposition principle, the three processes’ resultant stresses
and displacement can be summed.

Hence, assumptions considered in the stress calculation are:

• concentric cylinder geometry,

• axisymmetric,

• perfect contact between turns (un(rn) = un+1(rn)),

• superposition of stresses from the three processes (linear elastic region),

• no shear stress (no friction for saving computational time).

with the following conditions:

• zero radial stress at inner and outer radius of MI REBCO pancake,

• same mechanical properties at room temperature and 4 K (insignificant increase of Young
modulus, explained in chapter 3 - uni-axial tensile test section).

2.3 . Winding Process

The first step in making MI REBCO pancake is winding it. The winding process is critical
in determining the mechanical integrity of the pancake. Any mistake during the process may
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Figure 2.1 – Pressure due to winding: mandrel in gray, winding in blue

result in the magnet’s weakness. This may happen due to over-tensioning, choosing a wrong
mandrel, or damaging of the REBCO tape.

The winding method exploited in such applications is exactly the same as that used with
web materials such as paper, plastic, and steel rolls. Several studies have been conducted on
the winding process using these materials. They covered various aspects of the process such
as the winding configuration (center winding, center winding with nip roller, etc.), the winding
parameters (winding speed, tension), and even the winding material itself [118–122].

The center winding is the method used in this thesis. The winding tension (stress) used in
the calculation can be a constant or a function of the turn’s number. The turns are assumed
to be concentric cylinders in contact with one another and wound on a cylindrical mandrel. In
addition, the tape used in winding is assumed to be flat resulting in a perfect cylinder geometry
of turns. The tape material is assumed homogeneous but not the whole winding.

2.3.1 . One-turn winding resultant stresses

During the winding (Fig. 2.1), body forces are null. The winding tension results in an external
pressure on the already-wound part of the coil [123]. The resulting axial force is negligible, and
the axial length of the coil is very small compared to the diameter. Hence, the assumption of
plane stress is used here, where [σ] = [C][ε] (NB: with C = S−1) is simplified to 2D terms
only (Eq. (2.4)), i.e. terms of plane rθ such that τrz and axial stress σz are zero.

[σ] =

[
σr 0
0 σθ

]
(2.4)

r0 and r1 are the inner and outer mandrel’s radii respectively, and σ0(n) is the winding stress.
Using the equilibrium equation of a wound tape in the case of circumferential (spiral) winding
from [123], the radial pressure is:

Pn = σ0(n)
rn+1 − rn

rn
(2.5)

For each turn, we calculate the radial and hoop stresses and the displacement; we assume a
zero shear stress due to axis symmetry. Eq. (2.3) becomes:

∂σr
∂r

+
σr − σθ

r
= 0 (2.6)
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Assuming an orthotropic material, we obtain a differential equation in terms of the displacement
or the radial stress. In this case, the strains are defined as functions of the stresses:

εr =
σr
Er
− νθr

σθ
Eθ

(2.7)
εθ =

σθ
Eθ
− νrθ

σr
Er

(2.8)
εr =

∂u

∂r
=
∂rεθ
∂r

(2.9)
εθ =

u

r
(2.10)
(2.11)

Where u is the radial displacement, Er, Eθ are the radial and hoop Young’s modulus respec-
tively, and νrθ is the Poisson ratio (νθrEθ = νrθ

Er
). Rearranging the terms, Eq. (2.6) becomes:

r
∂σr
∂r

+ σr = σθ (2.12)
Hence, by substituting Eq. (2.12) in Eq. (2.7) and Eq. (2.8), then substituting in Eq. (2.9), we
get:

r2
∂2σr

∂r2
+ 3r

∂σr
∂r

+ (1− k2)σr = 0 (2.13)
where

k2 =
Eθ
Er

Using Eq. (2.7) and Eq. (2.8), stresses can be expressed in terms of strains:

σr =
Er

1− νrθνθr
(εr + νθrεθ) (2.14)

σθ =
Eθ

1− νrθνθr
(εθ + νrθεr) (2.15)

Substituting Eq. (2.14) and Eq. (2.15) in Eq. (2.6), and using Eq. (2.9) and Eq. (2.10) into
change the strains to displacement, a displacement differential equation is reached:

∂2u

∂r2
+

1

r

∂u

∂r
− k2 u

r2
= 0 (2.16)

Both Eq. (2.13) and Eq. (2.16) are similar because both were derived from the same equations.
Also, Eq. (2.13) was used by [107] in the calculation of stresses due to winding.

In the plane stress calculation, we have σz = 0. The calculation is done on one turn in the
beginning to find the equations that govern the displacement and stresses in each turn alone.
General solution of Eq. (2.16) is:

u(r) = ark + br−k (2.17)
Where a and b are constants to be found using the boundary conditions of the turn, which are
σr(r1) = −P1 and σr(r2) = −P2, where P1 and P2 are the internal and external pressures.
Hence, by replacing Eq. (2.9) and Eq. (2.10) in Eq. (2.14), then substituting u by Eq. (2.17),
and finally applying the boundary conditions, the constants a and b are:

R =
Er

1− νθrνrθ
(2.18)

a =
1

R(k + vθr)

P1r
k+1
1 − P2r

k+1
2

r2k2 − r2k1
(2.19)

b =
1

R(k − vθr)
P1r

2k
2 r

k+1
1 − P2r

k+1
2 r2k1

r2k2 − r2k1
(2.20)
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Figure 2.2 – Multi-turn magnet (orange: REBCO, grey: stainless steel)

Finally,

u(r) =
1

R(k + vθr)

P1r
k+1
1 − P2r

k+1
2

r2k2 − r2k1
rk +

1

R(k − vθr)
P1r

2k
2 r

k+1
1 − P2r

k+1
2 r2k1

r2k2 − r2k1
r−k (2.21)

σr(r) =
P1r

k+1
1 − P2r

k+1
2

r2k2 − r2k1
rk−1 − P1r

2k
2 r

k+1
1 − P2r

k+1
2 r2k1

r2k2 − r2k1
r−k−1 (2.22)

σθ(r) = k
P1r

k+1
1 − P2r

k+1
2

r2k2 − r2k1
rk−1 + k

P1r
2k
2 r

k+1
1 − P2r

k+1
2 r2k1

r2k2 − r2k1
r−k−1 (2.23)

These equations reduce to in the case of an isotropic material as shown by Luganski [105]:

u(r) =
1− ν
E

P1r
2
1 − P2r

2
2

r22 − r21
r +

1 + ν

E

P1 − P2

r22 − r21
r21r

2
2

r
(2.24)

σr(r) =
P1r

2
1 − P2r

2
2

r22 − r21
− P1 − P2

r22 − r21
r21r

2
2

r2
(2.25)

σθ(r) =
P1r

2
1 − P2r

2
2

r22 − r21
+
P1 − P2

r22 − r21
r21r

2
2

r2
(2.26)

2.3.2 . Multi-turn winding resultant stresses

In a pancake made of n turns (Fig. 2.2), the boundary conditions using radial displace-
ment and stress continuity are um−1r (rm) = umr (rm), σm−1r (rm) = σmr (rm), and σ1r (r0) =
σnr (rn+1) = 0. The mandrel is a part of the mechanical problem in the stress calculation.
Hence, there are 2n equations and 2n unknowns. Using the displacement continuity, a relation
between three consecutive pressures can be derived:

AmPm −BmPm−1 − CmPm+1 = 0 (2.27)

Am =
1

Rm(r2kmm+1 − r
2km
m )

(
r2km+1
m

km + νθr(m)
+

r2kmm+1rm

km − νθr(m)
) +

1

Rm−1(r
2km−1
m − r2km−1

m−1 )

(
r
2km−1+1
m

km−1 + νθr(m−1)
+

r
2km−1

m−1 rm

km−1 − νθr(m−1)
)

(2.28)
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Bm =
r
km−1
m r

km−1+1
m−1

Rm−1(r
2km−1
m − r2km−1

m−1 )

2km−1
k2m−1 − ν2θr(m−1)

(2.29)

Cm =
rkmm rkm+1

m+1

Rm(r2kmm+1 − r
2km
m )

2km
k2m − ν2θr(m)

(2.30)
From Eq. (2.27) and from the pressure relation in Luganski[105], the pressure can be recursively
calculated using Eq. (2.31):

Pm = σ0(m)
rm+1 − rm

rm
+ FmPm+1 (2.31)

with
Fm =

Cm
Am −BmFm−1

(2.32)
The first part of Eq. (2.31) is due to the pressure resulting from the winding of turn m + 1

on turn m; the second term results from solving Eq. (2.27) recursively. After calculating the
pressures at each turn while taking into account the stress at the magnet’s boundaries, the
displacement and stresses at each turn are derived using Eq. (2.24) Eq. (2.25) Eq. (2.26).

2.3.3 . Cast3m Calculations

Cast3m[124] is a finite element modelling tool developed at CEA. It is code-based tool that
has vast capabilities and options to model different mechanical cases.

Based on the preceding calculation, Cast3m is done using plane stress, concentric multi-turn,
and axisymmetric assumptions for the finite element calculation. The calculation is done at
mid-plane of the pancake similarly to the analytical calculation. Results of magnet model is
later compared to that of the analytic formulation. The utilized mesh is QUA4 tape-wise. The
geometry utilized in the FE calculation is that of cross section of the tapes, i.e. rectangular
geometry.

The displacement continuity boundary condition is applied at the interface between the
turns with possibility of separation depending on the stress state (um−1r (rm) - umr (rm) ≤ 0).
Because of assumptions used in Cast3m magnet model, an indirect method of applying the
winding pressure is done. The displacement from the winding pressure on the inner windings is
calculated. It is added to the initial radial position, which is at edge of last turn, of new turn
being wound. Then, applying a tight fitting of the turns and using linear relation of contact
interface as specified by the interface boundary condition, the pressure of winding is applied.

For cooling, the thermal deformation is calculated using an inbuilt function in Cast3m, then
the stresses resulting from the deformation are calculated. As for energizing, the stress resulting
from the Laplace force is calculated and applied to the magnet where only the REBCO turn
is subjected to Laplace force. Each turn is subjected to a different force density because the
magnetic field depends on its radial position.

2.3.4 . MI REBCO pancake example

The generalized plane strain “GPS” assumption [111] is considered as an intermediate approx-
imation between plane stress and plane strain. In GPS, the calculation is done while assuming
axisymmetric magnet, and the calculation is done at magnet’s mid-plane. An additional as-
sumption is that the axial strain deformation is assumed to be constant across the magnet;
i.e. the magnet conserves its cylindrical shape after deformation (Fig. 2.3). The constant axial
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Figure 2.3 – Generalized plane strain deformation scheme

strain results in an additional unknown εz. Similarly, concentric cylinder assumption of the
turns and zero shear stress are assumed in GPS calculation.

Due to the constant axial deformation assumption, an additional boundary condition is needed
(Eq. (2.33)). It is related to the static equilibrium of the axial forces at the magnet’s mid-plane.
This condition allows us to calculate the additional unknown εz. Fz is the total external axial
force being applied at mid-plane of the magnet. It can be a zero external axial pressure or an
axial Laplace force. ∫ b

a
2πrσzdr = Fz (2.33)

A mandrel and a single REBCO turn are considered for the GPS calculation. In this case,
the boundary conditions are:

σ(1)r = 0 at r = r1, (2.34)
σ(1)r = σ(2)r at r = r2, (2.35)
u(1)r = u(2)r at r = r2, (2.36)
σ(2)r = 0 at r = r3, (2.37)∫ b

a
2πrσzdr = Fz (2.38)

r1, r2 represents the inner and outer mandrel radii while r2 and r3 are the inner and outer
REBCO turn radii. In addition, “(1)” and “(2)” correspond to the turns number. Unlike cooling
and energizing, there is no external force and deformation in the winding case. More precisely,
there is no Laplace force and thermal contraction. Consequently, if there is no winding pressure,
the equations above give all zero.

The radial stress at the interface between the turn being wound and the previous one is
equivalent to the winding pressure. The equations of 2.38 can be solved by replacing σ(2)r with
−P , where P is the winding pressure. However, the solutions for σ(2)r and u(2)r are derived from
the boundary conditions and not the solution of the equations as a result of replacing σ(2)r by
−P . This calculation done iteratively each time a new turn is wound to calculate the effect of
the new pressure resulting from the winding. The final stresses and displacements are the sum
of each turn’s winding calculation results.

The Cat3sm results of winding are compared with those of the plane stress and GPS analytical
formations using an exemplary MI REBCO pancake whose parameters are in Tables 2.1 to 2.3.
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Properties\Materials Mandrel Stainless SteelYoung modulus (GPa) 200 190Poisson ratio 0.29 0.29Thermal Contraction (RT- 4 K) -29 ×10−4 -29 ×10−4

Table 2.1 – Material properties [127]

Direction\Properties YoungModulus (GPa) Poisson Ratio Thermal Contraction
Radial 73 0.2 (νrθ) -26.8 ×10−4Hoop 142 0.35 (νθz) -26.1 ×10−4Axial 134 0.18 (νrz) -26.1 ×10−4

Table 2.2 – Orthotropic REBCO properties [127, 128]

Mandrel material is stainless steel 316L [125]. SS is a non magnetic stainless steel alloy called
Durnomag [126]. The MI pancake also includes over-banding turns of SS that act as mechanical
reinforcement. The analytical formulations and Cast3m finite element modeling are bench-
marked on this MI pancake initially before bench-marking them on a real MI HTS magnet that
is ‘Nougat’ which is made of 9 double pancakes and operated at high fields. All the calculations
are done at the boundaries (inner and outer radius) of the mandrel and the turns.

Figure 2.4 shows that the displacement values obtained from the analytic formulations and
Cast3m are in accordance. In addition, it shows that the inner turns of the pancake are the
most compressed, where the compression decreases as we move towards the last turn. This
displacement is the result of the sum of displacement occurring when adding each new turn
with pre-tension.

Figure 2.5 shows that the radial stress calculated using the analytical formulations and
Cast3m are in accordance. Also, the vertical lines in the plot of Cast3m result is due to
the indirect method of applying the pre-tensioning pressure in Cast3m. Moreover, the resultant
winding radial stress acts as a residual compressive radial stress in the MI REBCO pancake.
This residual stress maintains the turns in contact. It helps to counterbalance the positive radial
stress of Laplace force, keeping turns in contact if the total radial stress is compressive. Thus,
the resultant winding radial stress is of great importance to ensure mechanical integrity and
stability of the MI REBCO pancake magnet.

Parameter ValueMandrel, Inner/Outer Radius 24 / 25 mmREBCO thickness 0.075 mmSS thickness 0.03 mmTape width 6 mmPancake configurationREBCO + SS (nb of turns) 50Over-banding SS (nb of turns) 10Pre-tensioning 100 MPa
Table 2.3 – MI REBCO pancake parameters
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Figure 2.4 – Pre-tension radial displacement

Figure 2.5 – Pre-tension radial stress
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Figure 2.6 – Pre-tension hoop stress

Figure 2.6 shows that the hoop stress computed using the analytical formulations and Cast3m
are in accordance. The shape of the graph is due to the calculation being done at the boundaries
of mandrel and at each turn, because the REBCO and SS tapes have different mechanical
properties.
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2.4 . Cooling

During cooling, there are no body forces, and the effect of thermal contraction is included in
the displacement. Hence, following the assumptions of plane stress and orthotropic material,
the stress differential equation is that given in Eq. (2.6). The cooling is isothermal (room
temperature to 4 K), i.e. all turns are supposed to be at the same temperature.

In cooling, thermal strain is included in total strain.

εtotr = εr + αr∆T (2.39)
εtotθ = εθ + αθ∆T (2.40)
εtotz = εz + αz∆T (2.41)

Hence, using Eq. (2.6) ,Eq. (2.7),Eq. (2.8), Eq. (2.39), and Eq. (2.40), the following displace-
ment differential equation is reached:

u
′′

+
u
′

r
− k2u

r
=

1

r
(αr∆T (1− k2νrθ) + αθ∆T (k2νrθ − k2)) (2.42)

For radial and hoop stress, Eq. (2.14) and Eq. (2.15) still apply, except that εr and εθ have to
be replaced by εr − αr∆T and εθ − αθ∆T .

The solution of Eq. (2.42) (the general plus particular solutions) is:

ut = crk + dr−k + r
G

1− k2
with G = (αr∆T (1− k2νrθ) + αθ∆T (k2νrθ − k2))

(2.43)

The stress equations are:

σr =
Er

1− νrθνθr
(εr − αr∆T + νθr(εθ − αθ∆T ))

σθ =
Eθ

1− νrθνθr
(νrθ(εr − αr∆T ) + (εθ − αθ∆T ))

(2.44)

Analogous to the winding case, we are going to develop the solution for a single turn and then
generalize to the multi-turn case (2.3.2). Using Eq. (2.7), Eq. (2.8), ut from Eq. (2.43), σr
from Eq. (2.44) with external pressure P1 and P2 due to strain having elastic and thermal parts,
and using boundary conditions for σr (P1 and P2), the unknown terms of ut are derived:

D =
∆T (αr − αθ)(k2 − νθr)

1− k2
(2.45)
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(2.47)

The solution here is very similar to that of Section 2.3.1. For an isotropic material, the solution
meets the one proposed by Luganski [105].

uk(r) =
1− νk
Ek

Pkr
2
k − Pk+1r

2
k+1

r2k+1 − r2k
r +

1 + νk
Ek

Pk − Pk+1
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2
k

r
+ αkr (2.48)
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Using the same example of MI REBCO pancake as in section 2.3.4, a comparison is done
between analytical formulations and Cast3m for the cooling stage.

Figure 2.7 – Cooling radial displacement

Figure 2.7 shows that the displacement values obtained from the analytical formulation and
Cast3m are in accordance. The contraction increases proportionally to the radius, moving from
the first to the last turn. A small change of slope is observed passing from the mandrel to the
winding since their dilatation coefficients are slightly different.

Figure 2.8 – Cooling radial stress

Figure 2.8 shows that the radial stress values obtained from plane stress assumption and
Cast3m are in accordance, but generalized plane strain exhibits a discrepancy. This discrepancy
is due to the fact that generalized plane strain assumes constant axial strain unlike plane stress.
Moreover, the graph shows that a region of the pancake undergoes compressive radial stress
while the other region has a positive stress due to cooling. This is due to the two tapes REBCO
/ SS having different thermal contractions. This indicates that the thermal contraction is rather
important to be studied to check the resultant radial stress due to cooling. In addition, in the
over-banding region (i.e. the last 10 turns), the radial stress is linearly increasing till it reaches
zero since the turns are SS only and the thermal contraction is constant.
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The mandrel and the turns contract in all directions in reality (radial, hoop, and axial). The
axial contraction varies for each turn in the plane stress assumption. This means, in this case,
that axial shearing occurs which is assumed to be zero. In GPS - because of constant axial
strain for all the turns - axial shearing is zero; thus respecting the assumptions utilized. Hence,
GPS is more representative of real case because MI pancakes are always slightly axially pressed,
that explains why axial strain is approximately the same across the pancake.

Figure 2.9 – Cooling hoop stress

Figure 2.9 shows that the hoop stress values obtained from plane stress and Cast3m are
in accordance. The solution obtained from GPS assumption differs from the other two as
expected. Whatever the estimation, it is shown that REBCO turns exhibit hoop compression
while SS turns exhibit a hoop tension due to thermal contraction of REBCO being lower than
that of SS.

2.5 . Operating the magnet (energizing)

Figure 2.10 – Cross section of circular loop of REBCO tape
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2.5.1 . Axial field linearization

The magnetic field has radial and axial components. The axial field results in Laplace force’s
radial component while the radial results in Laplace force’s axial component. The calculation
of the magnetic field’s components is done using relation between magnetic field (B) and the
vector potential (A).

