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Abstract

All superconductors in high field magnets operating above 12 T are brittle and subjected
to large strains because of the differential thermal contraction between component
parts on cool-down and the large Lorentz forces produced in operation. The continuous
scientific requirement for higher magnetic fields in superconducting energy-efficient
magnets, in applications such as fusion, means we must understand and control the
high sensitivity of critical current density J. to strain €. This thesis presents detailed
J. (B, T,¢,0) transport measurements as a function of field B, temperature 7', strain e
and angle € with respect to the applied magnetic field, on high field superconductors
that include the very widely observed inverted parabolic dependence for J. (¢).

It is usually assumed that a coincidence occurs between the Fermi energy and a
peak in the density of states in the unstrained state which leads to a peak in the
superconducting properties in the unstrained state. The long-standing interpretation of
J. (€) data attributes the inverted parabolic strain behaviour to the averaged response
of the underlying material. Features of the data in this work are identified in both
HTS REBCO tape and LTS A15 wires which show that both of these assumptions are
incorrect.

A new analysis is presented which shows the inverted parabolic nature of J. (¢)
is the result of competition between domains with opposing strain dependencies
and successfully accounts for the features of the data incompatible with standard
assumptions. It is concluded that the origin of the competing domains in REBCO
tape lies in twinned domains and in A15 wires is caused by percolative current flow
across grain boundaries orientated in different directions which respond to an applied
strain in different manners due to the Poisson effect. This work provides fresh insight

into how improvements might be made to high field superconductors under strain.
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Chapter 1

Introduction

Power is the lifeblood of modern human society. Our homes, cities and infrastructure
are dependent on uninterrupted supplies of electricity on truly enormous scales. In 2016
global electrical energy consumption averaged a rate of 3.33 TW, with an additional
15.16 TW of power used in non-electrical applications such as transport and heating;
and 80 % of this power was produced via fossil fuels [1]. Independent of the seriousness
of the effects of COy on the global climate, an inescapable effect of our continued
use of fossil fuels is the reduction in reserves, ultimately to the point where it will
no longer be economically or physically feasible to extract further supply. Estimates
on the amount of reserves accessible vary, however it is clear the timescale is of the
order of a few generations and the issue must be addressed in the present to maintain
future global stability. An acknowledgement of these issues over the past decade
has led to large growth in renewable sources of energy such as wind and solar power.

However such forms of energy production are intermittent and not suitable for providing
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the continuous 24 hour supply demanded by the infrastructure of an economically
developed country. Large scale energy storage is a possible solution to this issue but
would require storage at currently unachievable and unprecedented densities. Nuclear
fission is another way of providing uninterrupted supply with potential fuel reserves of
hundreds of thousands of years, although the perception of nuclear power as unsafe
and the possibility of advancing nuclear proliferation technologies present challenging
political obstacles to its widespread global uptake.
In the early twentieth century Sir Arthur Stanley Eddington [2] said

‘A star is drawing on some vast reservoir of energy by means unknown
to us. This reservoir can scarcely be other than the subatomic energy
which, it is known exists abundantly in all matter; we sometimes
dream that man will one day learn how to release it and use it for
his service. The store is well-nigh inexhaustible, if only it could be
tapped.’

Today we are close to ‘tapping’ this ‘well-nigh inexhaustible’ supply through nuclear
fusion. Often referred to as the ‘holy grail’ of energy production, nuclear fusion is well
on its way to providing clean, uninterrupted, safe energy in a time when we need it most.
The most promising route to harnessing fusion power involves confining a hydrogen
plasma using a very large magnetic field and heating the plasma to temperatures high
enough for the hydrogen to fuse into helium.

There is a long running misconception regarding fusion which is that it is always 30
years away. The truth is, fusion is performed daily in experimental reactors around the

world. In fact, the first reports of fusion reactions from a confined plasma are as early

as 1953. Since then fusion has shown great progress with the performance of successive



fusion devices improving at a rate faster than Moore’s law for transistor density in
microprocessors [3]! However what is still yet to be achieved is the confinement of
a stable plasma producing more fusion power than the power required to maintain
the reaction, which is essential if fusion is to be used in power generation. The ITER
reactor currently under construction is the largest experimental project in the world
with operations due to start in ~ 2025. It aims to be the first reactor to achieve
this important milestone and show without doubt that fusion is a viable method of
power production for the future by outputting a fusion power ten times that needed to
maintain the reaction.