B = ∇×A (2.49)
The MI REBCO pancake is axisymmetric, and the REBCO tapes are of rectangle cross section

(Fig. 2.10), this allows us to write the axial magnetic field generated by a single REBCO tape
(a1, a2, b1, b2) at the point (r, z) in cylindrical coordinates as follows [129]:

Bz =
µ0j0
2π

[[
(b− z)F2 −
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2
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where:
R = a2 + r2 − 2ar cosϕ+ (b− z)2
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√
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R
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(2.51)

µ0 is the vacuum magnetic permeability, j0 is constant hoop current density across the cross
section, and sgn is the sign mathematical function. K and Π are the first and third complete
elliptic integrals, and z and r are the axial and radial positions at which the axial magnetic field
is calculated.

As the calculation of axial field is done at the mid-plane of the pancake; i.e. z = 0, the axial
field equation is further simplified. Gray [115] checked the effect of assumption of linearized
axial field in a thick axisymmetric superconductor solenoid at its mid-plane based on the aspect
ratios of its design α and β, where:

α =
rout
rin

β =
h

2rin

(2.52)
rout and rin are the external and internal radius of the whole magnet, and h is its height. In
our case on MI REBCO pancake, with the limit on the bending radius of the tape, the current
available tape length, and the tape thickness, this results in:

1 ≤ α ≤ 2

0.1 ≤ β ≤ 0.5
(2.53)

With the present limits on α and β, the error on the calculated radial force is between -1 %

and -0.1 % [115]. The error is calculated as:

E =
Fi − Fm
Fm

× 100 (2.54)
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Fi is the Laplace force calculated from linearized field; i.e. linear axial field calculated using the
axial field at the inner and outer radius at mid-plane; and Fm is the Laplace force calculated
from the actual field.

Hence, this allows us to assume that the axial magnetic field inside the MI pancake is linear
at the mid-plane.

2.5.2 . Energizing solution

For energizing, we assume a constant current density, an orthotropic material, and a zero
shear stress. Moreover, the plane stress assumption holds. Hence, Eq. (2.3) becomes:

∂σr
∂r

+
σr − σθ

r
+Xr = 0 (2.55)

where Xr = BzJ , with Bz being the axial magnetic field function.

Using Eq. (2.9), Eq. (2.10), Eq. (2.14), Eq. (2.15), with Eq. (2.55) gives:

ru
′′

+ u
′ − k2u

r
= −JBzr

(1− νrθνθr)
Er

(2.56)
The axial magnetic field function inside the turns can be linearized as proved in the previous

section:
Bz(r) = Bc− Cr (2.57)

where Bc and C are constants determined by the values of Bz at the inner and outer radii of
the first and last layers respectively. The current is circulating only in REBCO turns.

The solution of Eq. (2.56) is:

u(r) = ark + br−k − JBc

4− k2
r2 +

JC

9− k2
r3 (2.58)

The first two terms in in the solution represent the general solution while the last two terms
represent the particular solution.

To reach the exact solution, we substitute Eq. (2.58) in Eq. (2.9) and Eq. (2.10) to be
able to get the equation of radial stress. Assuming a single turn with compressive stresses on
both sides and solving radial stress for these stresses, the unknowns (a, b) of the displacement
equation are found.

By imposing the displacement continuity condition, we obtain a recursive solution relating the
three consecutive pressures as done in the previous cases. Note that the continuity displacement
condition is not valid if the layers are not in contact.

Using the same example of MI REBCO pancake from section 2.3.4, a comparison is done
between the analytical formulations and Cast3m for the energizing phase. The pancake is
energized with a current of 270 A (i.e. the current density is 600A/mm2) to simulate a
realistic energizing experiment while respecting the magnetic and current limits of the REBCO
tape at 4 K. The current density value is within the superconducting limit of the REBCO
tape [6, 37]. The pancake generates an inner / outer axial field of 1.038 T / -0.6454 T.
In this calculation, the axial force in GPS is neglected to compare results between analytical
calculations and Cast3m using the same loads.
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Figure 2.11 – Energizing radial displacement

Figure 2.12 – Energizing radial stress

Figure 2.11 shows that the analytical formulations are in accordance with one another with
a negligible difference, and Cast3m solution exhibits a small shift with respect to that of the
analytical formulations. The offset of Cast3m displacement is due to the indirect method of
pre-tensioning which is applied during the winding phase. The negligible difference between
the two formulations is due to the axial strain being constant in GPS while in plane stress the
axial stress is zero and the axial strain is variable along the pancake’s turns. In addition, the
displacement shows that the magnet is expanding due to the Laplace force.

The radial stress in Fig. 2.12 has a saw shape because the laplace force is applied only on the
REBCO tape, whereas SS is not subjected to any force density. In addition, both the analytical
formulations and Cast3m are in accordance with one another. Also, at the initial turns of the
pancake, radial stress is positive. This shows that depending on the current density and the
axial field, the energizing can de-bond the turns if the loading results in having majority of
pancakes winding part submitted to a positive radial stress.

Figure 2.13 shows that the predicted hoop stresses from analytical formulations and Cast3m
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Figure 2.13 – Energizing hoop stress

Figure 2.14 – Total radial displacement

are in accordance with one another. In addition, the hoop stress is positive on all turns. This
confirms that the Laplace force is expanding the magnet.

2.6 . Total resultant stresses and displacements

As stated in section 2.2, the stresses and displacements can be summed using superposition
principle because the REBCO and SS tapes are assumed to remain in the mechanical linear
elastic region after energizing and boundary conditions are consistent for the three loadings. The
final radial stress should be negative, indicating all turns remained in contact with one another,
to consider the superposed results as valid. Figure 2.14 shows that the displacement due to
cooling contributes the most in the total displacement. The maximum hoop strain achieved is
εθ = −0.38%. The strain limits of REBCO tape are respected indicating no degradation of the
tape.

Figure 2.15 shows that the total radial stress is kept compressive all over the pancake main-
taining all turns in contact. This emphasizes the importance of pre-tensioning and the winding
process regarding the magnet’s mechanical integrity. There is a slight discrepancy between
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Figure 2.15 – Radial stress after winding, cooling, and energizing

Figure 2.16 – Hoop stress after winding, cooling, and energizing

GPS, and plane stress and Cast3M which is caused by the constant axial strain assumption.
This discrepancy can be noticed clearly from the cooling loading.

Figure 2.16 shows that plane stress formulation and Cast3m are in accordance with one
another, but generalized plane strain shows a discrepancy. This discrepancy is induced by
the assumption of constant axial strain; its effect being clear in the cooling calculation. The
calculation on this exemplary MI REBCO pancake emphasized the importance of the stress and
displacement calculation for each loading that the pancake undergoes. It is further better to
compare the formulations and Cast3m on a real MI REBCO magnet. This point is addressed
in following section.

2.7 . Nougat Example

In the previous sections, we have compared the analytical formulation results with those of
Cast3m on an exemplary MI REBCO pancake. In this section, the analytical formulations are
bench-marked against Cast3m using the MI REBCO magnet “Nougat” [51] according to the
specifications mentioned in Table 2.4. Nougat magnet was developed to tackle the issue of
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Parameter ValueMandrel, Inner/Outer Radius 24/25 mmREBCO thickness 0.075 mmSS thickness 0.03 mmTape width 6 mmNougat configurationNb of turns per pancake (REBCO + SS) 290Over-banding (nb of turns, SS) 43Number of Double-Pancakes 9Operating Current 270 AExternal Field 18 TTotal Central Field @ 270 A 30 TAxial Field at first / last REBCO turn (central pancake) 30.73 T / 16.77 TPre-tension during winding 100 MPa
Table 2.4 – Nougat parameters for 30 T center field [51]

(a) Radial stress winding (b) Radial stress cooling

(c) Radial stress energizing
Figure 2.17 – Radial stress at mid-plane of central pancake of Nougat magnet at 30 T
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(a) Hoop stress winding (b) Hoop stress cooling

(c) Hoop stress energizing
Figure 2.18 – Hoop stress at mid-plane of central pancake of Nougat magnet at 30 T

high power and cooling consumption at LNCMI - Grenoble. It is an HTS insert, composed of a
stack of 9 MI REBCO double-pancakes, with the goal of producing 10 T inside a 20 T resistive
background field. The double-pancake metal-as-insulation winding mode was chosen to benefit
from the passive quench protection of MI configuration and to keep REBCO tape length within
the available commercial tape length. Fortunately, Nougat exceeded the initial goal and a world
record was achieved with 32.5 T, with 14.5 T from Nougat insert which is 45 % higher than
the initial goal.

The calculations are done at the mid-plane of central pancake without considering the axial
forces for GPS. The results are given for the three loadings: winding, cooling, and energizing.
Their effect are summed in a final step. Figures 2.17 and 2.18 show tendencies observed for
the exemplary MI REBCO pancake for the three loadings. However, it is quite clear that at
high fields and current density, Laplace forces result in significant stresses in radial and hoop
direction.

Figure 2.19 shows that the total radial stress calculated using the plane stress and GPS
formulations is positive in major part of the magnet; whereas it is zero according to Cast3m.
Cast3m indeed predicts that the turns have separated from the mandrel and probably from
one another in the positive radial stress region since tensile radial stress indicates that the turn
needs to expand radially to maintain contact with the adjacent turn. In Cast3m, the turns
had a non-perfect contact between one another allowing them to separate. However, for the
plane stress and GPS analytical formulations, the contact is perfect between the turns without
separation; this results in the large area of positive radial stress. The assumptions used in the
analytical formulations are consequently invalid.

Figure 2.20 shows that there is a discrepancy in the total hoop stress between the plane
stress and GPS formulations and Cast3m. This is due to the fact that the contact is considered
to be perfect in the formulations while it is not the case in Cast3m (i.e. full contact between
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Figure 2.19 – Radial stress after winding, cooling, and energizing at mid-plane central pancake of Nougat

Figure 2.20 – Hoop stress after winding, cooling, and energizing at mid-plane central pancake of Nougat
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(a) Radial stress after the three loadings (b) Hoop stress after the three loadings
Figure 2.21 – Plane stress formulation calculation while considering de-bonding effect as complete separation of turns andmaterials properties remaining constant in Nougat 30 T calculation

consecutive turns or separation are possible). A difference can be noticed between the plane
stress and GPS hoop stress because of the constant axial strain assumption in GPS while it is
not constant in plane stress.

A new calculation is proposed using plane stress assumption to evaluate the mechanical
state in case of separation between turns, since the final aim is to always maintain contact
between the turns to preserve the current by-passing quench protection aspect of MI pancakes.
In this case, the calculation is done iteratively, where each time a de-bonding occurs because
of tensile radial stress, the part before de-bonding point is considered as submitted to the three
loadings with updated boundary conditions, that are zero radial stress at de-bonded point and
displacement continuity inside the two separated parts. The same calculation is done for the
part after de-bonding point. Figure 2.21 shows that the central pancake of Nougat magnet is
separated from the mandrel and divided into three regions.

A different plane stress calculation can be proposed, where the de-bonding effect is repre-
sented by considering a very low radial young modulus while still perfect contact is assumed in
the calculation all over the pancake. The calculation is done iteratively, decreasing the radial
young modulus of the turns consecutively starting at the initial point i.e. the mandrel. We
observe in Fig. 2.22 that after reaching turn 271 of the winding, the radial stress of the wind-
ing remains negative and close to that of Cast3m calculation. All the turns with a changed
(decreased) radial modulus have lost contact with the adjacent turns. Furthermore, the dis-
placement between the new analytical calculation and Cast3m in accordance; the hoop stress
calculations are in accordance too. In these calculations, radial young modulus of the mandrel,
REBCO, and SS were decreased to 10 MPa, 10 GPa, and 10 GPa respectively. This is equivalent
to a decrease by 20000, 7, and 19 times for the mandrel, REBCO, and SS respectively.

However, a good dimensioning should lead to a solution where all turns and mandrel remain
in contact to preserve current by-passing and protect the electrical junction at the first turn
from damage.These results further emphasize the importance of the mechanical study of an
MI REBCO magnet to retain its quench protection aspect. A negative radial stress in all the
pancake is relevant to maintain the current by-passing and respecting the assumptions used in
calculation and superposition while also an accurate formulation that can indicate when loss
of contact occurs. The effect of pre-tensioning and over-banding on the results of Nougat
calculation are studied in the next section.
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(a) Displacement after the three loadings (b) Radial stress after the three loadings

(c) Hoop stress after the three loadings
Figure 2.22 – Plane stress formulation calculation while considering de-bonding effect as a decrease of radial young mod-ulus to negligible value in Nougat 30 T calculation (Case1: reference material properties, Case2: radial modulus becomesnegligible as a de-bonding effect)

2.8 . Pre-tensioning and over-banding effect on Nougat results

As seen in the previous section, major part of central pancake of Nougat magnet has lost
contact between turns. Using only plane stress assumption calculations can be redone to try
various pre-tensioning and over-banding conditions to study their effect on the number of turns
separated, on the maximum total hoop stress, and on the maximum compressive radial stress.
The study is proposed considering a pre-tensioning range of 0 - 200 MPa with a 10 MPa step,
and a number of over-banding SS turns range of 0 - 200 with a 5 turns step.

Figure 2.23 shows that the turns remain separated if pre-tension of 100 MPa is used (as in
Nougat design) disregarding the number of over-banding turns. The turns are not separated
starting from pre-tension of 160 MPa with 140 over-banding turns (4.2 mm over-banding), and
if pre-tension of 170 MPa is used, at least 60 turns of over-banding are required to keep all
turns in contact. Increasing the pretension further maintains all turns in contact even if 40
turns of over-banding are used.

Figure 2.24 shows that all over the range of pre-tension and over-banding turns, the maximum
total hoop stress is in the range of 420 - 800 MPa. This verifies the importance of pre-
tensioning, since without pre-tensioning maximum hoop stress remains above irreversible stress
limit of REBCO tape even at 200 over-banding turns. If we consider starting from the same
level of pre-tension used in magnet design, i.e. 100 MPa, maximum hoop stress remains in the
range of 420 - 500 MPa which is below the irreversible limit.

However, as stated initially, during each loading phase and when adding the stresses from
all loads, the values should remain lower than the irreversible stress limit of REBCO tape
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Figure 2.23 – Number of turns separated as a function of pre-tension and number of over-banding turns

Figure 2.24 – Maximum total hoop stress in the pancake as a function of pre-tension and number of over-banding turns

Figure 2.25 – Maximum total compressive radial stress in the pancake as a function of pre-tension and number of over-banding turns (zero indicates that there are separated turns)
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Figure 2.26 – Mandrel hoop stress due to winding as a function of pre-tensioning and over-banding

Figure 2.27 – REBCO first inner turn hoop stress due to winding as a function of pre-tensioning and over-banding

Figure 2.28 – SS first inner turn hoop stress due to winding as a function of pre-tensioning and over-banding
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and within the linear elastic region of the mandrel / REBCO / SS. Hence, it is important to
consider not only the hoop stress from loading, but also the hoop stress from pre-tensioning.
For example, if 200 MPa pre-tension/200 turns over-banding case is considered, the hoop stress
for the mandrel and the initial turns is -980 MPa for the mandrel and -450/-650 MPa for the
REBCO / SS inital turns in pre-tension. Figures 2.26 to 2.28 show the value of hoop stress that
can be achieved with pre-tensioning and over-banding in the mandrel, REBCO and SS tapes
first turns; these values emphasize the importance and critical aspect of the winding loading,
i.e. exceeding the elastic limit of the materials. Thus, it is important to choose the minimum
pre-tension and over-banding that can maintain the turns in contact to meet the mechanical
limits of the materials.

Furthermore, Figure 2.25 shows that when the turns remain in contact, the maximum com-
pressive total radial stress is in the range of -15 - -45 MPa. This concludes that for the turns of
central pancake of Nougat magnet to remain in contact, 160 MPa of pre-tension and 140 turns
of over-banding are a good choice while the hoop stress reaches -750 MPa for the mandrel, -350
MPa / -520 MPa for REBCO / SS tapes. The stress is increased by 100 MPa comparing to the
case of 200 MPa pre-tension/200 turns of over-banding, but the thickness of mandrel needs
to be increased to decrease the hoop stress to safe (elastic) stress range. Thus, pre-tensioning
and over-banding are critical to ensure mechanical integrity and quench protective aspect of an
MI REBCO pancake at high fields.

2.9 . Conclusion

Mechanical stress analysis is very important for the mechanical integrity and stability of MI
REBCO pancake magnet. Calculation of stresses in each of the three phases (i.e.: winding,
cooling, energizing) is required as each one contributes to the total stress/displacement.

Pre-tensioning and over-banding study is critical as it results in residual compressive radial
stress in the pancake. This is important to maintain all turns of the pancake in contact with
one another during the remaining two phases (i.e.: cooling, and energizing). It also contributes
significantly to the hoop stress which should be monitored at the mandrel - initial turns level to
remain within the elastic limit of the materials. Furthermore, from the study done on Nougat
magnet pre-tensioning and over-banding, these are the parameters that can be adjusted to
achieve total compressive radial stress and respect the stress limits of the materials. Also,
during winding, REBCO layer of the REBCO tape should be facing inwards to benefit from
the compressive strain resulting from the REBCO layer not being on the neutral axis during
bending.

As for cooling, it contributes to largest displacement due to thermal contraction. The
resultant radial stress can be compressive in one region of the pancake while tensile in the
other, depending on the thermal expansion coefficient of the materials. The resultant stresses
are limited and small, unlike pre-tensioning and energizing.

On the other hand, energizing phase can produce huge stresses at high fields and current
densities like in “Nougat” magnet’s case (Sections 2.7 and 2.8). This shows the importance
of the winding phase and the residual compressive radial stress it induces in the pancake to
maintain contact between the turns. Without pre-tensioning and over-banding, the hoop stress
exceeds the irreversible stress limit. Section 2.8 showed the importance of combining pre-tension
and over-banding to reach good values of stresses and maintaining compressive radial stress for
all turns.
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Furthermore, plane stress and GPS formulations were benchmarked with Cast3m on Nougat
magnet showing similar results among them, especially regarding the area where total radial
stress is positive. Using the plane stress formulation, a compromise between pre-tensioning and
over-banding can be achieved quickly ensuring compressive radial stress in the whole pancake.
However, the mechanical properties that have an effect on the stress distribution are to be
checked by mechanical testing to verify the stress calculations. The mechanical characterization
of the materials is done in chapter 3.

In Nougat magnet, MI REBCO pancakes are stacked upon one another with a small axial
pressure similar to other MI or NI REBCO magnets made of a stack of pancakes. This means
that utilizing GPS is more representative for MI REBCO pancake as it considers constant
axial strain along the whole pancake. This means that no axial shearing is assumed in the
calculations. For plane stress assumption, each turn can experience a different axial strain
due to axial thermal contraction or Poisson ratio. However, plane stress calculations will be
chosen to be compared to the experimental results in chapter 4 since they correspond to planar
deformation measurements at the pancake upper surface.
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3 - Mechanical Characterization of REBCO/ Durnomag
Tape

3.1 . Introduction

The analytical and numerical calculations developed and presented in the previous chapter
have shown that depending on the loading situations (winding, cooling and energizing), a large
portion of the superconducting magnet is subjected to a zero (or positive if the boundary
conditions are not reassessed) radial stress. This situation is for example observed for the
“Nougat” benchmark [51].

Separation of the turns, however, probably did not take place in the corresponding experiment
since when Nougat quenched at 32.5 T, it was not damaged. The lack of knowledge concerning
the mechanical behavior of the materials constitutive of the superconducting magnet (REBCO
and SS tapes) is one of the reasons which could explain the difference between the experiment
and modeling.

The objective of this chapter is twofold. This involves, on the one hand, measuring the
accessible mechanical properties of the materials concerned (in particular those which are not
well known) and, on the other hand, setting up the identification experiments necessary for these
measurements, experiments which will be repeated for the in-situ measurements presented in
chapter 4.

We begin this chapter by a literature review results about the mechanical properties of both
tapes and the experimental tests performed to identify them. Then, we introduce the digital
image correlation concept for displacement measurement. This tool will help us to identify a
part of the mechanical behavior constants from a uni-axial tensile test. Next, the Finite Element
Method Update (FEMU) technique is explained. The latter will be exploited to identify the
other mechanical constants from a diametric compression test. Finally, we will discuss the
winding’s effect on the mechanical properties and use the results of the tests to recalculate
stresses and displacements on Nougat case.

3.2 . Experimental Setup and Reference Values

Stainless steel (SS), which is being used as a metal-as-insulation, is a homogeneous alloy
of commercial name Durnomag [126] that is delivered in form of tapes whose thicknesses are
comprised between 30 to 150 µm. The 30 µm thick tape is used in the MI pancake. According
to the data sheet, SS exhibits a Young modulus of about 190 GPa and Poisson ratio of about
0.29. REBCO tape is a multilayered composite (Fig. 3.1) with the following composition and
mechanical properties [128] (Tables 3.1 and 3.2):

Hastealloy C276 Copper Silver REBCO+BufferThickness (µm) 50 20 4 1
Table 3.1 – REBCO tape composition
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Mechanical Property ValueYoung Modulus (GPa)
Er\Eθ\Ez 73 142 134

Poisson ratio
νrθ\νθz\νrz 0.4 0.35 0.18

Table 3.2 – REBCO tape properties [128]

Figure 3.1 – REBCO tape

The mechanical properties that we are looking for define which test has to be carried out.
As REBCO is a layered composite of isotropic materials, its average behaviour is transversely
isotropic; this means that it has only five parameters to be identified. Hence, compliance
matrix for REBCO tape in cylindrical coordinates, where radial / hoop / axial directions are
along thickness / length / width directions of the tape, is of the form:
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εzz
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 (3.1)

The five parameters are: radial Young modulus Er, hoop Young modulus Eθ, Poisson ratios
νrθ, νθz, and shear modulus Grθ. For plane stress calculation, only three parameters are required
: Er, Eθ, and νrθ. In axisymmetic condition (no shear stress), this simplifies the matrix form
to: [

εrr
εθθ

]
=

[
1
Er

−νθr
Eθ

−νrθ
Er

1
Eθ

] [
σrr
σθθ

]
(3.2)

SS is assumed isotropic for simplicity reasons, in accordance with available data sheets. As a
result, SS elastic behavior is defined by two parameters, namely, Young modulus and Poisson
ratio.

Both tapes are very small in thickness (few µms) and in width (few mms). This gives rise
to an additional consideration in the parameter-identification experimental test. Using digital
image correlation (DIC), three properties can be identified; they are: hoop Young modulus,
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yield stress, and Poisson ratio (νθz). The samples to be tested are rectangular in shape, to
extract the aforementioned properties, so that Saint Venant Principle [130] has to be applied.
This means that the length of the sample should be ten times or more than its width to remain
in uni-axial stress condition.

Hence, from the force acquired from load cell and strain from DIC, an engineering stress /
strain curve can be plotted. From the measurement, Young modulus and yield stress are found.
In addition, DIC gives lateral strain which allows for the calculation of Poisson ratio.

Radial Young modulus and planar Poisson ratio (νrθ) are the two remaining parameters.
These parameters are identified using Finite Element Method Update (FEMU) diametric com-
pression test [131] (Fig. 3.2). The disk is compressed between the grips of the testing machine
at the contact surfaces (S1, S2) with a force of value T1, and the remaining surfaces (S3, S4, S5)

of the disk are free. Parameter identification using FEMU is considered as an inverse problem.
This is due to the fact that the resultant force and the disk field displacement are used as inputs
to determine the constitutive parameters. Let R be the resultant force, U the field displacement,
and K(p) the stiffness matrix, then K(p).U=R is the balance equation of the problem, with p
being the parameters to identify [131]. FEMU identification approach is based on minimizing
the discrepancy between the experimental and predicted data. This concept is explained and
illustrated in Section 3.5. The sought properties from FEMU are the elastic parameters.

Figure 3.2 – Scheme of disk being compressed between grips (T1 = T2 compression forces ,(S1, S2) surface contacts,
(S3, S4, S5) free surface) - none body forces are considered

Both tapes (REBCO and SS) have to be made into a disk shape for mechanical character-
ization. The winding of the tape cannot however be made "on its own" due to insufficient
stiffness. Consequently, a mandrel has been used upon which each tape is wound several times
to reach a significant width (few mm). The mandrel must be stiff enough to allow the winding
of several millimeters of REBCO or SS tape, and not too stiff (like stainless steel) to allow a
significant deformation during the diametric compression while remaining below its yield stress.
A Brass (CuZn23Al4) mandrel has been chosen.

It must be noticed that some previous tensile tests have been carried out on brass strips cut
from the ingot from which the mandrel was machined. The main idea of this previous test is
to get the yield stress and Young modulus of this material.
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(a) Image of REBCO at reference state (b) Image of REBCO at deformed state
Figure 3.3 – Images of REBCO for DIC analysis, red rectangle showing a zoomed view at center of sample at both states tohighlight speckle movement downward

3.3 . Digital Image Correlation

Digital image correlation is a full-field measurement technique that measures the kinematic
fields over large area. It gives quantitative measurement of the 2D displacement (/deformation)
fields in the specimen’s Region of Interest ROI. It is a non-intrusive and non-contact technique
as it is based on optical imaging. This allows it to be used on delicate specimens and in harsh
environments.

DIC is based on the principle of Gray-Level Conservation [132]. It assumes that the gray
level is conserved between a reference image (i.e. initial configuration, Fig. 3.3a) f(x) and a
deformed image g(x) (Fig. 3.3b) at a deformed state. The only variation between f and g in
the gray level is due to the displacement u(x):

f(x) u g(x + u(x)) (3.3)
u(x) is the displacement field in the deformed configuration. The sought field minimizes the
sum of squared differences Φ2

c in the chosen region of interest:

u(x) = argmin(Φ2
c) (3.4)

with
Φ2
c =

∫
ROI

φ2c(x)dx (3.5)
where φc(x) defines the following field of correlation residual

φc(x) = |g(x + u(x))− f(x)| (3.6)
The minimization of Φ2

c is a nonlinear and ill-posed problem. If no additional information is
available, it is impossible to determine the displacement for each pixel independently since there
are two unknowns for a given (scalar) gray level difference. Hence, weak formulation is chosen,
in which displacement field is discretized as:

u(x) = Σnanψn(x) (3.7)
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where ψn is an n-th polynomial spatial function, and an corresponds to the associated degrees
of freedom.
The resolution of the kinematic field u(x) is made by solving the linear system at each iteration:

[M ]{∂u} = {b} (3.8)
where [M ] is the DIC matrix formed from the dyadic product of fields ∇f.ψn, {b} is a vector
that vanishes when a perfect fit is obtained for each pixel, and {∂u} collects the corrections to
the displacement field.

However, DIC is limited due to its ill-posed problem because of the non-linear minimization
of Φ2

c . Hence, a mechanical regularization is introduced [132]. This regularization reduces the
problem’s ill-posedness significantly. It acts as a low pass filter. It is based on the mechanical
admissibility in the Finite Element sense. If linear elasticity is applied, the equilibrium equation
is as follows:

[K]{u} = {f} (3.9)
where [K] is the stiffness matrix, and {f} is the vector of nodal forces. If the displacement field
does not satisfy the equilibrium conditions, it will induce an equilibrium gap. In the absence of
body forces, interior nodes are free from external loading. Thus, the mechanical regularization,
that is equilibrium gap method, is based on minimizing the mechanical residual:

Φ2
m = {u}t[K]t[K]{u} (3.10)

where t is the transpose operator, and Φ2
m is the sum of squared norm of all equilibrium gaps

at the interior nodes only. Any displacement field prescribed on the boundary gives rise to a
displacement field verifying Φm = 0.

3.4 . Uni-axial Tensile Test - Room Temperature

Figure 3.4 – REBCO sample

To do the uni-axial tensile test properly, the width and thickness of a sample should be
known before the test. Regarding the two materials REBCO and SS, both are quite small and
thin; dimensions cannot be measured using a caliper. Hence, optical microscopy was used to
measure the width. The width measurement gives 5.8 mm (±0.05 mm) for REBCO and SS.
Scanning electron microscopy was used to measure the thickness yielding a thickness of 29 µm

(±1 µm) for SS and 70 µm (±2 µm) for REBCO. The length of REBCO and SS was 100 mm

(±1 mm).
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Figure 3.5 – Tensile test setup

Due to their thickness, both materials are considered as foil materials. Following the ASTM
Standard E345-16, the uni-axial tensile testing is done in displacement load control with tensile
machine speed of 0.5 mm/min. Parallelepipedic samples have been cut from the brass piece
used to machine the mandrel. Samples length, width and thickness are 800 mm, 6 mm (± 0.01
mm) and 3 mm, respectively. According to ASTM Standard E8/E8M-16a, tensile testing is
done in displacement load control with tensile machine speed of 0.5mm/min. All the specimens
should satisfy the Saint Venant [130] specification, length being ten times or higher than the
width, to get a true uni-axial stress in the middle of the samples.

However, REBCO and SS are so thin (few µm) that a curving of the specimen may occur
during tensile testing due to a Poisson effect [133]. The sample curvature prevents proper use
of the DIC during the test due to out-of-plane effects. This leads us to exploit a mechanism
based on sandwiching the sample between two transparent plexiglass, without pressing tightly
on the sample as not to affect the test (Fig. 3.4), to limit the curving.

An additional step to improve the DIC results is the use of telecentric lens for image acquisi-
tion. The lens eliminates out of plane motion resulting in acquiring images of plane deformation
only. A CCD manta camera and Stream Pix 5 image acquisition program were used with a 1
Hz acquisition frequency. In addition, white light LED panel was used to constantly illuminate
the sample, and a black and white speckle pattern was applied on the sample to provide the
gray level required for the DIC (Fig. 3.5). The testing station used was the electro-mechanical
Instron 5882 with a load cell of range ± 400 N, having ± 2 N error, for the REBCO and SS
samples, and a load cell of range ± 100 KN for the brass samples.

The REBCO, SS, and Brass tensile-test experimental data are presented in Appendix A. The
DIC software used is the Correli Matlab code developed at LMT [134]. At first, a region of
interest (ROI) is specified as illustrated in Fig. 3.6. Then with GMSH free meshing program,
the ROI is meshed using a TRI3 mesh. GMSH is called in Matlab to do the meshing after
specifying the mesh size (Fig. 3.7).

As mentioned in Section 3.3, the DIC can estimate the displacement uncertainty, which can
be decreased by using a large mesh. On the other hand, a good spatial resolution requires a
small mesh; this means that a compromise has to be found. Using a 30 pixel mesh characteristic
size has been estimated to be a suitable compromise avoiding localization phenomenon or sharp
heterogeneous deformation.
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Figure 3.6 – Black / White Speckle on the sample, ROI is red plotted

Figure 3.7 – Mesh of ROI with 30 pixel mesh size
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By taking a static image sequence of 20 images in total without external load, an uncertainty
study is done. The expected displacement should be strictly zero when no load is applied and
when no fluctuation of lightning conditions is present. Thus, the calculated displacement field
from the static images is giving the uncertainty measurement. It is associated with the texture
of black and white speckle, mesh element size and the effect of plexiglass sandwich. With
an element size of 30 pixels, the longitudinal displacement uncertainty is about 0.035 pixels.
This is acceptable taking into account the presence of plexiglass. Also, the longitudinal and
transversal strain uncertainties measurement are estimated to -6.3 × 10−4 % and 3.4 × 10−3

% respectively; i.e. they are negligible in comparison to the measured strains that should be at
least two orders higher during the tensile test.

All images of tensile test are treated using Correli, with a mesh element TRI3 of size 30
pixels. Figures 3.8 and 3.9 give an example of DIC results during the tensile testing of REBCO
tape. Figure 3.8 shows slight error at certain points because of the speckle at these points, this
slight error is detected at same position in Figure 3.9. Figure 3.8 shows homogeneous results
since ROI is taken at the middle of the sample. The same comment can be made for Figure 3.9
results, but the edges show higher deformation which can be interpreted as an effect of Poisson
curving. The longitudinal strain is not affected since the curving moves the edges of the tape
inward (transversal strain is affected on the contrary).
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(a) (b)

(c) (d)

(e) (f)
Figure 3.8 – Longitudinal strain field (%) during the tensile testing of REBCO tape at 6 different steps. Steps (a-f) arereported in the stress-strain curve reported in figure 3.10.
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(a) (b)

(c) (d)

(e) (f)
Figure 3.9 – Transversal strain field (%) during the tensile testing of REBCO tape at 6 different steps.
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The axial strain that is obtained from Correli is used for plotting the engineering stress strain
curve of the samples. The tensile test has been repeated three times to evaluate a reproducibility
error. a, b, c, d, e and f points correspond to pictures reported in Figs. 3.8 and 3.9.

Figure 3.10 – REBCO stress-strain curve (at 293 K)

Figure 3.11 – REBCO stress-transverse strain curve (at 293 K)

Young modulus Yield stress Poisson ratioREBCO 153 (±5) GPa 820 (±4)MPa 0.32 (±0.02)

Table 3.3 – REBCO tape tensile test results

The REBCO tensile tests results (Fig. 3.10 and Table 3.3) are in accordance with values
reported in [128]. The results were reproducible as seen from Figs. 3.10 and 3.11 with a
maximal stress of 1012 (±1.2) MPa and a maximal strain of 7.9% (±0.6).
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Figure 3.12 – Stainless Steel (SS) stress-strain curve (at 293 K)

Figure 3.13 – Stainless Steel (SS) stress-transverse strain curve (at 293 K)

Young modulus Yield stress Poisson ratioSS 162 (±1.5) GPa 1250 (±5)MPa 0.29 (±0.01)

Table 3.4 – Stainless Steel (SS) tape tensile test results

Figs. 3.12 and 3.13 report the stress vs. longitudinal strain and the stess vs. transversal
strain behaviour of SS material respectively. A global elastic / brittle behaviour is obtained.
A plastic strain of about less than 0.2 % is obtained. The SS yield stress and Poisson ratio
(Table 3.4) are in accordance with the material’s data sheet [126]. The Young modulus is on
the contrary lower than expected. The results in Fig. 3.12 show a good reproducibility among
the samples, but Fig. 3.13 shows that Poisson curving has higher effect in SS than in REBCO
because of the much lower thickness of SS.
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Figure 3.14 – Brass stress-strain curve (at 293 K)

Figure 3.15 – Brass stress-strain curve (at 293 K)

Young modulus Yield stress Poisson ratioBrass 101.8 (±6.5) GPa 220 (±2)MPa 0.39 (±0.01)

Table 3.5 – Brass tensile test results

Concerning brass, two tests were done because the number of test pieces are limited being
machined with the specified dimensions from a 100 mm circular disk. Fig. 3.14 (Fig. 3.15)
and Table 3.5 show that the brass yield stress and Young modulus results are close to values
reported in reference [135]. These values allow the anticipation of how much force can be
applied during the diametric compression test while remaining in the elastic domain of all the
materials Brass + REBCO / Brass + SS.

Hence, for more accurate stress distribution calculation in the MI pancake test, we expect to
use data obtained from experimental results. The results achieved for the hoop Young modulus
and Poisson ratio of REBCO tape are in accordance with the results achieved by analytic
and FE homogenization (Appendix G). The tests were done at room temperature because
austenitic stainless steel and Hastealloy-C276 exhibit only a small increase in young modulus
of approximately 10 GPa at cryogenic temperature (77 or 4 K) [136–138]. The yield stress
increases as well at cryogenic temperature for both materials, but considering the lower yield
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stress at room temperature is acceptable. It is on the other hand better to consider a low yield
stress for calculations to prevent plastic strain and maintain a high critical current as mentioned
in chapter 1. Moreover, REBCO tape is mostly composed of Hastealloy-C276 substrate in the
tape considered in the thesis preventing too high mechanical properties variations at cryogenic
temperature..

3.5 . Finite Element Method Update

Finite Element Method Update “FEMU” is a technique that extracts various mechanical
properties at the same time. There are different FEMU versions, either based on the dis-
placement input only (FEMU-U), or on the force input only (FEMU-F), or on both of them
(FEMU-UF). FEMU-U is based on the principle of comparing the displacement field acquired
from the experiment with that of test-specimen model obtained from the FE until convergence
is reached. Parameters are iteratively adjusted until the calculation converges on the parameters
that give the closest numerical displacements to that of the experiments. In FE, the boundary
displacement is imposed based on the experimental results. The relation between the sought
parameters and the resultant displacement is used in FEMU to extract those parameters.

However, finding accurate value of Young modulus is not possible using only displacement
in FEMU. Hence, the use of the experimental load will allow us to find the absolute values of
Young and shear modulus. Moreover, it is not possible to achieve same exact displacement in
FE as the results of the DIC measurement. Thus, equilibrium gap function is introduced as for
mechanical regularization in DIC.

In FEMU-U, the parameters are identified by minimizing the weighted-square norm of the
difference between the measured and calculated displacements.

χ2
u({p}) =

1

Nu
({um} − {uc})t[Cu]−1({um} − {uc}) (3.11)

Where {p} is column vector of unknown parameters, Nu is the total number of kinematic
degrees of freedom, 1

Nu
is a normalization factor, um is the measured displacement field, and

uc is the calculated displacement field. [Cu] is a block diagonal matrix gathering all covariance
matrices [Cu(t)] which is equal to 2γ2f [M ]−1. γf is the standard deviation of noise expressed
in gray levels, and [M ] is the DIC matrix.

As the calculation starts with an initial guess of parameters p, FEMU has to optimize them
at each iteration, that is to correct them iteratively, to reach convergence. The parameter
correction increment is calculated as such:

{∂p} = [H i−1]−1[Si−1u ]t[M ]
′
({um} − {ui−1c }) (3.12)

Where [Si−1u ] is the matrix gathering all sensitivity fields (i.e., {∂uc} = [Su]{∂p}), [M ]
′
is

the block diagonal matrix with the same matrix [M ] for each considered time instant t, and
[H i−1] = [Si−1u ]t[M ]

′
[Si−1u ] is the approximated Hessian. Hence, the new parameters are

{pi} = {pi−1}+ {∂p}{pi−1}.

To determine whether convergence is achieved or not, it is checked by calculating the root-
mean-square of parameter correction increment {∂p}, and comparing the value to a specified
value for the convergence. For example, if rms({∂p}) < conv, with conv being convergence
criteria value, then the convergence is achieved.
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FEMU-F, differs from FEMU-U by its equilibrium gap function:

χ2
F ({p}) =

1

γ2FNF
(Fc − Fm)2 (3.13)

Where γF is the standard resolution of load measurement, and NF is the total number of
load data.

Identification using both FEMU-U and FEMU-F (FEMU-UF) yields better results, and a new
minimization problem appears:

χ2
tot = (1− w)χ2

u + wχ2
F (3.14)

Where w is a dimensionless weight (0 < w < 1) that is assumed to balance data from different
sources.

In all FEMU calculations (U,F, and UF), a part of the information used for the FE calculation
is experimental: displacement and force imposed at the contact boundaries.

3.6 . Diametric Compression Test

As REBCO and SS are tapes, they require to be wound on cylindrical mandrel to perform the
diametric compression test (test data in Appendix B) : two “ simplified” pancakes are obtained.
The chosen mandrel material is Brass (CuZn23Al4) because it has low Young modulus (to
reduce the global stiffness and increase sensitivity of diametric compression test to REBCO or
SS elastic constants) to a sufficiently high yield stress (Table 3.6). Before implementing the
diametric compression test using REBCO or SS simplified pancakes, the brass mandrel (see
Table 3.6 for specifications) was tested alone. The idea behind this preliminary test is to verify
the elastic parameters identification of brass by FEMU (Fig. 3.16).