Fusion output scales as the fourth power of the magnetic field used to confine the
plasma [4] so achieving the highest possible magnetic field is of paramount importance.
Going to higher magnetic fields with copper magnets becomes increasingly prohibitive
due to excessive Joule heating at the highest currents resulting in extremely high power
and cooling requirements. The power needed to operate such conventional magnets
far exceeds the potential fusion power output. In much the same way they enable
technologies such as Magnetic Resonance Imaging (MRI), superconductors, with their
ability to carry a lossless current density (zero resistance), are an enabling technology
for fusion energy. The reduction in the magnet power requirements brought about
by using superconducting magnets means more power can be produced by the fusion
reaction than is needed in order to maintain it.

Currently low temperature superconductors (LTS) are the workhorse of all su-

perconducting technologies. The maximum achievable field with these materials is
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limited by their critical parameters. The relatively recent advent of high temperature
superconductors (HTS) means there has been a significant improvement in maximum
achievable field due to these materials being able to carry significantly higher current
densities in high fields. However HTS magnets are still in research and development
stages. The strength of the magnetic fields in current fusion magnets produce very
large strains on the magnets themselves, and these strains become even larger when
considering future higher field HTS magnets where the maximum achievable field can
be so high it is limited by strength of the structural components rather than the critical
parameters of the superconductor. These high strains have a significant effect on the
amount of current that can be carried by the superconductor and cannot be overlooked
in superconducting magnet design. High strains, both tensile and compressive, suppress
the critical superconducting parameters, such as the critical temperature and the upper
critical field, and in extreme cases can suppress superconductivity entirely. This in turn
results in an often-significant reduction of the maximum current a superconductor can
maintain, the critical current. So, unlike copper magnets where strain has little affect
on conduction, when a superconductor is under strain in a magnet it can carry less
current, meaning more turns (and more conductor) are required to achieve the desired
field. Parameterisations of the critical superconducting parameters which include
strain in addition to field and temperature are therefore essential when designing a
superconducting magnet.

The polycrystalline superconducting conductors which are used in magnet pro-

duction have complex microstructures with things such as superconducting filaments



embedded in copper matrices, grain boundaries and twinning to consider. While global
parameterisations are essential, work into understanding the physics on a microscopic
level which determine the macroscopic behaviour is equally as important in order to
drive further improvements in the performance of superconducting conductors under
strain.

With a focus on the HT'S material (RE)BayCu3zO7_s (RE=Rare Earth) this work
aims to understand how strain affects the performance of both LTS and HT'S conductors
on a fundamental level to help direct the future development of advanced conductors
for use in high field fusion magnets and other high field applications.

Chapter 2 presents the fundamentals of superconductivity and fusion. Chapter 3
draws on work in the literature to discuss common technological superconducting
conductors and the effects when strain is applied to these conductors, with a focus on
HTS materials, some discussion of fusion reactor design is also presented. Chapter 4
details the first experimental campaign of this work on an HTS (RE)BayCu307_s
conductor (at fixed angle) and an LTS NbzSn conductor, a field and temperature
dependent bimodal chain model is introduced and used to describe features of the
data which are incompatible with current models. Chapter 5 details the second
experimental campaign of this work, expanding the parameter range for the same HTS
(RE)BayCuzO7_s5 conductor sample, the angular dependencies are discussed and the
data are analysed using the bimodal chain model. Chapter 6 discusses future work to
build on the results of this thesis which will further our understanding of the effects of

strain on high field superconductors.