Inner radius Thickness WidthBrass 22 (±0.1)mm 3 (±0.1)mm 6 (±0.1)mm
Table 3.6 – Brass mandrel specifications

Figure 3.16 – Brass diametric compression test scheme

A Cast3m simulation of the diametric compression test of brass mandrel has been first carried
out. It allows us to verify that the overall displacements are detectable by DIC while remaining
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below yield stress. This simulation allows evaluating the compression force before testing and
adjust the force sensor range. The resultant displacement is in order of hundred of microns
(Fig. 3.17), which is detectable by DIC and applied force reaches 200 N.

Figure 3.17 – Horizontal displacement (in meters)

After the simulation results regarding the DIC usage, a diametric compression test has been
carried out. Fig. 3.18 illustrates the set-up..

Figure 3.18 – Diametric compression of the brass mandrel

After doing the test, DIC was done on the whole mandrel. The mesh is composed of TRI3
elements with an element size of 9 pixels, so that we are able to perform the FEMU analysis
(Fig. 3.19).
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Figure 3.19 – Horizontal DIC displacement results (in pixel) at 200 N compression load

Regarding the FEMU calculation, it is done using a Matlab code developed at LMT. The
Matlab code is coupled with Abaqus 6.14 for FE calculation both codes sharing the same
mesh. The code was initially developed for plastic parameter identification during a tensile
testing [139]. It was adjusted to fit for the diametric compression test with elastic parameter
identification. On the other hand, material properties were adjusted to cylindrical coordinates.
In addition, the same mesh used for the DIC analysis is used for the Abaqus calculation.

Concerning Abaqus, three contact points between the brass mandrel and the grips are consid-
ered where the compression force is being exerted (Fig. 3.20). The other surfaces are stress-free.
The elastic problem is solved using plane stress condition. Using FEMU-UF and assuming brass
to be Isotropic, Young modulus and Poisson ratio can be estimated.

Figure 3.20 – FEMU-UF mesh, contact points (Yellow)

FEMU-UF is used on brass mandrel considering two different initial sets of parameters. The
initial values of Poisson ratio and Young modulus used were respectively 0.4 and 50 GPa for the
first calculation, and 0.4 and 150 GPa for the second calculation. Both calculations converge
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yielding a Young modulus of 93.9 GPa independent of the initial guess, and a Poisson ratio of
0.136.

As seen in Figure 3.21, the force calculated by FEMU-UF evolves with iterations towards
the force measured in the experiment. However, a very small discrepancy remains between the
FEMU-UF force and the experimental force; it is due to the chosen boundary conditions and
the DIC calculation uncertainty error. The difference between the FEMU-UF force and the
experimental force is the residual force. Its evolution can be seen in Figure 3.22. This residual
force is acceptable as it is of the same range order than the error range of the load cell.

In addition, to check whether the calculation converged or not, the root mean square (RMS)
of dp (parameter increment) (Fig. 3.23) is compared to a convergence criterion value (10−3).
When RMS (dp) is lower than the specified value, the calculation converges. In the first
calculation, it converged at iteration 33. In fact, the parameters were almost constant after the
25th iteration due to the negligible variations; this makes all the iterations after the 25th one
unnecessary and time consuming. The second FEMU-UF calculation is similar to the previous
calculation (Appendix C). The Young modulus value is close to that of the brass (100 GPa),
but the Poisson ratio is quite low and far from the expected value that is 0.33. The reasons
of this discrepancy can be found in the very low deformation range associated with the test,
and possibly in the crystallographic texture of the brass. Note that the converged Poisson ratio
value is affected by the initial guess. The measurement error can be therefore considered as
significantly high.
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(a) FEMU-UF / Experimental forces at the 3rd iteration of the FEMU-UF calculation

(b) FEMU-UF / Experimental forces at the 5th iteration of the FEMU-UF calculation

(c) FEMU-UF / Experimental forces at the 20th iteration of the FEMU-UF calculation
Figure 3.21 – Evolution of the FEMU-UF force at contact points at different iterations (initial guess: Poisson ratio 0.4, Youngmodulus 50 GPa)
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(a) Residual force at the 3rd iteration of the FEMU-UF calculation

(b) Residual force at the 5th iteration of the FEMU-UF calculation

(c) Residual force at 20th iteration of the FEMU-UF calculation
Figure 3.22 – Evolution of residual force with different iterations (initial guess: Poisson ratio 0.4, Young modulus 50 GPa)

Figure 3.23 – Evolution of RMS (dp) as a function of the iteration number (initial guess: Poisson ratio 0.4, Young modulus50 GPa)
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Brass - REBCO diametric compression

Figure 3.24 – Brass+REBCO sample

InnerRadius Brass/Brass-REBCOThikcness Width Nb ofREBCO turns REBCO tapethickness22 mm 3 mm / 6.54 mm 6 mm 40 70 µm
Table 3.7 – Brass-REBCO specifications

After acquiring the mechanical properties of Brass, FEMU-UF can now be used to evaluate
the mechanical properties of REBCO (Fig. 3.24) and SS from the diametric compression test
(Fig. 3.25). However, additional adjustment to the FEMU code is required to accept the new
specimen (Fig. 3.24). Hence, the FEMU calculation must be adjusted to accept two material
definitions, where Brass is isotropic and REBCO (respectively SS) is orthotropic.

Since there are two materials, an important aspect rises in the contact between Brass and
REBCO. This affects for example the mesh choice. Using a a single mesh covering all Brass-
REBCO while considering it as one single material is not valid. Therefore, two mesh options
remain, the first option is having perfect contact between Brass and RECBO/SS. That means
having one mesh with two element groups, one for each material, and groups have the same
nodes at the interface. The second option is to consider a non perfect contact. That means
having a different mesh per element groups, one for each material. The two groups have
consequently different nodes at the interface.

The chosen contact type here is non-penetration non-perfect contact. This contact takes
into account of the possibility of de-bonding at the interface. This contact interface is added
to the FEMU code as well. Before FEMU calculation, occurrence of de-bonding at interface
has to be verified (Fig. 3.26).
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Figure 3.25 – Diametric compression setup of Brass+REBCO

Uncertainty measurement due to image acquisition is done using 27 images taken at initial
state. Figs. 3.27a and 3.27b plot the displacement uncertainty map along x and y axes respec-
tively. The mean uncertainty is 0.014 pixel (0.89 µm) along X-direction and 0.018 pixel (1.116
µm) (pixel size: 0.062 mm) along Y-direction. The nodal displacement difference at interface
can be considered as significant and representative of de-bonding if the displacement gap is
higher than these uncertainties.

Figure 3.26 – FEMU-UF mesh, contact points (Yellow), element size (8pixel)

Fig. 3.28a plots the values of the de-bonding at the reference state. Values are close to
the mean uncertainty measurement indicating that there is no de-bonding. The de-bonding
values at the final state are plotted in Fig. 3.28b. They are an order of magnitude higher than
values at the reference state. They are also higher than the mean uncertainty measurement.
This indicates that indeed de-bonding is occurring at some points at the interface between the
two materials. This validates the consideration of non-perfect contact at the interface in the
FEMU-UF calculation.

For the material parameter calculation, FEMU-UF with contact interface between brass and
REBCO is done. The sample is composed of 40 turns of REBCO wound on the brass mandrel
with negligible pre-tension. REBCO is assumed as one-piece material in the FEMU calculation.
However, in this calculation, there are two possible cases. The first is having constant brass
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(a) X-Uncertainty (pixels) (b) Y-Uncertainty (pixels)
Figure 3.27 – Uncertainty measurement

(a) De-bonding value at reference state (b) De-bonding value at final state/load
Figure 3.28 – De-bonding values at the contact nodes (Nodes 1-200 are clockwise positioned frommid top of circle position,node positions (Appendix D))
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(a) FEMU-UF / Experimental forces at 1st iteration of the FEMU-UF calculation

(b) FEMU-UF / Experimental forces at 10th iteration of the FEMU-UF calculation

(c) FEMU-UF / Experimental forces at the 20th iteration of the FEMU-UF calculation
Figure 3.29 – Evolution of FEMU-UF force with calculation iteration

properties as that of previous FEMU-UF test. The second case is to consider some possible
variation of the brass properties. The case of FEMU-UF with constant brass properties is
discussed followed by the other case. FEMU-F for Brass-REBCO and Brass-SS is discussed in
Appendix E. The material parameters are:

• for the brass: Young modulus 93.9 GPa and Poisson ratio 0.136

• for the REBCO: radial Young modulus Er 0.75 GPa, hoop Young modulus Eθ 1.5 GPa,
Poisson ratio νrθ 0.3 and shear modulus Grθ 0.5 GPa.

In a first set of calculations, brass Young modulus an Poisson ratio come from the previous
identification (mandrel alone).

Figure 3.29 allows for the comparison of the force calculated by FEMU-UF to the experimental
force vs displacement at three different iterations. Unlike the test on a mandrel alone, a clear
difference between the experimental and FE forces indicates that convergence was not achieved
in the FEMU-UF calculation. The evolution of the parameter increment’s RMS (dp) (Fig. 3.30)
confirms this tendency, RMS(dp) saturates at 0.04. RMS is a unit-less value that gives an insight
on the average change occurring to the parameters, since (dp) is an increment factor of the
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Figure 3.30 – Evolution of RMS(dp) as function of iteration

parameters. Thus, RMS maintaining a value of 0.04 indicates that the increments applied to
the properties are not negligible.

(a) FEMU-UF / Experimental forces at the 1st iteration of the FEMU-UF calculation

(b) FEMU-UF / Experimental forces at the 10th iteration of the FEMU-UF calculation

(c) FEMU-UF / Experimental forces at the 23rd iteration of the FEMU-UF calculation
Figure 3.31 – Evolution of FEMU-UF force with calculation iteration - diametric compression of mandrel+ REBCO - consid-ering free brass elastic constants
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(a) FEMU-UF / Experimental forces at the 1st iteration of the FEMU-UF calculation

(b) FEMU-UF / Experimental forces at the 10th iteration of the FEMU-UF calculation

(c) Residual Force at the 23rd iteration of the FEMU-UF calculation
Figure 3.32 – Evolution of the residual force at different iterations - diametric compression of mandrel + REBCO - consid-ering free brass elastic constants

Figure 3.33 – Evolution of RMS(dp) as a function of the iteration number

A second FEMU-UF calculation case has been considered. The results in Fig. 3.31 show

94



that convergence was reached at the 23rd iteration. In addition, the residual force (Fig. 3.32)
achieved is very good as it is within the load cell error’s limit. The evolution of RMS (dp)
further shows that the convergence criterion is met (RMS (dp) < 10−3) (Fig. 3.33). The final
set of elastic parameters are the following:

For brass mandrel, the Young modulus decreases from 100 GPa to 60 GPa, and the Poisson
ratio stays at 0.15. The too high Young modulus employed for the previous FEMU-UF test
probably explains the non-convergence. 60 GPa is however too low to correspond to an intrinsic
Young modulus of brass. It is probable that the diametric compression test was accompanied by
micro-plasticity. We could indeed see during tensile tests that the yield stress of this material is
poorly defined. Crossing the plastic threshold could explain a weaker apparent Young’s modulus
than expected.

For REBCO winding, the following stiffness constants have been obtained:

• radial Young modulus: 1680 MPa,

• hoop Young modulus 2070 MPa,

• Poisson ratio 0.27,

• shear modulus 2200 MPa.

In order to analyze the significance of these values, it is possible to compare the hoop Young
modulus with the Young modulus measured during the tensile tests. Both should match.

We found in previous sections a Young modulus of 150 GPa, approximately 70 times higher
than the Young modulus evaluated from the diametric compression test. The Poisson’s ratio
difference is insignificant. The radial Young modulus and the shear modulus are of the same
order of magnitude as the hoop modulus which is consistent. The fact that the radial modulus
is lower than that of the hoop modulus is correct. The observed values are however much lower
than expected.

The reason for these low values can be found in the imperfect contact between the turns.
This leads to a much lower structural stiffness than expected. This point will be addressed
more precisely in Section 3.7.

Figure 3.34 – Abaqus model of Brass+REBCO sample in diametric compression (vertical displacement, meters)
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A second strategy was employed to obtain a new evaluation of the REBCO elastic constants.
A simple model of the sample was done in Abaqus 6.14, and the mechanical properties of
REBCO tape were changed iteratively to reach a close vertical displacement to the displacement
measured during the experiment. In this model, the contact interface was implemented between
Brass and REBCO, keeping the REBCO considered as a one-piece body and not composed of
several turns (Fig. 3.34).

This strategy did not make it possible to obtain higher stiffness values. We obtain: radial
modulus 1 GPa, hoop modulus 1.5 GPa, Poisson ratio 0.3, and shear modulus 0.55 GPa. Again,
these values are much lower than the reference values. This simulation shows however that the
values optimized by the FEMU-UF are consistent with the measurements.

Brass-SS Diametric Compression

InnerRadius Brass/Brass-SSThikcness Width Nb ofSS turns SS tapethickness22 mm 3 mm / 6.25 mm 6 mm 100 29 µm
Table 3.8 – Brass-SS specifications

(a) Brass + SS sample (b) Diametric compression setup of Brass + SS
Figure 3.35 – Brass+SS diametric compression

The same “pancake” was prepared for the identification of SS elastic properties (Fig. 3.35a) by
using a diametric compression test (Fig. 3.35b). The procedure used for FEMU-UF calculation
is the same as in Brass-REBCO situation. SS is assumed to be orthotropic like REBCO. Sample
is composed of 100 turns of SS wound with negligible pretension on the brass mandrel. SS
is assumed as one piece material in the FEMU calculation. As for Brass-REBCO pancake, a
first set of identification has been made using standard brass elastic properties. The results in
Figs. 3.36 and 3.37 show that the calculation didn’t converge as for the Brass-REBCO case.
The constant RMS value of 0.04 indicates constant non-negligible changes of the mechanical
properties.

Brass constants were not considered as fixed for the second set of identification. The results in
Fig. 3.38 show that the FEM forces are in accordance with the experimental one and converged
at iteration 64. Also, the residual forces (Fig. 3.39) and the evolution of RMS (dp) (Fig. 3.40)
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indicate a convergence of results at iteration 64. Like for REBCO, the stiffness constants of SS
at convergence are much lower than expected. They are as follow:

• radial Young modulus: 1.2 GPa,

• hoop Young modulus: 0.85 GPa

• Poisson ratio: 0.35

• shear modulus 0.5 GPa

Similarly, as in Brass-REBCO, a simple model of Brass-SS sample was built in Abaqus 6.14.
SS mechanical properties were changed iteratively to reach a vertical displacement close to the
vertical displacement measured during the experiment. The contact interface was implemented
as well in the model, and SS was assumed as a one-piece body (Fig. 3.41).

This simulation gives results very close to those obtained thanks to the FEMU-UF. This
demonstrates the relevance of the tool but does not explain the low estimated values. Here
again, we can assume a non-negligible influence of an imperfect winding on the estimation of
the quantities. This point is discussed in Section 3.7.

(a) FEMU-UF / Experimental forces at the 1st iteration of FEMU-UF calculation

(b) FEMU-UF / Experimental forces at the 10th iteration of the FEMU-UF calculation

(c) FEMU-UF / Experimental forces at the 21st iteration of the FEMU-UF calculation
Figure 3.36 – Evolution of the FEMU-UF force at different iterations - diametric compression of mandrel + SS - consideringpreviously identified brass elastic constants
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Figure 3.37 – Evolution of RMS(dp) as a function of the iteration number - diametric compression of mandrel + SS - consid-ering previously identified brass elastic constants

(a) FEMU-UF / Experimental forces at the 1st iteration of the FEMU-UF calculation

(b) FEMU-UF / Experimental forces at the 30th iteration of the FEMU-UF calculation

(c) FEMU-UF / Experimental forces at the 64th iteration of the FEMU-UF calculation
Figure 3.38 – Evolution of the FEMU-UF force at different iterations - diametric compression of mandrel + SS - consideringfree brass elastic constants
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(a) Residual force at the 1st iteration of the FEMU-UF calculation

(b) Residual force at the 30th iteration of the FEMU-UF calculation

(c) Residual force at the 64th iteration of the FEMU-UF calculation
Figure 3.39 – Evolution of the Residual Force at different iterations - diametric compression of mandrel + SS - consideringfree brass elastic constants

Figure 3.40 – Evolution of RMS(dp) as function of iteration - diametric compression of mandrel + SS - considering free brasselastic constants
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Figure 3.41 – Abaqus model of Brass+SS sample in diametric compression (vertical displacement, meters)

Both diametric compression tests showed much lower results than expected. This indicates
the importance of winding on the mechanical integrity of the pancake. Also, both tested
pancakes were wound with negligible pre-tension to avoid any effect of a pre-tension. Thus,
different pancakes with different pre-tensions can be tested to observe the effect of pre-tension
on the measured mechanical properties.

3.7 . Winding effect

The fact that both FEMU calculations gave very low values of the material properties com-
pared to reference and tensile test values in Brass-REBCO and Brass-SS indicate that there are
several aspects affecting the results. For the FEMU calculation, REBCO and SS were assumed
to be one-piece materials, whereas in reality they are composed of many turns wound above
each other. The contact between each two consecutive turns, is probably not perfect affecting
the deformation and macro (bulk) mechanical properties.

The turns have a surface roughness, and the contact occurring between them is at the
peaks of these roughness resulting in gaps. Hence, during the winding of the samples, gap
formation between turns can occur as negligible pretension was used to avoid its effects on
the mechanical properties [119]. Moreover, dust can be deposited on the tapes from the
surrounding environment during winding. Dust may act as a gap altering the mechanical
properties. Consequently, winding process and pretension have probably a great impact on the
mechanical properties of the structure, and consequently on apparent mechanical properties of
tapes.

The study of the mechanical behavior of a winding has been the subject of several works
[118, 122, 140]. It is observed that the bulk radial modulus of wound material is variable.
It depends on several parameters like radial stress, surface roughness, friction between turns,
surface flatness, surface interpenetration, number of turns, etc.. Being dependent on the radial
stress, the radial modulus is variable within the complete wound piece itself. Figure 3.42 shows
that the radial modulus is in fact dependent on the number of layers and the applied pressure
(radial stress).
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Figure 3.42 – Newsprint Stacks (70 µm thickness of layer) being compressed [140]

Several formulas allow an estimation of radial Young modulus depending on the radial defor-
mation or stress. One of them is the Pfeiffer equation (Eq. (3.15)) and the other is the Hakiel
equation (Eq. (3.16)).

ER = K1K2e
K2εR (3.15)

ER = k1 + k2σR + k3σ
2
R (3.16)

A more detailed approach was proposed by Weisz-Patrault [118] regarding winding. He consid-
ered in his article the surface roughness, contact, and non flatness of tape during the winding
process while using bulk moduli of the material. Using a semi-analytical modeling, each in-
finitesimal tape was added to the roll allowing an estimation of radial stress and displacement.
Such approach is implemented in software like Abaqus to model the winding process. It cannot
be used to evaluate the stiffness constants.

REBCO and SS tapes are quite thin, being several micrometers in thickness, causing the
Poisson ratio’s effect of edge curving [133]. Wang [133] showed that depending on several
parameters, like bending radius, pre-tension, and tape thickness, there are three type of contacts
at interface: the single line contact, the double line contact, and the surface contact. The single
and double line contacts significantly limit the contact in comparison to the surface contact
affecting the bulk radial modulus. In addition, the edge curving still occurs during the surface
contact. Edge curving higher than 1.5mm width was sometimes observed for REBCO and SS
windings. This irregular contact may affect the bulk mechanical properties identification from
diametric compression tests.

Furthermore, it is possible to propose an analytical calculation to observe the effect of gap
inside the winding of REBCO on the mechanical properties of the winding as a whole body.
In “Brass + REBCO” case, it is clear that there are gaps present in the winding from the
values present in Table 3.7; where thickness of REBCO winding (40 turns × 70 µm) and
brass mandrel (3 mm) is less than thickness of the whole sample (6.54 mm). The total gap
thickness in the winding can be estimated to : 6.54 − 5.8 = 0.74mm. The REBCO winding
infinitesimal section is modeled as in Fig. 3.43 for the analytic homogenization calculation, using
same procedure as in Appendix F. REBCO and gap are assumed as two layers with isotropic
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Figure 3.43 – REBCO winding with gap scheme (blue lines indicate the gap between turns)

properties for calculation simplicity (Table 3.9), since the aim is to check the effect of the gap
on the properties of the winding. The gap in the calculation is assumed to have a Poisson ratio
of 0.29 and a variable young modulus ranging from 0.1 GPa to 5 GPa with a step of 0.05 GPa,
to check the gap’s Young modulus effect on the homogenized modulus.

From the Figures 3.44a and 3.44b, it is clear that the gap affects the radial modulus sig-
nificantly, while effect on hoop modulus is negligible. The lower value of homogenized hoop
modulus than that of REBCO tape is due to the gap thickness. From Fig. 3.44a, the re-
quired equivalent gap modulus of air to obtain a similar value to that of FEMU-UF results of
“Brass+REBCO” is estimated to be 0.15 GPa. This value is quite low as expected but not null,
confirming the relevancy of the hypothesis of a significant role of air-gap during the experi-
ment. The same effect of the gap is present in “Brass + SS” case as seen in the Figures 3.45a
and 3.45b where gap size is 0.35 mm. From Fig. 3.45a, the required equivalent gap modulus of
air to obtain a similar value to that of FEMU-UF results of “Brass+SS” is estimated to be 0.1

GPa. It is interesting to observe a consistency between this modulus and modulus identified in
“Brass+REBCO” situation.

These results show that the hoop modulus is slightly affected by the gap thickness, while
the effect of gap on the radial modulus on the winding is quite clear. This emphasizes the
effect of winding and pre-tensioning, and the variability of radial modulus of the winding. In
addition, the assumption of the gap being a layer as REBCO or SS at an infinitesimal section,
i.e. concentric layers, does not yield the same results of hoop modulus as that reached by
FEMU-UF for both samples. This point remains questionable.

REBCO SSYoung Modulus (GPa) 153 163Poisson ratio 0.3 0.29
Table 3.9 – REBCO/ SS properties for the analytic homogenization calculation

(a) REBCO winding radial modulus variation as function of the gap’s Young mod-ulus (b) REBCO winding hoop modulus variation as function of the gap’s Young mod-ulus
Figure 3.44 – The gap’s effect on the homogenized properties of the winding in Brass+REBCO sample
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(a) SS winding radial modulus variation as function of the gap’s Young modulus (b) SS winding hoop modulus variation as function of the gap’s Young modulus
Figure 3.45 – The gap’s effect on the homogenized properties of the winding in Brass+SS sample

3.8 . Radial Stress calculation of Nougat across various Young modulus

Analytical calculation is applied for “Nougat” benchmark at 30 T as in chapter 2 to observe
the effect of the variation of Young modulus on the total radial stress. Two scenarios are
considered in the calculation: the first is that the mandrel remains in contact with the rest of
the pancake; the second is that the mandrel separates from the pancake by giving the mandrel
a very small radial Young modulus of about 50 MPa. In each scenario, three cases were
considered: 1/ variable Young modulus of SS that is considered isotropic, 2/ variable hoop
Young modulus of REBCO with radial modulus being half of the hoop’s one, 3/ is the previous
two cases combined but with having hoop modulus of REBCO same as that of SS.

The Young modulus is varied from 100 to 300 GPa with a 1 GPa step in this study. For the
fixed material, its properties are from Nougat calculation in chapter 2.

Fig. 3.46 shows that disregarding the Young modulus, even at 300 GPa for both REBCO
and SS as in Fig. 3.46c, the total radial stress remains positive (tensile) in major part of the
central pancake of Nougat. Considering mandrel separation, Fig. 3.47 shows that disregarding
the Young modulus, the total radial stress is positive inside the pancake. Thus, this study shows
that stiffer metal-as-insulation or REBCO tape does not result in obtaining a compressive radial
stress over all the pancake. This further emphasizes the importance of pre-tension and over-
banding that was observed in chapter 2 regarding the creation of compressive radial stress in
the whole pancake. However, this does not mean that stiffer metal-as-insulation is not a good
mechanical support, since it can lower the hoop stress supported by REBCO tape to the range
of acceptable stress by REBCO tape.

3.9 . Conclusion

In conclusion, the tensile tests showed that the experimental results of the hoop Young mod-
ulus and Poisson ratio of the REBCO tape are in accordance with the theoretical results and
the reference [128]. However,a value of 162GPa was obtained for the hoop Young modulus
of Durnomag stainless steel. It is 15 % lower than that of the reference [126]. The experi-
mental Poisson ratio is on the contrary in accordance with a value of 0.29. The DIC use for
deformation measurement in tensile testing was relevant to get rid of the Poisson curving effect
in foil materials like REBCO and SS tapes. The plexiglass sandwiching technique proved its
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(a) Study of total radial stress as a function of SS Young modulus

(b) Study of total radial stress as a function of REBCO hoop Young modulus

(c) Study of total radial stress as a function of REBCO hoop Young modulus and SS Young modulus
Figure 3.46 – Study of total radial stress as a function of Young modulus while maintaining mandrel contact with theadjacent turns
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(a) Study of total radial stress as a function of SS Young modulus

(b) Study of total radial stress as a function of REBCO hoop Young modulus

(c) Study of total radial stress as a function of REBCO hoop Young modulus and SS Young modulus
Figure 3.47 – Study of total radial stress as a function of Young modulus while mandrel is separated from the adjacentturns
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functionality.

Furthermore, the diametric compression test and FEMU calculation did not yield the expected
properties of REBCO or SS. The test highlighted the importance of winding and its effect, but
at the same time it showed that it is not suitable for evaluation of the material properties.
The brass mandrel was tested initially to implement its parameters in the FEMU calculation
for REBCO and SS. The diametric compression test of the brass mandrel, assumed isotropic,
showed results in accordance with the reference values regarding the Young modulus [135].
However, the radial moduli results of REBCO and SS from both diametric compression tests of
“Brass+REBCO” and “Brass+SS” were much lower than that of the reference values. Similar
values were achieved when an Abaqus 6.14 model of the samples was tested using the boundary
conditions of the experiments. This showed that the winding process had an effect on the
apparent radial modulus.

Several studies showed that the winding process affects the bulk radial modulus, and that
the modulus is variable depending on several parameters. Moreover, as REBCO and SS are foil
materials, i.e. being several micrometer thick, the Poisson curving effect also affects the bulk
radial modulus, since it affects the contact between the wound turns.

Following these material parameter evaluation tests, a study was proposed to observe the
effect of Young modulus of REBCO and SS on the total radial stress. As explained in Section 3.8,
their contribution to the total compressive radial stress in the MI pancake is insignificant in
comparison to the pre-tension and over-banding. Pre-tension and over-banding are essential
to maintain contact through-out the MI pancake is important to preserve the quench “current
by-passing”.

Finally, the objective of this chapter that was to get more relevant stiffness values of materials,
was only partially achieved. We have decided to choose the following set ov values for the rest
of the dimensioning calculations. The radial Young modulus will be considered as to be half of
the bulk radial Young modulus for REBCO and SS. This choice is motivated by our willing to
take into account the effect of winding and Poisson curving that reduced (by a factor 2) the
contact surface.
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4 - Displacement Measurements by Digital Image
Correlation on HTS Coil Prototype

4.1 . Introduction

From the mechanical testing campaign in chapter 3, it was observed that winding affects
the pancake’s mechanical behavior. In addition, the analytical formulations used for stress
calculation rely on several assumptions as discussed in chapter 2. These include plane stress
calculation, concentric cylinder, zero shear stress, etc..

With the results of the Nougat magnet [51] stress calculation that showed positive radial
stress in chapter 2, it is important to monitor the MI pancake mechanical state through dis-
placement or deformation measurements. Hence, an experimental setup has been developed to
allow for a real time measurement of what happens to an MI pancake during the cooling and
energizing phases. If strain gauges are used, measurements are local, limited, and unable to
cover the intermediary turns. Similarly, optical fibers for strain measurement require adhering
them to surface of the pancake which will compromise the results. However, in this experiment,
the aim is to measure the whole field displacement occurring in the MI pancake. Hence, using
digital image correlation (DIC, defined in chapter 3), full field displacement measurement is
possible for the whole MI pancake by applying a speckle.

Thus, the experimental setup design is covered at first. Then, the cooling experiment pro-
cedure, and temperature and image acquisitions are described. Finally, results of the cooling
with liquid nitrogen tests of stainless steel 304 disc and a pancake made of copper beryllium
co-wound with stainless steel 304 (SS304) and SS304 over-banding are analyzed. SS304 disc
test has been implemented to check the different operation steps.

4.2 . Experimental setup design and assembly

Cooling and energizing tests are done using liquid nitrogen and helium respectively. While
liquid nitrogen cooling can be done in any cryostat because of its high latent heat, liquid helium
cooling requires minimization of heat load to decrease its consumption due to its low latent
heat. Hence, a cryostat (Table 4.1 and Fig. 4.1) with vacuum shield and nitrogen bath shield
is used for the tests. Both shields decrease radiation heat load on the cryostat.

Using DIC for displacement measurement in cooling and energizing conditions requires pan-
cake image acquisition during the test. Image acquisition along with the energizing test lead
to several requirements in the setup design. They include image view path, pancake position,
pancake support, cooling method, and thermal shielding.

Regarding the image view path, a camera and a white LED pointer are positioned outside
the cryostat to respect their operating temperature ranges. Therefore, a clear path between
the pancake and the camera and LED pointer is necessary while the pancake and the camera
are placed parallel to achieve proper DIC results (Fig. 4.2b). Hence, two optical windows are
mounted on the cryostat flange for the camera and the LED pointer respectively (Fig. 4.2a).

Conduction cooling is chosen since clear view of pancake is required for DIC. Therefore, the
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Design Parameters ValueCryostatBore Diameter (mm) 300Length (mm) 1300Current Lead (maximum current in A) 400Aluminum Heat Shields (Quantity) 5Sample Support - Brass Disc 70/30 (Quantity) 1Tinned Copper Thermal Braids (Quantity) 24Optical Windows (fused silica, single walled) (Quantity) 2
Table 4.1 – Main information concerning the experimental set-up designed for in-situ DIC measurement during coolingand energizing

Figure 4.1 – Cryostat cross-section sketch

(a) Optical Windows on Cryostat flange (b) Camera and Light path
Figure 4.2 – Optical windows configuration for pancake viewing
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Set-up card-board Prototype TestOptical WindowsCamera Window View / Outer Diameter (mm) 70.4/114Light Window View / Outer Diameter (mm) 40/70Image AcquisitionCamera Canon EOS 70DLED Pointer Effilux LED pointerTelescopic Lens Sigma Telephoto 105mmTele-converter lens Sigma 2xMock PancakeInner / Outer Diameter (mm) 107/162
Table 4.2 – Set-up card-board prototype test specification

pancake support is chosen to be thermally conductive to cool the pancake. Also, the support
should have good electrical resistance to limit eddy currents generated in it during energizing.
Thus, limiting its Joule effect and its generated heat. Eddy currents are generated during
magnetic flux variation according to Faraday’s law. Hence, Brass 70/30 support is chosen with
grooves being applied to it to further limit eddy currents.

For conduction cooling, tinned copper thermal braids are used (Table 4.1). The braids are
immersed in the cooling bath, which is positioned at the bottom of the cryostat, while being
connected to the brass support. To maintain their positions, they are clamped to the brass
support by copper clamps. In the bath, they are clamped to a G10 cooling support plate by
copper clamps to avoid any shifting during cooling.

Moreover, during the tests, different parameters were measured, such as temperature, volt-
age, and magnetic field. The sensors’ wires will act as an additional heat load conducting
heat from the outside pin connectors into cryostat. This default is limited by thermalizing the
sensors’ wires on the aluminum heat shields (Table 4.1, Fig. 4.5b), that also limit the heat
radiation from the cryostat flange, thus decreasing the heat load on cooling. These shields also
allow a clear view for image acquisition.

Before manufacturing and assembling the setup (Fig. 4.4, Fig. 4.5a), a mock setup was
built using cardboard and styrodur (Fig. 4.3a). This setup is used to verify if the design is
suitable for image acquisition. We checked the window dimensions and the camera specification
requirements (Table 4.2). Fig. 4.3c presents the image acquired after mounting the camera as
shown in Fig. 4.3b. It was found that we need a lens of 200 mm focal length to zoom in on the
pancake, and a full-frame camera to capture the whole pancake’s image. Fig. 4.3c shows that
pancake view is quite clear validating the chosen optical windows viewing diameter (Table 4.2).

After checking validity of setup design with the mock setup, defining the parameters of the
MI REBCO pancake prototype is necessary. There are some constraints to be taken into account
while choosing the parameters such as: minimum bending radius of REBCO tape, maximum
diameter of pancake fitting the setup of 250 mm, and maximum current supply of 400 A that
is a limitation of the the Ametek Sorensen power supply and current leads (Table 4.1). In
both cooling and energizing, the larger the radius is, a larger displacement is measured by DIC.
However, with the chosen optical window and lens, the pancake size is limited to a maximum
of 160 mm diameter.

During cooling, the displacement depends mainly on the thermal contraction of the materials
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(a) Mock Setup (b) Window size testing

(c) Image acquired by Canon EOS 70D with DigiCam Control
Figure 4.3 – Window dimensioning set-up card-board prototype test
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(a) Setup (b) Setup’s upper part

(c) Setup’s lower part
Figure 4.4 – Setup design
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(a) Experimental setup (b) Sensor’s wires thermal shielding
Figure 4.5 – Experimental setup

Parameter ValueInner PancakeNb of turns (REBCO + Durnomag) 50Overbanding turns 10REBCO thickness / width 65 µm / 4 mmDurnomag thickness / width 30 µm / 4 mmInner radius 69.6 mmOuter PancakeNb of turns (REBCO + Durnomag) 259Overbanding turns 10REBCO thickness / width 70 µm / 12 mmDurnomag thickness / width 30 µm / 12 mmInner radius 88.5 mm
Table 4.3 – Parameters of Inner / Outer MI REBCO pancake

and the radius. However, during energizing, the displacement is dependent on the magnetic
field, current density and the radius. Hence, a REBCO tape of 4 mm from Shanghai Super-
conductors is chosen as it can sustain 350 A at a field of 3 T at liquid helium temperature.
However, to increase the energizing displacement even further, we foresee to use an outer MI
REBCO pancake that will create an additive magnetic field. It has same mid-plane as the inner
MI REBCO pancake which uses the 4 mm tape. A 12 mm REBCO tape from Theva is chosen
for the outer pancake as to eliminate the possibility of having a quench in it since its critical
current at 3 T / 30 K is higher than 800 A [141]. The pancakes are connected together in
series to a single power supply. Using the plane stress analytical formulation from chapter 2 at
mid-plane of the inner pancake, the parameters of both pancakes were chosen (Table 4.3) as
to achieve high displacement in cooling (Fig. 4.6a) and energizing (Fig. 4.6b). The calculation
was done using the material parameters grouped in Table 4.4.
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(a) Cooling displacement at 4 K (b) Energizing displacement at 350 A/4 K
Figure 4.6 – MI REBCO inner pancake displacement

REBCO SSRadial modulus (GPa) 76.5 81Hoop modulus (GPa) 153 162Poisson ratio rθ 0.15 0.145Poisson ratio θz 0.3 0.29
Table 4.4 – REBCO / SS properties

4.3 . Liquid Nitrogen Cooling Test

As the DIC is based on image analysis ([132]), anything that can affect the quality of the
sample’s acquired image will alter the displacement’s measured value. Therefore, a careful
handling of the image acquisition process is required (Table 4.5, Fig. 4.7).

As the DIC measurement has to be performed in cooling and energizing conditions, the used
speckle should be inert with respect to the testing environment to avoid affecting the tests.
Hence, it should be electrically insulating, chemically inert to avoid reacting with MI pancake,
and thermally shock resistant. Thus, Boron Nitride ([142]) white spray is used to deposit a
white layer on the sample. Then, Rust-Oleum Hard Hat Matt Black spray is used to do a fine
black speckle to achieve the contrast required by the DIC. A relevant pattern should lead to
a wide contrast between black and white while being non-repetitive and isotropic to enhance
gray-scale detection for DIC measurement.

In addition, a clear plexiglass plate is mounted slightly few hundred microns above the sample,

Image AcquisitionCamera Canon EOS 5D MARK IVLens Canon EF 70-200 mm f/4 IS USMAcquisition program EOS Utility V.3.12White LED light pointer Effilux-Sharp-FL-FFCamera ConfigurationISO 800Aperture F8.0Shutter speed 1/400 sLens : focal length 200 mm
Table 4.5 – Image acquisition setup

113



Figure 4.7 – DIC-setup mounted

upon which the centering screw of sample is supported. The plexiglass plate should be clean
and clear of scratches for better results.

The light reflection and concentration on certain areas of sample from reflection from the
cryostat or heat shields can result in blurred areas. Thus, a careful mounting of the light is
required to avoid such an issue. Furthermore, any tripod’s vibration will degrade the results,
especially because of the applied zoom.

Regarding the DIC cooling test with liquid nitrogen, it is realized with the following experi-
mental protocol:

• The speckle is applied on the sample, and the sample is mounted on the brass support
while putting above it a plexiglass plate.

• The setup is inserted inside the cryostat, and the flange is attached tightly to the cryostat
by screws.

• Flushing of cryostat environment with nitrogen gas is done three times (vacuuming then
filling with nitrogen gas) to avoid ice formation.

• The nitrogen gas pressure inside the cryostat is kept slightly higher than atmospheric
pressure at the end of the last flush. This is to ensure that no air enters when changing
from the gas to the liquid nitrogen filling tube.

• The image acquisition setup is mounted and calibrated.

• All temperature measurements and image acquisitions are verified before the start of the
test by a test run of the LABView data acquisition program.

• The LABView data acquisition program is launched before filling the cryostat with liquid
nitrogen.

To synchronize DIC result and temperature measurement, a proper data handling with LAB-
View is required. Fig. 4.8 presents the cooling setup temperature instrumentation. In LABView,
twelve temperature measurements are stored along date-time and the camera is triggered si-
multaneously (Fig. 4.9). To allow the camera triggering with LABView, a Canon trigger cable,
that is activated by a relay which is controlled by an NI 10 V 9269 DAQ output module, was
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required. The data acquisition program allows for different time intervals between image ac-
quisition based on the user input. The NI DAQ modules used for the instrumentation were NI
9217 and NI 9219 (for PT100 sensor reading), NI 9238 (0.5 V, voltage measurement), and NI
9265 (20mA, current output). The last two modules are dedicated for Cernox sensor readings.

Figure 4.8 – Cooling Setup Instrumentation (TS: Temperature Sensor)

Figure 4.9 – Liquid Nitrogen Cooling LABView program
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Stainless Steel 304 Disc ValueInner / Outer diameter 8 / 100 mmThickness 4 mm
Table 4.6 – SS304 Disc geometrical data

Figure 4.8 illustrates the positioning of all thermal sensors (TS) in the set up. PT100
temperature sensors were used except for TS5 to TS8 that were calibrated Cernox sensors.
The sensors placed on the sample and the brass support are placed at diametrically opposite
positions to get an idea about the temperature homogeneity. Indeed, temperature homogeneity
may be an issue since cooling is done by conduction. The brass support is 14 mm thick. It
is thick enough to get a high cooling capacity (cooling capacity is related indeed to specific
heat and dimensions). The high number of cooling braids attached to brass support ensure its
fast conduction cooling. With the current leads of 900 mm length, PT100 temperature sensors
are placed at the first and fifth aluminum shield level to measure the temperature in the setup
(Fig. 4.8).