Chapter 2

Fundamentals of superconductivity

and fusion

2.1 Introduction

Superconductivity is a property exhibited by certain materials where below some
critical temperature they display the properties of zero DC electrical resistance and
expulsion of an applied magnetic field from their bulk. Since its initial discovery
in mercury by H. Kamerlingh Onnes in 1911 [5] hundreds of superconductors have
been discovered including metals, alloys, metallic compounds and even non-metallic
compounds (most of which have critical temperatures close to absolute zero). In 1986
the highest recorded critical temperature increased dramatically to ~ 30 K with the
discovery of superconductivity in cuprates [6]. Through the 1990s several cuprates were

discovered with increasingly high critical temperatures, reaching values higher than the
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boiling point of liquid nitrogen ~ 77 K. Currently the highest critical temperature at
ambient pressure stands at 134 K [7] although critical temperatures as high as 203 K [§]
have been achieved under extreme pressures.

This chapter introduces the basic principles and theories of superconductivity and
nuclear fusion. Section 2.2 discusses the basic properties of superconductors, section 2.3
gives an overview of important superconducting materials, sections 2.4, and 2.5 cover
the phenomenological London and Ginzburg-Landau theories of superconductivity
respectively, section 2.6 covers theories of anisotropic upper critical field, and section 2.7
covers the microscopic BCS theory of superconductivity. Section 2.8 discusses flux
pinning, section 2.9 describes the process of nuclear fusion and section 2.10 provides

concluding remarks.

2.2 Electrical and magnetic properties of a super-

conductor

In zero field a superconducting material will enter the superconducting state below
its critical temperature, T,. The superconducting state is characterised by two unique
properties: zero dc electrical resistance and the Meissner effect.

Proving a superconductor truly has zero dc electrical resistivity experimentally
is limited by the sensitivity of the measurement techniques. Measurements of the

decay of persistent current in superconducting rings have put an upper bound on the
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resistivity of 7 x 10723 Qm [9] (17 orders of magnitude lower than copper at cryogenic
temperatures).

Discovered by Meissner in 1933 the Meissner effect is the exclusion of a small applied
magnetic field from the bulk of the material [10]. Shielding currents flow in the surface
layer of the material resulting in a magnetisation which exactly opposes the applied
field (perfect diamagnetism). The Meissner effect that occurs in a superconductor
differs from the magnetic response expected from a theoretical ‘perfect conductor’. In a
superconductor the exclusion of field from the bulk is not simply a consequence of the
zero-resistance of the (super)electrons to the application of a magnetic field but is in
fact an intrinsic property of the superconducting state. The distinction is demonstrated
by considering the thought experiment of field-cooling a superconductor and a ‘perfect
conductor’. When a superconductor is field-cooled it will expel the applied field as it is
cooled below its critical temperature whereas a ‘perfect conductor’ will maintain the
field in its bulk and subsequently maintain that field in the bulk if the applied field is
changed or removed. These ideas are depicted graphically in figure 2.1.

All superconductors exhibit the Meissner effect when the applied field is small and
are said to be in the ‘Meissner state’. As the magnetic field is increased two distinct
categories of superconductor appear, Type I and Type II, determined by their response
to the applied field.

In Type I superconductors the Meissner state is maintained until some critical field
B, is reached at which point superconductivity is destroyed and the material returns

to the normal state.
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Zero fi.eld cool apply
cooling below T, magnetic field

Superconductor
and ‘perfect
conductor’

field
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Fl.eld apply cool remove
cooling magnetic field below T magnetic field

.
:

Figure 2.1. An illustration of the different responses of a superconductor and a
theoretical ‘perfect conductor’ to a small applied magnetic field. A superconductor
will work to exclude an applied field from the bulk when cooled below its critical
temperature whereas a ‘perfect conductor’ will work to maintain the magnetic state it
was in when it was cooled below its critical temperature.

field
expulsion

Superconductor

field
retention

‘Perfect
conductor’
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Typel Type I

uoM B, B uoM By Bez B

_Bcl’

—B. . .
Meissner Normal Meissner Mixed Normal

Figure 2.2. The magnetic responses of Type I and Type II superconductors to an
applied field for a cylinder [11].

In Type II superconductors the Meissner state is maintained up to some lower
critical field By, above which the material enters the ‘mixed state’ and allows increasing
amounts of the applied field into the bulk in the form of quantised flux vortices called
fluxons which are discussed in greater detail in section 2.5. This continues until the
upper critical field B, is reached and the material returns to the normal state.

The magnetisation behaviours of Type I and Type Il superconductors are shown in
figure 2.2.

B, B, and By all vary with temperature from a maximum at 7' = 0K to zero
at T' = T, as shown in figure 2.3. A theoretical understanding of how the upper
critical field of Type II superconductors varies with temperature is given by W-H-H
(Werthamer — Helfand — Hohenberg) theory [12] which includes temperature through

microscopic BCS theory [13].
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Type I Type IT

BCZ(O)_ BcZ (T)

B0 B.(T)
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Meissner

i
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~

Figure 2.3. Variation of the critical fields of Type I and II superconductors with
temperature.

2.3 Superconducting materials

Superconductivity appears in many types of materials. Generally most superconductors

display Type II behaviour and Type I behaviour is observed primarily in elements.
Some notable classes of material displaying superconductivity are listed below:

Elements are where superconductivity was first discovered. Many (but by

no means all) are known to be superconducting at ambient pressures with more

only showing superconductivity under pressure. Most of these elements are

metals with only a few non-metals showing superconductivity under pressure.

In general elemental superconductors display Type I behaviour and typically

have transition temperatures of the order of 1 K and below. The most notable

exception to this is niobium which displays Type II behaviour and has a critical

temperature of 9.25 K, the highest of any element at ambient pressure. The
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highest reported critical temperature of an element under pressure is in sulphur
at 17K under a pressure of 160 GPa [14].

Metallic alloys where at least one of the constitute elements is superconduct-
ing often also show superconductivity, sometimes with a critical temperature
higher than any of the constituent elements. Currently the most used super-
conducting material is the alloy Nb—Ti. With a moderately high upper critical
field at 4.2 K of about 13T and a high current carrying capacity [7], it is a
good material for making high field magnets. What sets Nb—T1i apart from
other materials with higher upper critical fields and better current carrying
capacities is the fact that it is a ductile alloy that is simple and cheap to
draw into usable wire conductors. This fact has made Nb—Ti into the most
widely used superconductor. Recent results under extreme pressures of up
to 261.7 GPa have given Nb-Ti the record for the highest pressure where the
superconducting state is known to survive as well as the highest known values
of T, and By, of the transition metal alloy superconductors [15].

Many types of intermetallic compound display superconductivity. Arguably
the most important of these are the A15 materials such as Nb3Sn and NbsAl.
NbsSn is the second most widely used superconducting material, with a
higher upper critical than Nb-Ti. Due to the brittle nature of the compound,
conductor manufacture is considerably more complicated. A Nb and bronze
matrix is drawn into a malleable wire which is then wound into the desired

shape before being heated in a furnace allowing the Sn to diffuse into the Nb
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and react to form NbsSn. After this reaction the wire is brittle and cannot be
reshaped. Other important types of compound which display superconductivity
are Chevrel phase materials with upper critical fields of up to ~ 60T [16], iron
pnictide materials with critical temperatures of up to ~ 55K [17] and MgB,
with respectable values of T and By, and a low materials cost [18].

As the focus of this thesis, cuprate materials are deserving of special mention.
The cuprates have a layered crystal structure where CuO, planes, responsi-
ble for the superconductivity, are separated by other layers. This layered
structure leads to highly anisotropic superconducting properties. The two
most important materials in this class are REBCO with the chemical formula
(RE)BayCu3O;_5 (RE= Rare Earth) and BiSCCO with the general chemical
formula BiySryCa,,_;Cu,,O419, (n = 1,2 or 3). Cuprate materials can have
critical temperatures in excess of the boiling point of liquid nitrogen (77 K),
extremely high upper critical fields and carry very high current densities even
in high field. At first glance their properties may make them seem like the
ideal superconducting material, however problems transferring current across
grain boundaries led to difficulties in producing usable conductors. In REBCO
this has led to the development of conductors which are quasi-single crystal
where only ~ 1% of the total cross sectional area of the conductor is the
superconducting material. Due to the present high cost of these conductors
they are not widely adopted for most superconducting applications, however

they are the only conductors capable of operating at the very highest fields
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and temperatures >77 K which accounts for a small but not insignificant
proportion of the superconducting conductor market such as high field re-
search magnets [19,20], fault current limiters [21] and power transmission [22].
Their price is continually dropping as manufacturing techniques improve and
they may one day become a competitive alternative in other areas of the
superconducting market.