Liquid nitrogen (LN2) flow is controlled by the valve as to ensure that the liquid level does
not reach the brass support. It is achieved by positioning the temperature sensor measurement
slightly below the brass support. This way, controlling LN2 flow can be done based on accurate
data. Flow control is done to maintain level below the brass support to get clear images of the
sample. Moreover, it was noticed from experiment that convection of nitrogen gas in cryostat
during test has a blurring effect of the disc during the test (Fig. 4.10). Hence, the control of
the LN2 flow is an important aspect in the test; a slower flow is preferred to allow for smooth
cooling of the whole cryostat.

(a) Reference image of Stainless Steel 304disc before start of test (b) Blurred image during test due to nitro-gen gas convection (c) Clear image at end of test after nitrogengas convection settled
Figure 4.10 – Effect of gas convection on image quality of SS304 disc

As applying the DIC to such a setup at cryogenic temperature is new [143], the setup is first
tested using a stainless steel 304 “SS304” disc. Indeed, the thermal properties of SS304 are
known [138], allowing us to validate the whole setup (Fig. 4.11). SS304 disc (Table 4.6) is
cooling tested using LN2 following the experimental protocol.
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Figure 4.11 – SS304 disc mounted

The reference image at room temperature and the last deformed images at 80 K of the
cooling test are used to find the thermal contraction displacement. Even though the measured
windows’ temperature was above the freezing point (i.e. 288 K - 286 K) during the test, water
vapor sometimes formed on the windows as shown in Fig. 4.12. This was affecting the acquired
images. Thus, a heat gun was used to remove the vapor.

(a) Water vapor on windows (b) Light dimmed significantly because of water vapor on light window
Figure 4.12 – Effect of water vapor on image quality
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4.4 . Data Analysis

At first, SS304 disc is cooled down from 296 K to 80 K. It took slightly more than 2 hours
to reach 80 K stable temperature. This test is done to verify the operation of the set-up and
image acquisition since SS304 material properties are well established at cryogenic temperatures.
Displacement measurement during thermal contraction is done using DIC in the specified region
of interest between room temperature and 80 K. After that, the MI CuBe2/SS304 pancake is
tested to evaluate the thermal contraction behavior of an MI pancake. CuBe2 and SS304 were
chosen to have different thermal contractions and mimic the MI HTS pancake where SS304
plays the role of the stainless steel alloy, and CuBe2 is the substitute of REBCO since it has
good thermal contraction and mechanical properties as well.

During all cooling tests, temperature measurement rate was 10 Hz, while image acquisition
was 1 image per 30 seconds. The temperature profile of SS304 cooling test is presented in
Appendix H. Two cernox sensors were placed on SS304 disc and brass support, to verify the
temperature homogeneity. A PT100 was placed on each window to monitor the temperature
and prevent ice formation below 0◦C (273 K). Two PT100 were used to get the temperature
of the first and fifth aluminum heat shield to monitor the temperature inside the cryostat.

4.4.1 . SS304 disc

DIC mesh choice

(a) Mesh TRI element Size 30 (b) Mesh TRI element Size 52

(c) Mesh TRI element Size 71 (d) Mesh TRI element Size 101
Figure 4.13 – Mesh TRI of different sizes of SS304 disc

A mesh is required to do the DIC analysis of the images. Uncertainty displacement measure-
ment by DIC is calculated at first to find a suitable mesh in order to know the uncertainty of the
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DIC results. It is affected by the parameters chosen for DIC calculation of mesh size, bound-
aries and region of interest. The choice of mesh size is the result of a compromise concerning
the uncertainty displacement results. The higher the element size of the mesh the lower the
uncertainty displacement. The price to pay is a lower displacement measurement resolution.

The uncertainty displacement measurement of DIC is done using several images taken at room
temperature. As temperature is constant and as the light does not fluctuate, DIC measurement
should be zero. The measured displacement is not zero in reality and corresponds to the
uncertainty measurement. Uncertainty is calculated as the mean of standard deviation of the
displacement measurement results at the nodes [144].

During SS304 cooling test, DIC uncertainty measurement is done using 11 images taken
before the start of the test and uses different mesh element sizes (Fig. 4.13). The conversion
factor from “pixel” to “mm”, is calculated using a picture of outer diameter of SS304 disc.

(a) DIC uncertainty in Ux direction (b) DIC uncertainty in Uy direction
Figure 4.14 – DIC uncertainty of SS304 disc test

From Fig. 4.14, the lowest value of the DIC uncertainty was achieved in a mesh of an element
size (Elsize) equals to 71 pixels. Hence, this mesh is chosen to perform the DIC analysis on the
deformed image of the SS304 disc. A basic DIC without any mechanical regularization is used
to find the displacement field. Results were obtained thanks to the Correli 3.0 code [134].

DIC results

Figure 4.15 shows that the theoretical thermal contraction of SS304 disc calculated using
Cast3m is symmetric. However, Figure 4.16 shows that the DIC displacement of SS304 disc
does not fit with thermal contraction towards the center from all directions as expected. Also,
the DIC displacement values are not symmetric whether in “x” or “y” direction. We deduce that
rigid body motion is occurring [145] from the displacement vectoring result (Fig. 4.16). It is
occurring because the brass support is rather supported by G10 rods in mid-air which can cause
rigid movement of “brass + disc”.

To get the actual displacement, we apply a post-processing procedure that eliminates the
effect of the rigid body motion. Equations (4.1) and (4.2) describe this procedure:

x
′

= t+R(θ)x = x+ uRBM (4.1)
uRBM = t+ (R(θ)− I)x (4.2)

The displacement field “x
′
”, obtained from DIC analysis, can be divided into a rigid translation

“t” and a rigid rotation “R”. Furthermore, “x
′
” can be seen as the sum of the total rigid body
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Figure 4.15 – Total thermal contraction (mm) in absolute value of SS304 disc from 300 K to 80 K by Cast3m FEM code

motion “uRBM ” and the actual field displacement “x”. We assume that the rotation (θ) and
the translation (tx and ty) of the rigid body motion (RBM) are small in the experiment. Under
this assumption, Eq. (4.2) can be simplified to Eq. (4.3), such that xi and yi are the mesh-node
coordinates. tx, ty, and θ are approximated using a linear least square fitting method as in
Eq. (4.4).

uRBM = (txex + tyey + θ(−yiex + xiey)) (4.3)
minΣi||u(xi)− (txex + tyey + θ(−yiex + xiey))||2 (4.4)

After subtracting the approximated rigid body motion uRBM value from the DIC result x
′
,

we obtain the results shown in Fig. 4.17. It is noticed that the new displacement vector is now
pointing towards the center, where its magnitude is increasing proportionally with the radius.
This is what we expect for a disc contraction. In addition, “ux” and “uy” displacements are
symmetric in value, in proper direction and position corresponding to what can be expected
during a thermal contraction of a disc. Moreover, when checking the displacement magnitude,
it is displayed as concentric circles as expected too.

A representative radial displacement (Eq. (4.5)) is calculated from averaging over several
radial measurements for different angles from 0 to 2 π (Fig. 4.19).

urDIC(rk) =
1

n

n∑
1

uFT (rk)(θi) (4.5)
where urDIC and uFT are respectively the mean total radial displacement at a given radius and
the total radial displacement at a mesh point from field displacement. The total displacement
magnitude in Fig. 4.19 graph is evaluated using 50 equidistant radial positions with negligible
error. The error bar in the graph is the standard deviation of uFT .

The total displacement magnitude and direction are proved to be independent of the mesh
size as demonstrated in Figs. 4.18 and 4.19. It is also clearly visible that the total displacement
is smaller than the theoretical one. Indeed, when the temperature decreases, the setup contracts
due to G10 support rods contraction, leading to a decreasing distance between the disc and the
camera. Thus, the disc will enlarge slightly resulting in apparent radial expansion. This effect
is corrected by subtracting the enlarging effect from the DIC displacement.

With sample being circular and the magnification being uniform, magnification effect is an
artificial positive constant radial deformation upon the sample (Fig. 4.20). In order to get
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(a) Displacement vectors

(b) Ux displacement (mm)

(c) Uy displacement (mm)
Figure 4.16 – Displacement measured by DIC without rigid body motion elimination of SS304 disc
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(a) Displacement vectors

(b) Ux displacement (mm) (c) Uy displacement (mm)

(d) Total displacement magnitude (mm)
Figure 4.17 – Displacement measured by DIC with rigid body motion elimination of SS304 disc
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(a) Displacement vectors of mesh Elsize 30 pixels

(b) Displacement vectors of mesh Elsize 52 pixels

(c) Displacement vectors of mesh Elsize 71 pixels
Figure 4.18 – Displacement vectoring of DIC results with rigid body motion elimination of different mesh sizes of SS304disc
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(a) Total displacement magnitude (mm) of mesh Elsize 30 pixels (b) Total displacement magnitude (mm) of mesh Elsize 52 pixels

(c) Total displacement magnitude (mm) of mesh Elsize 71 pixels

(d) Total displacement (mm) of mesh Elsize 30-52-71 pixels benchmarked with analytic result
Figure 4.19 – Displacement measured by DIC with rigid body motion elimination of different mesh sizes of SS304 disc
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Figure 4.20 – Setup contraction sketch: position of brass support is dotted at reference (room temperature) state and solidat low temperature (at 80 K).

the virtual deformation “εrr” due to setup contraction, the disc shape is assumed to remain
constant while finding the enlarging effect of contraction (Eq. (4.6)). Let us assume that the
total contraction of the support rods is αT (R

′

R = L′

L from Fig. 4.20):

εrr =
R−R′

R
=
L− L′

L
= −αT (4.6)

The total contraction of the support rods is calculated using the temperature measurements
via a series of thermocouples and the knowledge of thermal contraction of G10 support rods.
It is expressed as follows:

αT =

∫ T2

T1
α(T )dT (4.7)

where temperatures T1 is greater than T2 and α(T ) is the thermal contraction coefficient of
G10 rod [138].

Hence, the real displacement of SS304 disc is expressed as follows (Eq. (4.8)):

ur = urDIC − urimage = urDIC − rεrr (4.8)
where r, urDIC and urimage are respectively a radial position, the DIC displacement without

RBM and the displacement caused by image magnification due to the setup contraction.

Fig. 4.21 shows that the difference between analytic and actual displacement is small. It is
only due to total contraction calculated using temperature measurement from sensors placed
on current leads and not G10 rods. Since experimental and analytic results of SS304 disc do
correspond during the cooling test, since the images are clear enough for DIC calculation and
since conduction cooling is proved to be efficient, the set-up has been validated.
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Figure 4.21 – Total displacement magnitude with setup contraction of SS304 disc, αT = -13.86×10−4 mm/mm

Another cooling test of SS304 disc to 80 K has been done using liquid nitrogen, but the
difference now is that the holes from the second to the fourth aluminium heat shields are covered
with plexiglass for enhanced heat radiation protection in case of liquid helium cooling as seen
in Fig. 4.22.

Figure 4.22 – Aluminium heat shields covered with plexiglass

Figure 4.23 shows that covering the heat shields with plexiglass did not affect the DIC
results since irrespective of mesh size, same DIC result was achieved. Furthermore, as expected,
without the set-up contraction correction, the results were lower than that of the analytical one.
However, after applying the set-up contraction correction of αT = -12.9 10−4 mm/mm, the
achieved experimental result is much higher than that of analytical one which is inaccurate. This
indicates that the set-up contraction that was calculated using the temperature measurement
is not accurate since G10 rods are insulating materials. Thus, the temperature measured close
to the G10 rods does not represent the temperature of G10 rods themselves.

However, since SS304 is a well evaluated material, the set-up contraction can be deduced
by adjusting its value to achieve experimental results in accordance with the analytical one. A
contraction value of αT = -7 10−4 mm/mm leads to have experimental result in accordance
with the analytical one. This test highlights that evaluating the set-up contraction based on
temperature measurement is prone to errors. This means that in order to handle the set-up
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contraction magnification point, either a telecentric lens can be used or to employ an accurate
method for set-up contraction evaluation. Unfortunately, telecentric lens does not have a
large working distance like 1.3 m, so evaluating the contraction is the remaining option. A
simple method would be to use a centering part for the tested sample that has well established
properties at cryogenic temperature like SS304. Fitting the experimental contraction of the
centering part with its theoretical calculation will give the set-up contraction value. Another
method of set-up contraction measurement is to use a laser distance sensor position at cryostat
flange while measuring the distance to the brass support from room to operating temperature.
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(a) Total displacement magnitude of SS304 disc without setup contraction with plexiglass coveredheat shields

(b) Total displacement magnitude of SS304 disc with setup contraction of αT = -12.9 ×10−4

mm/mm, with plexiglass covered heat shields

(c) Total displacement magnitude of SS304 disc with setup contraction of αT = -7 ×10−4

mm/mm, with plexiglass covered heat shields
Figure 4.23 – Thermal contraction of SS304 from room temperature to 80 K with plexiglass covered heat shields
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4.4.2 . MI CuBe2 / SS304 pancake

After SS304 disc cooling test validating the DIC and experimental setup, a MI Copper
Beryllium / Stainless Steel 304 (“CuBe2 / SS304”) pancake is cooled using the same procedure
(Table 4.7 and Fig. 4.24).

Brass MandrelInner/Outer Radius Nb of CuBe2/ SS304 turns Width Thickness Overbanding Pre-tension
22/25 mm 50 6 mm 50 µm 0.35 mm 15N

Table 4.7 – MI CuBe2/SS304 Pancake geometrical parameters

(a) MI CuBe2/SS304 (b) MI Speckle (c) MI Pancake Setup
Figure 4.24 – MI CuBe2/SS304 Pancake

Before the analysis of the deformed image, DIC uncertainty calculation for the MI CuBe2/SS304
pancake test has been carried out using 10 images at room temperature with different meshes
(Fig. 4.25).

(a) Mesh TRI element size 12 pixels (b) Mesh TRI element size 22 pixels (c) Mesh TRI element size 30 pixels
Figure 4.25 – Mesh of different sizes for the MI CuBe2/SS304 pancake
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(a) DIC uncertainty in Ux direction (b) DIC uncertainty in Uy direction
Figure 4.26 – Correlation error

Figure 4.26 shows that DIC uncertainty is insignificant in comparison to expected displace-
ment using analytic formulation of chapter 2 and plotted in Fig. 4.27. MI CuBe2/SS304 is
made of the brass mandrel and the winding, the radial position from 22 to 25 mm is occupied
by the mandrel while the remaining part is the winding. DIC is done with a regularization length
of 24 pixels. This regularization allows for a noise reduction, noise partly due to the small mesh
size (Fig. 4.29).

Figure 4.27 – MI CuBe2/SS304 total analytic displacement (290 K - 80 K)

Figures 4.28 and 4.29 show direction and and a good proportionality is obtained between
magnitude and radial position.

Total displacement amplitude of MI pancake is lower than the theoretical displacement
estimated from the analytic calculation without considering setup contraction ( Fig. 4.30a)
with negligible mesh size sensitivity (Fig. 4.30a). When the set-up contraction correction is
applied(αT = -12.9 10−4 mm/mm) 1 (Fig. 4.30b), the corrected amplitudes become higher
than analytic ones. The overestimation reaches 0.02 mm. This can be attributed to the fact
that the set-up contraction estimation is not correct as already observed during the second test
of SS304 disc. Considering the same set-up contraction as that of second cooling test of SS304
disc (αT = -7 ×10−4 mm/mm), Fig. 4.30c shows that a slight discrepancy remains between
experimental and analytical results. This lower discrepancy could be due to friction between
pancake and brass support or an unexpected winding configuration effect.

1this value differs from the previous one since temperatures measured along the rod areslightly different from temperatures observed during SS304 cooling
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(a) Displacement vectors of mesh Elsize 12 pixels

(b) Displacement vectors of mesh Elsize 22 pixels

(c) Displacement vectors of mesh Elsize 30 pixels
Figure 4.28 – Displacement vectoring measured DIC results of MI CuBe2/SS304 pancake with rigid bodymotion eliminationon different mesh size
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(a) Total displacement magnitude (mm) of mesh Elsize 12 pixels

(b) Total displacement magnitude (mm) of mesh Elsize 22 pixels

(c) Norm total displacement (mm) of mesh Elsize 30 pixels
Figure 4.29 – Displacement measured by DIC of MI CuBe2/SS304 pancake with rigid body motion elimination on differentmesh size
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(a) Total displacement (mm) of mesh Elsize 12-22-30 pixels

(b) DIC displacement after adding setup contraction effect (αT = -12.9 ×10−4 mm/mm), 30Elsize chosen because the higher mesh size the lower DIC noise

(c) DIC displacement after adding setup contraction effect (αT = -7×10−4 mm/mm)
Figure 4.30 – Total displacement magnitude of MI CuBe2 / SS304 pancake

Hence, with the results of the cooling test of SS304 disc, the image acquisition and ex-
perimental setup were validated. The test carried out with SS304 disc and MI CuBe2/SS304
pancake showed the viability and capability of using DIC for in-situ displacement measurement
at cryogenic temperatures. The tests highlighted some issues that require post-processing to
reach an appropriate evaluation of the displacement. Finally, the cooling test carried out with
MI CuBe2/SS304 showed that the winding configuration might have an effect on the thermal
contraction too.

4.5 . Conclusion

In conclusion, a setup was developed that allows for full field displacement measurement of
MI pancakes at cryogenic temperatures. Rigid body motion elimination and setup contraction
correction had to be implemented to acquire the actual displacement. Moreover, proper speckle
preparation and DIC setup calibration are important to get relevant results as image and speckle
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quality affect DIC results.

A liquid nitrogen cooling test of a SS304 disc allowed for the validation of the set-up. It
showed that the speckle used does work at cryogenic temperature, and that DIC yields proper
results. A second cooling test of SS304 disc showed that evaluating the set-up contraction
from the temperature measurements may be sometimes not accurate depending on the way the
axial temperature is estimated. G10 rods for example are insulating materials and measuring
temperature at this level seems not accurate. To solve this issue, the use of a well-known
material positioned in the central part of the support may be a relevant way to address the true
set-up contraction. Another method of set-up contraction measurement is to use a laser distance
sensor. In addition, a set-up contraction issue has been observed during MI CuBe2/SS304
cooling as well. When set-up contraction was adjusted, better results were obtained, but
a slight discrepancy remained that might be caused by the winding configuration or friction
between pancake and brass support. After validating this deformation measurement technique
with liquid nitrogen cooling, it can be used at high fields because it is a no-contact at a distance
technique based on image acquisition at a safe distance from the testing environment (cryogenic
and magnetic). Furthermore, the next step that was planned for the set-up was liquid helium
cooling and energizing of a MI REBCO pancake inside an external field generated by another
MI REBCO pancake as stated in the set-up design process but was postponed due to COVID
situation.
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5 - Conclusion and Perspectives

In this thesis, some mechanical aspects of MI HTS pancake have been studied. At first,
analytical formulations plane stress and generalized plane strain formulations have been bench-
marked against Cast3m for the three main processes involved in the forming (winding) and using
(cooling and energizing) of a single representative MI REBCO pancake. The same procedure
was applied for the so-called “Nougat” inner magnet central pancake subjected to a 30 T
magnetic field.