A summary of the critical parameters of a small selection of the most important

superconducting materials for high field applications is shown in Table 2.1.

2.4 London equations

In 1935 F. and H. London developed a theory for superconductivity which describes
the Meissner effect and describes how a supercurrent J (r) flows [29]. At its core it

consists of two equations,

B(r) = poi ) (2.1)
B(r)= ,uo)\iv x Js(r), (2.2)

where E is the electric field, B is the magnetic field, r is the position, pug is the
permeability of free space and Ap, is the London penetration depth. Eqn 2.1 shows that
no electric field is required to maintain a persistent supercurrent (zero dc electrical

resistance). Combining eqn 2.2 with Maxwell’s equations we obtain expressions for the
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Table 2.1. T, and B, of a selection of technologically important superconductors.

Material T. (K) Be (T =0K) (T)

Nb? 9.25 0.206

Hg? 4.15 0.0411"
PbsgSng,” 7.3 0.30
InsoSnys® 6.4 0.34
BigPbigIng Snyp” (Cerrolow 136) 6.4 3.3
Nb-Tie 9.5 13.0
Nb3Sn® 18.2 23.0
NbzAld 18.6 32"
PbMogSs® 13.7 56

Ba (FeCo), As,! 25.8 56.47, 64.7+
MgB,¢ 31 34t 49!

YBayCuszOr_s" 90 1207, 2501
BiySryCaCusOgl 84.4 231f
BiySraCayCus Oy 108 2971
HgBayCasCuszOg© 131 1907

* B. (T = 0K), Type I superconductor
T T =42K
"Ble,*Blec
2 Reference [23]
b Reference [24]
¢ Reference [7]
4 Reference [25]
¢ Reference [16]
f Reference [26]
& Reference [18]
b Reference [27]
! Reference [28]
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magnetic field and supercurrent,

V2B (r) = Bg), (2.3)
Vi, (r) = 23 (2”'), (2.4)

which shows that the magnetic field decays exponentially inside the superconductor
with a characteristic length Ap,, giving rise to the Meissner effect. The supercurrent
has the same mathematical form as the magnetic field implying that supercurrent only
flows in the thin layer near the surface of width ~ Ar,. The London penetration depth

is defined as,

*

LRSI — 2.5
. UOe*Q <nS> ( )

where m?, e* and (ng) are the effective mass, effective charge and average density of

the supercurrent charge carriers respectively.

2.5 Ginzburg - Landau theory (GL theory)

Ginzburg-Landau (GL) theory was developed in 1950 [30] and is arguably the most
powerful theory of superconductivity for describing properties in magnetic fields due
to its applicability in a wide range of systems and its accurate prediction of the
properties of a wide range of superconducting materials. It is a phenomenological
theory which makes no assumptions regarding the underlying microscopic mechanisms

causing superconductivity. Strictly only valid in the region T" ~ T, surprisingly its
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results are often applicable over a large temperature range. Despite its accurate
predictions the theory was not widely accepted until 1959 when it was shown its results
are derivable from the microscopic BCS theory [31], discussed in section 2.7.