From the bench-marking on Nougat, the total radial stress was found to be positive from
analytical calculation and close to a stress free situation from Cast3m over major part of the
pancake indicating separation of turns. This separation is critical because it may disrupt the
quench protective aspect of MI pancakes, i.e. current by-passing at quenched zone to adjacent
turns. This led to a study of the effect of the pre-tensioning and over-banding on the total
radial stress and on the turn separation in the central “Nougat” pancake at 30 T using plane
stress formulation. It showed the importance to limit the stresses the REBCO tape is subjected
to so that stress remains below the irreversible limit, and to maintain the contact all over
the pancake by compressive radial stress. It also highlighted the importance of choosing a
compromise between pre-tensioning and over-banding to maintain the stresses from winding
process within the permitted range for all materials.

REBCO and SS mechanical properties evaluation was carried out using DIC applied to tensile
and diametric compression testing. FEMU-UF was employed to get a better estimation of the
stresses in winding+mandrel case. The material properties evaluated from tensile testing were
in accordance with the reference values except for the Young modulus of SS. Furthermore, tests
showed a Poisson curving effect for both REBCO and SS since they are foil materials requiring
sandwiching between clear transparent plexiglass to mitigate this effect.

Furthermore, utilizing the diametric compression testing with FEMU-UF showed that the
winding process has a very strong effect on the identified radial Young modulus of REBCO or
SS. The reasons of this strong influence can be found in the surface roughness and imperfect
flatness of the tape, leading to an irreducible gap between the turns (as proved by the thickness
measurement of the total winding higher than the total thickness of each layer). Finally, it has
to be concluded that the test was unfortunately not suitable for material parameter evaluation.
Some additional tests like increasing the pre-tensioning could be carried out. An appropriate
pre-tensioning may lead to a better material parameter estimation. Some other analytical cal-
culations has been implemented considering the Nougat configuration (SS+REBCO+mandrel,
magnetic field of about 30 T, given pre-tensioning and over-banding ). Young modulus of RE-
BCO and SS was varied until the radial stress becomes compressive for all layers: this situation
was proved to be not reachable. This indicates that the pre-tensioning and over-banding are
the most important factors to get a compressive radial stress for all layers and maintaining the
quench protection aspect of MI winding.

Finally, a large part of the PhD work concerned the development of a new setup that al-
lows a full-field displacement measurement of MI pancakes energized at cryogenic temperature
(including inner at outer pancake configuration, and liquid helium temperature). The image
acquisition and speckle were shown to work properly. However, post-processing of DIC results
is required to remove rigid body motion and set-up contraction magnification effect. SS304
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disc cooling test yielded good results and allowed for a verification of the proper functioning
of the set-up. The same cooling test was carried out using MI CuBe2/SS304 pancake. A
slight discrepancy between analytical and experimental results was observed despite a (a priori)
proper correction of set-up contraction magnification effect. Further experiments are necessary
including the positioning of a reference material close to the pancake to infer an appropriate
set-up contraction correction. Another method of set-up contraction measurement is to use a
laser distance sensor. An improvement of the analytical solution by implementing appropriate
equivalent stiffness of the multilayered part may be finally necessary.

Furthermore, the cooling of the set-up using liquid helium (reaching 4 K) is a next important
step. We have to verify that the same procedure as used for liquid nitrogen can apply (by
observing first the thermal contraction). Once this step is validated, an energizing test of a MI
REBCO pancake can be implemented to observe the displacements due to the Laplace forces.
It is another important step for the validation of the analytical formulation, before to be able
to use it as a fast dimensioning tool. Pre-tension and over-banding will be able to be estimated
for any MI REBCO magnet design while respecting the stress limits of REBCO tape.
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A - Tensile Test Experimental Data

Figure A.1 – REBCO force-displacement

Figure A.2 – SS force-displacement
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Figure A.3 – Brass force-displacement
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B - Diametric Compression Test Experimental Data

Figure B.1 – Diametric compression of the brass mandrel (compression/de-compression)

Figure B.2 – Diametric compression of Brass-REBCO with preload 150N (compression/de-compression)
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Figure B.3 – Diametric compression of Brass-SS with preload 150N (compression/de-compression)

140



C - FEMU-UF Brass Mandrel(Case2)

(a) FEMU-UF / Experimental forces at the 3rd iteration of the FEMU-UF calculation

(b) FEMU-UF / Experimental forces at the 5th iteration of the FEMU-UF calculation

(c) FEMU-UF / Experimental forces the 20th iteration of the FEMU-UF calculation
Figure C.1 – Evolution of FEMU-UF force at different iterations (initial guess: poisson ratio 0.4, Young modulus 150 GPa)
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(a) Residual force at the 3rd iteration of the FEMU-UF calculation

(b) Residual force at the 5th iteration of the FEMU-UF calculation

(c) Residual force at the 20th iteration of the FEMU-UF calculation
Figure C.2 – Evolution of residual force at different iterations (initial guess: poisson ratio 0.4, Young modulus 150 GPa)

Figure C.3 – Evolution of RMS(dp) as function of the iteration number (initial guess: poisson ratio 0.4, Young modulus 150GPa)
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D - Debonding at the Interface of Brass/REBCO

Figure D.1 – Nodes of the Brass mandrel at the interface between Brass/REBCO (200 Nodes, numbered(1091 - 1190) -(1291 - 1390), clockwise numbered from mid-top of circle, numbered as (1091 ,1291 ...) )
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Figure D.2 – Nodes of the REBCO part at the interface between Brass/REBCO (200 Nodes, numbered(101 - 200) - (301 -400), clockwise numbered from mid-top of circle, numbered as (101 , 301 ...) )

Figure D.3 – Radial displacement of the nodes at the interface of Brass/REBCO at the end of the test (vector representation)
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E - FEMU-F Brass-REBCO / Brass-SS

Brass-REBCO
The brass properties are fixed, they are the results of the brass mandrel test

(a) FEMU-F / Experimental forces at the 1st iteration of the FEMU-F calculation

(b) FEMU-F / Experimental forces at the 20th iteration of the FEMU-F calculation

(c) FEMU-F / Experimental forces at the 38th iteration of the FEMU-F calculation
Figure E.1 – Evolution of FEMU-F force at different iterations

Figure E.2 – Evolution of RMS(dp) as function of the iteration number
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Brass-REBCO
The brass properties are variable, but initial guess is the results of the brass mandrel test

(a) FEMU-F / Experimental forces at the 1st iteration of the FEMU-F calculation

(b) FEMU-F / Experimental forces at the 10th iteration of the FEMU-F calculation

(c) FEMU-F / Experimental forces at the 29th iteration of the FEMU-F calculation
Figure E.3 – Evolution of FEMU-F force at different iterations

Figure E.4 – Evolution of RMS(dp) as function of the iteration number
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(a) Residual force at the 1st iteration of FEMU-F calculation

(b) Residual force at the 10th iteration of FEMU-F calculation

(c) Residual force at 29th iteration of FEMU-F calculation
Figure E.5 – Evolution of residual force at different iterations

Figures E.1 and E.2 show that FEMU-F calculation didn’t converge when brass properties are
kept constant. However, Figures E.3 to E.5 show that FEMU-F calculation did converge when
Brass isotropic properties were variable. However, REBCO properties achieved are still low like
in FEMU-UF. The following properties were achieved: radial modulus 1.3 GPa, hoop modulus
364 MPa, Poisson ratio 0.25, and shear modulus 1 GPa. Same as in FEMU-UF, this is due to
winding affecting the mechanical properties achieved for REBCO when considered as one
piece material.
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Brass-SS
The brass properties are fixed, they are the results of the brass mandrel test

(a) FEMU-F / Experimental forces at the 1st iteration of the FEMU-F calculation

(b) FEMU-F / Experimental forces at the 3rd iteration of the FEMU-F calculation

(c) FEMU-F / Experimental forces at the 6th iteration of the FEMU-F calculation
Figure E.6 – Evolution of FEMU-F force at different iterations

Figure E.7 – Evolution of RMS(dp) as function of the iteration number
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Brass-SS
The brass properties are variable, but initial guess is the results of the brass mandrel test

(a) FEMU-F / Experimental forces at the 1st iteration of the FEMU-F calculation

(b) FEMU-F / Experimental forces at 3rd iteration of the FEMU-F calculation

(c) FEMU-F / Experimental forces at 6th iteration of the FEMU-F calculation
Figure E.8 – Evolution of FEMU-F force at different iterations

Figure E.9 – Evolution of RMS(dp) as function of the iteration number

As seen from Figures E.6 and E.7, FEMU-F calculation didn’t converge when brass properties
are kept constant. Moreover, as seen from Figures E.8 and E.9 FEMU-F calculation didn’t
converge as well when brass properties were variable. During calculation, after iteration 6 is
done, Possion ratio of SS becomes above 0.5, which is not possible when SS is considered to
be an orthotropic material in the calculation. This is because measured displacement field is
not taken into account in the calculation.
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F - Analytical Homogenization Calculation

Figure F.1 – Composite material with different layered materials
The analytical homogenization calculation done for the layered composite is based on classical
laminate theory. The composite follows the theory’s assumptions that are:

• The composite is composed of perfectly bonded layers, i.e. no slipping between
adjacent layers.

• Each layer is homogeneous with known properties.

• Each layer is in the plane stress state.

• The individual layers can be isotropic, orthotropic or transversely isotropic.

In the case of REBCO tape, all layers are assumed isotropic. The general relation between
strain and stress using the compliance matrix is presented in local and global scale to simplify
homogenization calculation later on.
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ε22 = S12σ11 + S22σ22 + S13σ33

ε33 = S13σ11 + S13σ22 + S33σ33

ε23 = S44σ23

ε13 = S44σ13

ε12 = S66σ12

εi11 = Si11σ
i
11 + Si12σ

i
22 + Si12σ

i
33

εi22 = Si12σ
i
11 + Si11σ

i
22 + Si12σ

i
33

εi33 = Si12σ
i
11 + Si12σ

i
22 + Si11σ

i
33

εi23 = Si66σ
i
23

εi13 = Si66σ
i
13

εi12 = Si66σ
i
12

(F.1)
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Because of the layered structure and isotropic layers, loading along ~e1 and ~e2 leads to same
stress-strain relations. Hence, loading is considered along ~e1 and ~e3.

F.1 . Loading along ~e1 direction

Loading along ~e1 only with a uniaxial stress σ, this leads to homogeneous deformation:

ε11 = εi11 σ11 =
1∑
i Si

∑
i

Siσ
i
11

ε12 = εi12 σ12 =
1∑
i Si

∑
i

Siσ
i
12

ε13 = εi13 σ13 =
1∑
i Si

∑
i

Siσ
i
13

(F.2)

Where Si is the section area of layer i. Considering uniaxial stress along ~e1, this results the
local stress tensor to be expressed as:

σi =

σi11 0 0
0 σi22 0
0 0 0

 (F.3)

Using the following equations, the general stiffness can be related to the local one:
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The local stresses can be related to the global strain using local stress-strain relation in F.4:

σi11 = ε11

[
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]
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]
(F.5)
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[
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]
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]
(F.6)

Furthermore, as the stress is uniaxial along ~e1, this results in having the first global stresses
from F.4 expressed as:

sσ11 = ε11
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(F.7)
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∑
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(F.8)

This gives rise to the following relations:
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Hence, S11 constant can be calculated by using F.9 in F.7 and using the global stiffness first
relation in F.4.
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Similarly, S12 constant can be calculated by using F.10 in F.7 and using the global stiffness
second relation in F.4.
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As for S13, it is calculated using the third relation in F.4, the local expressions of εi33, σ
i
11, σ

i
22

(F.5), F.6), and the local expressions of εi11 and εi22 from F.4.
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F.2 . Loading along ~e3 direction

Loading along ~e3 only with a uniaxial σ, this leads to homogeneous stress:
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Where ei is the thickness area of layer i. Considering uniaxial stress along ~e3, this results the
local stress tensor to be expressed as:

σi =

σi11 0 0
0 σi22 0
0 0 σ

 (F.15)
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Using the following equations, the general stiffness can be related to the local one:
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(F.16)

The second and fourth equation in F.16 results in:

σi11 =

(
S13 − Si12
Si11 + Si12

)
σ33 (F.17)

In addition, the first and fifth equation lead to:

S33σ33e =
∑
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ei(2S
i
12σ

i
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Hence, to obtain S33, F.17 is used in F.18.
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ei(2S
i
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)
+ Si11) (F.19)

Thus, only S44 term remains to be calculated since S66 is related to S11 and S12.

S66 = S11 − S12 (F.20)
F.3 . Shear test in the (~e1, ~e3) plane

A global shear stress tensor is considered:

σ =

 0 0 σ13
0 0 0
σ13 0 0

 (F.21)

This tensor results in the local stress tensor being:

σi =

 0 0 σi13
0 0 0
σi13 0 0

 (F.22)

The shear stress σ13 is applied on the upper surface of normal ~e3 and the side surface of
normal ~e1. In the first case, homogeneous stress is applied where as homogeneous deformation
is applied for the second case. Considering the homogeneous deformation case, this leads to:

1∑
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i
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(F.23)
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Hence, S44 can be expressed as:
S44 =

s∑
i si

1
Si44

(F.24)
Considering the homogeneous stress case, this gives the following set of equations:
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(F.25)

Hence, S44 can also be expressed as:
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i
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Thus, to reach an intermediate value of S44:

S44 = α
s∑

i si
1
Si44

+ (1− α)
1

e

∑
i

eiS
i
44 (F.27)

Where α ∈ [0, 1]. This allows to check the values from both cases, and in the calculation
done for the REBCO tape, 0.5 is chosen as value to consider value of both cases equally.
Thus, all mechanical properties of the REBCO tape can be calculated using the analytical
homogenization.
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G - REBCO Properties Benchmarking using An-
alytical Homogenization and KEFF Procedure

As REBCO is a layered composite (Fig. 3.1), its mechanical properties can be calculated using
analytical homogenization based on classical laminate theory [146] and Cast3m finite element
KEFF procedure [147] in the elastic regime. Table G.1 shows the mechanical properties of the
layers that are considered isotropic. Hence, REBCO tape is transverse isotropic because of the
layered structure.
Local and global stress-strain relations are defined to be to do the analytic homogenization
calculation. The calculation is based on the relation between the local and global
deformations and stresses. Regarding the local stress-strain relation in the isotropic layers, it
can be written using the compliance matrix using the following Voigt representation:

ε̂i = Si · σ̂i εij = Sijk · σik (G.1)
As all layers are assumed isotropic, the local compliance tensor (G.2) is made of two
coefficients, the young modulus Ei and the poisson ratio νi.
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(G.2)

Similarly, the global stress-strain relation can be expressed as:

ε̂ = S · σ̂ εj = Sjk · σk (G.3)
Where the global compliance matrix is expressed as:

S =
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S11 S12 S13 0 0 0
S12 S11 S13 0 0 0
S13 S13 S33 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 S66

 (G.4)

It can be also expressed using the young modulus and poisson ratio as:

Young Modulus (GPa) Poisson RatioHastealloy-C276 167 0.29Copper 117 0.338Silver 74 0.395
Table G.1 – RECBO Layers’ Mechanical Properties
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As for the stress and strains, they can be expressed as:

σ̂ =
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Because of the layered structure of the REBCO tape, the homogeneous conditions vary
depending on the loading conditions and surfaces where forces are applied. To get the
parameters, loading across different directions is considered and the equations are solved in
Appendix F. After analytical homogenization calculation, the relations between the REBCO
tape and the layers’ mechanical properties are found.
To further verify the results of analytical homogenization, finite element homogenization is
done using Cast3m. The Cast3m procedure KEFF [147] is utilized for the homogenization
calculation with the sub-procedure CLPD [148] that defines the stiffness matrix and nodal
forces associated with the boundary conditions and the loading in mean strain for the
calculation. The homogenization method described by Berger [149] is used in KEFF.
In the finite element homogenization KEFF, the calculation is done on a representative
volume element (RVE) assuming that the components of the composite are isotropic and
periodic. The assumptions of small displacement and elastic linear behaviour are considered in
KEFF. The constitutive law is determined in the RVE through an averaging procedure. In this
procedure, the averaged stress and strain over RVE are expressed as:

σ̄ij =
1

V

∫
V
σijdV (G.7)

ε̄ij =
1

V

∫
V
εijdV (G.8)

where V is the volume of the RVE. The relation between the averaged stress and strain is
used to determine the homogenized stiffness matrix. For example, by assuming ε11 is a non
zero constant, first column of stiffness matrix is determined, and the same procedure is
applied for determining the remaining columns of stiffness matrix. Then, from the stiffness
matrix, the orthotropic properties are determined.
Table G.2 shows that the analytical homogenization results are in agreement with that of
KEFF. Furthermore, the hoop modulus and poisson ratio results νthetaz of homogenization are
in accordance with that of tensile testing. However, the radial modulus from diametric
compression test is much lower than that of homogenisation because of the winding effect on
bulk radial modulus.
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Analytical Homogenization Cast3m (KEFF)Radial Modulus (GPa) 147.45 153.23Hoop Modulus (GPa) 150.4 153.75Poisson ratio rθ 0.308 0.306Poisson ratio θz 0.3 0.303Shear Modulus(GPa) rθ 57.84 57.95
Table G.2 – REBCO Properties
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H - Cooling test LN2 SS304 disc / MI CuBe2-SS304

Figure H.1 – Window temperature during cooling test

Figure H.2 – Temperature at the first aluminium Heat Shield

With the PT100 being class B category, its uncertainty is 1.3 K at 80 K, and the DAQ
module used for measurement was NI 9217 that has an uncertainty of 0.02 K. Thus, the
temperature measurement uncertainty for PT100 sensors is calculated using root mean
square, which gives a value of 1.3 K.
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Figure H.3 – Temperature at the fifth aluminium Heat Shield

Figure H.4 – Temperature of the brass support

Figure H.5 – Temperature of the stainless steel 304 disc
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I - Résume en français: participa-
tion aux développements d’un aimant
haut-champ 30 T en REBaCuO

I.1 . Bobine HTS à isolation métallique

Le phénomène de supraconductivité (conduction d’un courant électrique avec une résistance
négligeable) découvert en 1911, a permis l’amélioration de nombreuses techniques et
instruments comme l’imagerie à résonance magnétique (IRM), la résonance magnétique
nucléaire (RMN), les accélérateurs de particules, etc. . . Les alliages niobium-titane,
supraconducteurs ductiles, sont adaptés à des applications où le champ peut atteindre 15 T.
Cette résistance aux champs élevés a permis la réalisation d’aimants supraconducteurs, au
cœur du développement des IRM, de la RMN et des accélérateurs de particules. Les
supraconducteurs étaient jusqu’alors limités par leur faible température critique, appelés
supraconducteurs à basse température "LTS", où la température critique est de quelques
Kelvins, nécessitant un refroidissement à l’hélium liquide (environ 4K). A cette température,
le champ magnétique critique est d’environ 28 T pour le supraconducteur niobium-étain.

En 1986, une nouvelle famille de supraconducteurs a été découverte, les supraconducteurs à
haute température "HTS", dont la température critique est supérieure à 30 K, atteignant
même 92 K dans le supraconducteur YBCO. La température critique de l’YBCO (REBCO) est
supérieure au point d’ébullition de l’azote liquide à pression atmosphérique, ce qui ouvre un
nouveau champ d’applications pour les supraconducteurs. L’emploi d’azote liquide simplifie
considérablement les exigences de refroidissement, l’azote étant moins cher, abondant et
présentant une enthalpie de changement d’état élevée. Les premiers supraconducteurs HTS
découverts étaient basés sur des matériaux de type perovskite/cuprate, mais d’autres
matériaux de la famille des HTS ont été découverts par la suite comme le diborure de
magnésium ou les supraconducteurs à base de fer.

Une haute température critique n’est pas le seul point positif des supraconducteurs à haute
température. On a également découvert que leur champ magnétique critique est beaucoup
plus élevé que les 23,5 T relevés pour le supraconducteur niobium-étain à 4K. Les expériences
telles que l’aimant "Nougat", fruit d’un effort conjoint du CEA Saclay et du LNCMI, ont
montré qu’il était possible d’atteindre 32,5 T. L’aimant hybride du NHMFL a même atteint
45 T, démontrant la capacité des supraconducteurs à haute température à maintenir la
supraconductivité à des champs élevés (l’emploi d’une température cryogénique basse, proche
de celle de l’hélium liquide, est cependant nécessaire). Cependant, le phénomène de quench,
auquel tout supraconducteur est possiblement sujet, s’est avéré être un problème majeur dans
les aimants HTS, contrairement aux aimants LTS.

Le phénomène de quench correspond à une transition soudaine d’un état supraconducteur à
un état résistif dans une partie du matériau. Un emballement peut alors apparaître compte
tenu des forts courants pouvant amener à la destruction complète de l’électro-aimant . La
propagation de la zone transitée (zone de quench) est extrêmement rapide dans les aimants
LTS, allant d’un à plusieurs dizaines de mètres par seconde, ce qui rend la détection et la
protection efficace (section résistive plus grande permettant de réduire rapidement les densités
de courant, alimentation détournée vers une résistance externe). Contrairement aux aimants
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LTS, la propagation de la quench dans les aimants HTS est lente, de l’ordre de quelques
millimètres à quelques centimètres par seconde, ce qui complique considérablement la
détection et la protection contre ce phénomène.

Une configuration d’aimant HTS non isolé (spires conductrices contenant une fine bande de
matériau supraconducteur enroulées les unes sur les autres) a été testée et comparée à celle
de l’aimant HTS isolé. Il s’est avéré que la configuration sans isolation permet de protéger
efficacement l’aimant (il a pu transité plusieurs fois), en permettant au courant de contourner
la région transitée et de passer de manière radiale à la spire supraconductrice la plus proche.
Malheureusement, la vitesse de montée en courant était significativement détériorée à cause
du courant radial généré pendant la rampe en raison de l’inductance mutuelle entre les tours.
Ce problème a été résolu en introduisant la configuration d’isolation métallique (MI), où les
bandes HTS en REBCO sont co-enroulées avec un fin ruban métallique rigide et à haute
limite d’élasticité, cette bande métallique augmente la résistance électrique de contact de
manière significative, diminuant ainsi le courant radial pendant la rampe. En outre, il fournit
un support mécanique à l’aimant permettant d’atteindre des champs plus élevés.

On a constaté que les rubans REBCO se dégradent si la contrainte mécanique dépasse la
limite d’élasticité ou si la déformation axiale dépasse une valeur seuil. La structure de la
bande REBCO impose différentes limites mécaniques qui doivent être respectées lors de la
conception et du fonctionnement de l’aimant. Ainsi, une étude mécanique des aimants MI
HTS REBCO est importante pour assurer leur bon fonctionnement, en particulier pour les
aimants à haut champ où les forces de Laplace sont élevées.

L’objectif de cette thèse est de réaliser une étude mécanique poussée des d’électro-aimants MI
HTS REBCO aux champs élevés. Le format cylindrique plat et creux est retenu (format
galette ou pancake). Différentes formulations analytiques pour évaluer les contraintes et les
déplacements pendant les trois chargements mécaniques principaux (bobinage,
refroidissement, alimentation électrique) sont d’abord proposées. Ces formulations sont
testées et comparées avec les résultats d’une simulation éléments-finis de l’aimant Nougat
développée avec le logiciel Cast3m (cette simulation fait office de simulation de référence).
Nous cherchons ensuite à caractériser le comportement mécanique du REBCO et d’un acier
inoxydable utilisé pour le co-bobinage, grâce à des expériences dédiées dont un essai de
compression diamétrale. Nous avons enfin développé un nouveau dispositif expérimental qui
permet de mesurer le déplacement plein champ des électroaimants à température cryogénique
avec corrélation d’images numériques. Ce dispositif est testé et validé et est utilisé en
situation de refroidissement. Les résultats expérimentaux sont comparés aux formulations
analytiques et aux résultats numériques.

I.2 . Formulations analytiques des déplacements et des contraintes sur-
venant dans une bobine MI HTS

Les électroaimants MI REBCO sont supposés être des cylindres axisymétriques et sans
contraintes de cisaillement (il s’agit en réalité de spirales). Le mandrin en acier inoxydable, le
ruban REBCO et le ruban en acier inoxydable (SS) sont des matériaux élasto-plastiques
ductiles. Cela signifie que leur comportement est linéaire dans la région élastique en dessous
de la limite d’élasticité. Les contraintes dans les rubans sont supposées rester sous leur limite
d’élasticité. Ainsi, l’application du principe de superposition est possible pour obtenir les
champs de déplacement et de contrainte à la suite des trois opérations.
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Le calcul des contraintes et des déplacements est effectué pour chacune des chargements
séparément, à savoir l’enroulement, le refroidissement et l’alimentation électrique. Des
hypothèses de contrainte plane et de déformation plane généralisée (GPS) ont permis de
proposer deux formulations analytiques. En cas de contrainte plane, la contrainte axiale est
nulle, tandis que la déformation axiale est fonction du coefficient de Poisson et des contraintes
dans le plan. En situation de déformation plane généralisée, une résultante axiale est
considérée, somme des densités de forces axiales réparties sur la surface. Cette force peut être
nulle ou non-nulle (une composante axiale des forces de Laplace peut éventuellement être
considérée). En outre, un contact parfait a été supposé entre toutes les spires, c’est-à-dire que
toutes les spires restent en contact les unes avec les autres, et que le déplacement radial et la
contrainte radiale sont continus. Les deux formulations sont comparées au calcul par éléments
finis Cast3m en situation de contrainte plane.

Les calculs sont effectués en coordonnées cylindriques, à partir des équations d’équilibre
générales. En ce qui concerne l’enroulement, il s’agit d’un chargement itératif, où
l’enroulement de chaque nouveau tour avec pré-tension constitue un chargement
supplémentaire pour les tours déjà enroulés. Ainsi, pour trouver le déplacement et les
contraintes finaux, un calcul itératif est effectué tout en respectant la condition de contact
parfait. Le même type procédure est utilisée pour le calcul Cast3m, la définition du contact
étant cependant moins contraignante puisque les spires peuvent être en contact ou séparées.

En ce qui concerne le refroidissement, on suppose que l’ensemble de l’électroaimant MI est
isotherme. La dilatation thermique est implémentée dans la loi de comportement élastique.
L’application de l’équation d’équilibre conduit à une nouvelle forme d’équation différentielle
sur le déplacement. Par continuité du déplacement à l’interface, les contraintes et les
déplacements résultants du refroidissement sont calculés.

En ce qui concerne l’excitation, le champ axial est supposé linéaire au niveau du plan médian
de l’électroaimant. Cette hypothèse est valable en raison de ses dimensions. Selon Gray [115],
cette hypothèse entraîne une erreur négligeable dans les forces de Laplace radiales. La force
de Laplace radiale est finalement implémentée dans l’équation d’équilibre générale comme une
densité volumique de force.

Les formulations analytiques et le calcul EF Cast3m ont été utilisées pour le calcul du
déplacement et de la contrainte d’un électroaimant MI REBCO de référence composé de 50
tours de REBCO+SS (SS: acier inoxydable) et de 10 tours de SS de sur-bobinage afin
d’assurer une pré-tension de 100 MPa. Le refroidissement se fait de la température ambiante
à 4 K, et l’alimentation électrique consiste à injecter 270 A sur chaque enroulement REBCO
pour respecter la limite de supraconductivité du ruban.

Les résultats des calculs montrent que les formulations analytiques et le calcul EF Cast3m
sont en accord pour le calcul des contraintes après bobinage. La contrainte radiale est
négative, assurant un contact entre les spires. Lors du refroidissement, la contraction estimée
est en accord pour les trois calculs. L’état de contrainte diffère cependant entre l’estimation
GPS et le deux autres. L’hypothèse de déformation axiale homogène inhérente à la
formulation GPS en est la cause. Comme pour le refroidissement, on observe une différence
entre les état de contraintes prédits avec l’hypothèse GPS et les autres calculs pour les
simulations de l’effet de l’alimentation électrique. La contrainte radiale totale reste
compressive, ce qui prouve l’importance du sur-bobinage puisque la contrainte radiale était
positive dans certaines régions pendant le refroidissement et l’alimentation électrique.

Les formulations analytiques et Cast3m sont comparées en prenant en compte les conditions
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expérimentales de l’aimant "Nougat" à 30 T de champ central. Les calculs ont été effectués
en considérant les conditions de chargement de la bobine centrale de l’aimant (plan médian).
Les résultats des calculs analytiques conduisent à l’apparition d’une contrainte radiale positive
pour une large portion de l’électroaimant, alors que le calcul EF Cast3m prédit une contrainte
radiale nulle dans les mêmes zones. La différence entre les résultats obtenus via Cast3m et les
calculs analytiques provient du fait qu’un contact unilatéral a été implémenté dans le code E.
Ces résultats indiquent cependant tous que les spires ne sont apparemment plus jointives dans
les régions concernées. L’aimant "Nougat" a cependant fonctionné correctement dans les
mêmes conditions, sans qu’aucun quench nait pu être détecté. Ce constat nous conduit à
devoir réévaluer le comportement mécanique de la bande REBCO et SS puisqu’il conditionne
le niveau des contraintes radiales estimées. Il conviendra alors de vérifier si ces modifications
de comportement ont un impact sur les prédictions.

I.3 . Caractérisation mécanique d’un ruban REBCO / Acier Inoxydable

Pour caractériser les propriétés mécaniques des rubans, deux essais sont utilisés : un essai de
traction et un essai de compression diamétrale. Le premier essai permet d’obtenir le module
Young orthoradial, la limite d’élasticité et un premier coefficient de poisson (νθz). Le second
essai est couplé à une méthode d’identification intégrée des propriétés via un couplage avec un
calcul éléments finis (FEMU) : il permet d’estimer le module de Young radial et un second
coefficient de poisson (νrθ).

Les deux rubans, REBCO et acier inoxydable, sont des matériaux très fins (quelques
micromètres d’épaisseur). Cette faible épaisseur empêche l’utilisation de jauges dont la
présence peut modifier les mesures. La corrélation d’images numériques (CIN ou DIC en
anglais) est employée pour déterminer les déformations lors des essais de traction. La CIN est
une technique de mesure sans contact basée sur la comparaison des niveaux de gris entre
l’image déformée et l’image de référence. Les bandes étant très fines, l’application d’un effort
axial conduit sans autre précaution à une courbure latérale par effet poisson. Cette courbure
peut affecter les résultats de la CIN. Ce problème est corrigé en serrant de manière modérée le
ruban entre deux plaques de plexiglass transparentes. Les résultats montrent que la limite
d’élasticité et le coefficient de Poisson du REBCO sont conformes aux résultats de la
littérature. Les valeurs relevées pour le module de Young de l’acier inoxydable sont en
revanche inférieures à celles attendues.

Comme les rubans ne peuvent pas être très difficilement enroulés sur eux-mêmes, on utilise un
mandrin pour effectuer les tests de compression diamétrale. Le mandrin est en laiton. Deux
enroulements sont alors réalisés en utilisant une pré-tension négligeable : un premier
enroulement est réalisé avec uniquement une bande de REBCO, un second avec uniquement
une bande d’acier inoxydable ( SS). Les premiers essais de compression diamétrale sont
effectués sur un mandrin seul (non équipé de bande). La procédure FEMU est appliquée afin
de retrouver les propriétés élastiques du laiton. Les valeurs identifiées sont cohérentes. Les
propriétés élastiques obtenues sont implémentés dans le calcul FEMU des assemblages "Laiton
+ REBCO" et "Laiton + SS". La procédure FEMU utilise le champ de déplacement obtenu
par DIC et les résultats de chargement expérimental pour ajuster itérativement les paramètres
du modèle EF de l’échantillon tout en utilisant les mêmes conditions aux limites que celles de
l’expérience. Lorsque le critère de convergence du calcul est satisfait (moyenne quadratique de
l’incrément des paramètres), le calcul converge. La procédure appliquée aux deux échantillons,
conduit à des modules d’élasticité radiaux beaucoup plus faibles que les valeurs attendues.

166



Après avoir examiné plusieurs articles concernant le processus de bobinage, il peut être conclu
que le processus de bobinage affecte le module radial global. Les raisons sont multiples : les
imperfections de planéité des bandes, l’existence d’une rugosité de surface, la présence de
poussière et une contrainte d’enroulement trop faible. De plus, on observe aisément que partir
des échantillons utilisés pour les tests de compression diamétrale, on remarque que, aussi bien
pour l’enroulement REBCO que pour l’enroulement SS, l’épaisseur torale de la zone enroulée
est supérieure au produit de l’épaisseur nominale d’une bande et du nombre de tours,
démontrant la présence de fines zones creuses. Un calcul d’homogénéisation a été effectué sur
une portion angulaire du disque, pouvant être considérée comme une structure planaire
multicouches. Le calcul d’homogénéisation a permis de vérifier que l’épaisseur des zones
creuses est suffisante pour expliquer les faibles valeurs du module radial moyen des
enroulements en REBCO ou en SS.

Comme le ruban REBCO est un matériau stratifié, une homogénéisation analytique et par
éléments finis a été effectuée pour vérifier les résultats expérimentaux obtenus. Il a été
démontré que les résultats de l’homogénéisation pour le module d’Young orthoradial et le
coefficient de Poisson νθz sont en accord avec les résultats expérimentaux. Ce n’est pas le cas
en revanche pour le module Young radial ou le coefficient de Poisson νrθ. Les différences
observées doivent résulter du processus d’enroulement.

Les propriétés mécaniques caractérisées expérimentalement sont utilisées dans les calculs
analytiques de l’électroaimant Nougat. On constate une réduction de la contrainte radiale.
Celle-ci reste cependant positive dans la zone discutée préalablement.

I.4 . Mesures de déplacement par corrélation d’images numériques sur un
prototype de bobine HTS

Un nouveau dispositif expérimental a été développé pour mesurer le champ de déplacement
par CIN pendant le refroidissement (jusqu’à 4K) et l’alimentation électrique d’un
électroaimant MI REBCO. Ce dispositif comporte deux fenêtres, l’une pour assurer un
éclairage et l’autre pour la prise de vue par caméra (on observe l’échantillon à l’intérieur du
cryostat et on fait l’acquisition des images pendant le refroidissement et l’alimentation
électrique). Les contraintes de la cryogénie ont été prises en compte lors de la conception de
l’installation. L’électroaimant ne peut en particulier pas être immergé dans le bain liquide. Un
refroidissement par conduction a été choisi, et le laiton est choisi comme support de
l’électroaimant en raison de sa très bonne conductivité thermique. Sa faible résistivité
électrique peut en outre de limiter les courants de Foucault pendant la montée en courant lors
de la mise sous tension.

Dans un premier temps, un disque en acier inoxydable 304 (SS304) est utilisé dans un test de
refroidissement à l’azote liquide pour valider la configuration et l’acquisition des images. Les
premiers résultats de CIN permettent de distinguer un mouvement de corps rigide (RBM) non
négligeable. Sa suppression par calcul permet d’observer un champ de déplacement conforme
à la contraction thermique attendue du disque. Les amplitudes observées sont cependant
inférieures à celles déduites d’une approche analytique simple. Cet écart est le résultat de la
contraction des tiges de support de l’installation G10, ce qui rapproche l’échantillon de la
caméra et conduisant à une dilatation apparente. Cet effet d’agrandissement est retiré des
résultats de la CIN pour obtenir le déplacement réel. Après ce post-traitement, les résultats
expérimentaux sont en accord avec ceux du calcul analytique. Cette expérience a permis de
valider le fonctionnement du montage et de l’acquisition des images.
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Un électroaimant MI enroulé avec une pré-tension de 15 N sur un mandrin en laiton et
composé de bandes de cuivre au béryllium et d’acier inoxydable 304 (MI CuBe2 / SS304) a
ensuite été testé. Nous avons procédé à un essai de refroidissement à l’azote liquide. Comme
dans le test précédent, les résultats de la CIN sont post-traités pour éliminer le mouvement du
corps rigide et l’effet de grandissement. Les résultats obtenus conduisent à une contraction
plus élevée que celle calculée analytiquement en utilisant la formulation en contraintes planes.
Cela indique que soit es coefficients de contraction thermique utilisés pour le mandrin en
laiton ou en cuivre-béryllium à partir des références ne sont pas corrects, soit que l’effet de
grandissement n’a pas été correctement évalué.

I.5 . Conclusion

Dans ce thèse, l’importance de chaque chargement (enroulement, refroidissement et
alimentation électrique) pour maintenir toutes les spires en contact dans un électroaimant MI
a été soulignée. Le pré-tensionnement du bobinage est un facteur important en raison des
contraintes résiduelles de compression qui en résultent. Aussi bien les formulations analytiques
et qu’un calcul EF Cast3m appliqués à l’électroaimant Nougat ont montré l’apparition de
contraintes radiales de traction dans une région étendue de l’électroaimant, indiquant une
perte de contact entre spires, perte de contact non observée expérimentalement.

Ce constat nous a amené à vérifier les valeurs des propriétés mécaniques utilisées pour les
rubans REBCO et SS. Les tests effectués ont mis en évidence le rôle essentiel du mode
d’enroulement. D’après les essais de compression diamétrale, le module de Young radial des
deux matériaux est très inférieur aux valeurs de référence. Ces résultats inattendus
s’expliquent par un processus de bobinage imparfait. Plusieurs articles ont montré l’effet de la
pré-tension sur le module Young radial à travers différentes formulations. Comme pour l’essai
de traction, les deux bandes subissent par exemple une courbure latérale par effet Poisson
[133]. Cette courbure modifie le contact entre les spires et réduit le module d’Young radial
apparent. En outre, la présence de zones creuses dans l’enroulement est souligné en utilisant
par les mesures d’épaisseur. Un calcul d’homogénéisation effectué sur les échantillons "Laiton
+ REBCO" et "Laiton + SS" confirme qu’il est possible d’expliquer ces faibles modules par
cette hypothèse. Les propriétés mécaniques caractérisées expérimentalement sont utilisées
pour procéder à une nouvelle estimation des contraintes dans l’électroaimant Nougat. La
contrainte radiale est réduite mais reste positive.

Pour suivre l’état mécanique in situ d’un électroaimant MI pendant le refroidissement et
l’alimentation électrique, un montage a été développé. Celui-ci permet l’acquisition d’images
de la surface de l’électroaimant pendant les essais. Les images sont analysées par CIN pour
mesurer les champs de déplacement. Dans un premier temps, le montage et l’acquisition
d’images sont validés par un test de refroidissement à l’azote liquide d’un disque en acier
inoxydable 304. Le test a montré que deux post-traitements des résultats CIN sont
nécessaires pour estimer le déplacement réel : le mouvement du corps rigide et l’effet de
grandissement par contraction du montage doivent être supprimés. Malgré ces corrections,
des écarts encore inexpliqués ont été observés entre les résultats analytiques et l’expérience
lors d’un test de refroidissement d’un électroaimant MI CuBe2 / SS304 à l’azote liquide : il
pourrait d’agir de l’emploi d’une valeur erronée du coefficient de contraction thermique du
mandrin ou du ruban CuBe2, ou encore d’une erreur dans l’évaluation du grandissement par
contraction du montage.

La nouvelle configuration a prouvé qu’une observation complète in-situ du champ de
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déplacement des électroaimants MI est possible, ce qui ouvre de nouvelles possibilités pour
différents tests. Un essai de refroidissement à l’hélium liquide doit d’abord être réalisé. Il sera
suivi d’une alimentation électrique d’un électroaimant seul puis couplé à un second pour
assurer une intensité suffisante des forces de Laplace. Il sera alors possible d’observer (ou non)
la perte de contact prévue (et redoutée) entre les spires.
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