GL theory is an extension of the Landau theory of second order phase transitions [32].
A position dependent complex order parameter 1 (r) is defined such that, ¢ (r) = 0 for
T > T, and the modulus squared of the order parameter is equal to the local density of
supercurrent charge carriers, [ (r)|> = ng for T < T,. In the temperature region near
T, the Gibbs free energy density gs is expanded in powers of [¢ (r)|* and |V (r)|?,

and a term to account for the magnetic energy density is included to give,

gs = gn+a(T> |¢|2 +

4 . * 2 2
BOIE | NY = Aol | (B oHu)

2ms 210

€

where g, is the Gibbs free energy density in the normal state, « (T") and 5 (T) are
temperature dependent coefficients, A is the local magnetic vector potential, B is
the local magnetic field and H,p, is the applied magnetic field strength [33]. o (T)
and [ (T') are expanded in powers of (T, — T) o< (1 —T/T¢). In order to satisfy the
condition that the free energy must have a single minimum at ¢v» = 0 for T > T,
and a minimum at ¢ # 0 for T' < T, the temperature dependencies are taken to be
a(T) = —ag (1 =T/T.) and B (T) =~ By to first order, where oy and [y are material

dependent positive constants.
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By minimising the Gibbs free energy with respect to variations in ¢ and A the

following coupled differential equations are obtained,

o (HY + ¢ A+ o+ Bl =0, (2.7)
ihe* | . e*? 2
T, = 0 v - Vo) - AP, (2.8)

In general these equations cannot be solved analytically. However, by considering
certain geometries many important results can be obtained. Considering eqn 2.7, for

the zero field case of a semi-infinite superconductor in the x direction, the result,

¥ (x) = 1o tanh NoTa (2.9)
2 O _%( T
el ==5=7% (1 Tc> ! (2.10)
h
& = 2z ol (2.11)

is obtained where x is the distance inside the superconductor from the surface, ¥,
is the value of the order parameter deep inside the superconductor (r — oo) and &
is the ‘coherence length’ which is the characteristic length scale over which the order
parameter varies. Considering eqn 2.8 for the same geometry with an applied field in
the z direction we obtain a differential equation for the magnetic vector potential,

2 *2 2

1z y (). (2.12)
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From this equation we find that in the case of x > ¢ the applied field decays ex-
ponentially within the superconductor with a characteristic decay length of A} =
m*/poe*? [1hso|? (i-e. the London penetration depth) in agreement with eqn 2.3. In the
region close to the surface of the superconductor x ~ ¢ there is a small correction to
the result obtained from the London equations which reduces the gradient of the decay
near the boundary. In GL theory £ and Ap, are the characteristic length scales which
determine the properties of the superconductor.

The thermodynamic critical field B, is obtained by considering the order parameter
deep inside the superconductor (¢ = 1), when the magnetic energy density equals the
difference between the Gibbs free energy density in the normal and superconducting

states,

2
2 = gu g = —alel - g0l = —a (=5) - 30 (-5) -
This corresponds to the critical field of any superconductor since it provides a thermody-
namic critical field for Type II superconductors although it cannot be directly measured.
In a Type II superconductor B. is such that the area under the magnetisation curve is
equal to the area under an imaginary Type I like magnetisation curve with a critical
field of B..

There is a surface energy associated with forming a normal-superconducting bound-
ary. It can be shown that this surface energy is positive for k = A, /¢ < 1/v/2 (Type 1

behaviour) and negative for x > 1/4/2 (Type II behaviour), where  is known as the
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Figure 2.4. Contour plot of WOO\Q calculated from GL equations showing the triangular
flux line lattice for an applied field just below B.o, contours also represent contours of
B and streamlines of the supercurrent [35].

GL parameter. The mixed state of Type II superconductors represents the formation
of additional internal normal-superconducting boundaries, lowering the free energy of
the system. Abrikosov [34] showed that these additional boundaries take the form of
flux lines with a normal state core of radius ~ &, where each fluxon consists of a single
quantum of magnetic flux, ®; = h/e* = 2.07 x 107 Tm? These fluxons penetrate
the entire superconductor with supercurrent vortices flowing around them. The most
stable arrangement for these flux lines is a triangular lattice (cf figure 2.4) [35]. This

theoretical solution agrees with experimental results [36].



22 Fundamentals of superconductivity and fusion

The upper critical field can be calculated from the GL equations by analogy with

solutions for the quantum harmonic oscillator and is given by,

o omeR

Beo (2.14)

The results of GL theory imply & is temperature independent since £ and Ar, have the
same temperature dependence. This is only strictly true in the region of T, and & is
in fact a function of temperature [37]. The theoretical treatment of the temperature

dependence of k is covered in section 4.4.

2.6 Anisotropic By

2.6.1 Anisotropic GL theory in homogeneous materials

In a homogeneous anisotropic superconductor, the anisotropic properties can be ac-
counted for using anisotropic GL theory. The effective mass term is replaced with an
effective mass tensor. The effective masses in the principal crystallographic directions
m;, where ¢ indicates the direction, are normalized by (mambmc)l/ % such that the
product of the normalised effective masses m; gives m,mpm, = 1. The coherence

lengths &; and penetration depths \; in the principal directions can then be written as,

~

& =E(m) 7, where €= (&.66)"7, (2.15)

A=A (m) 2, where A = (Aadpo)?, (2.16)
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and the upper critical fields in the principal directions BY, can be written as,

P
By =2 2.17
? 27T£b§c ( )
P
b 0
2.18
c2 271—53,5(;’ ( )
P
BS, = . 2.19
c2 27_[_5&5}) ( )

It is noted that \; relates to screening caused by supercurrents flowing in the ¢th

direction and not the direction of the magnetic field being screened.

2.6.2 Layered superconductors

In most anisotropic superconductors, the anisotropy is the result of a layered structure
at the microscopic level. These layered structures consist of alternate layers of super-
conducting material interspaced by non-superconducting (or weakly superconducting)
material. This means the material is inhomogeneous at the microscopic level and
anisotropic GL theory is not always applicable. If the material can be considered as
three dimensional (i.e. the superconducting layers are strongly coupled) then anisotropic
GL theory can be applied. However, if the material should be considered as stacked
2D layers (i.e. when the layers are weakly coupled or not coupled) then it must be
dealt with in a different manner.

In layered superconductors it is common to define the c-axis as normal to the plane
of the layers and for m; in the plane of the layers to be independent of direction such

that m, = my = ma, = m| # mc. = m,, where m and m  are the effective masses
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parallel and perpendicular to the plane of the superconducting layers respectively. It is

convenient to define a dimensionless anisotropy parameter

(2.20)

1
<m¢>2 AL g BL|2
~ my S

my) N & B

where || and L indicate the values of the respective parameters in the direction parallel

and perpendicular to the plane of the superconducting layers respectively.

2.6.3 Lawrence — Doniach Theory (LD theory)

Lawrence — Doniach (LD) theory gives a guide for determining how a layered super-
conducting material can be dealt with [38]. In LD theory a layered superconductor
is considered as infinitesimally thin superconducting layers separated by insulating
material of thickness s and additional terms are added to the GL free energy, eqn 2.6,
to account for this.

LD theory shows that when &, > s/2 the layers are strongly coupled, and the
material can be considered as 3D. In this strong coupling limit the angular dependence
of B.s is calculated using anisotropic GL theory by taking an anisotropic generalisation
of the quantum harmonic oscillator calculation used to calculate eqn 2.14 to give the

result

Bes (0) cos b ? Bes (0) sin 6 2_
( 51 ) n ol =1, (2.21)
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where 6 is the angle between the direction perpendicular to the superconducting layers
and the magnetic field [39]. The solutions of which are given by
B

Bey () = . 92.22
2 (6) (cos? f + 2 sin? 0)1/2 (2:22)

When &, < s/2 the layers are considered weakly coupled resulting in 2D behaviour. In

this situation B is given by

Do

Bl, ~ :, (2.23)
ors? 2 |?
TSy — fﬁ
when the field is applied parallel to the superconducting layers and by
P
1 0
= — 2.24
c2 o fﬁ ) ( )

when the field is applied perpendicular to the superconducting layers [40]. LD theory
does not give an angular dependence for B, in the weak coupling limit.

&1 is a function of temperature and hence whether a layered superconducting
material should be considered as 2D or 3D is also a function of temperature. The

crossover temperature Tsp_op is determined when £, = s/2 and is given by

EENEAY
1 72<S>]. (2.25)

In BiSCCO and YBCO T3p_,9p is approximately (7, — 0.1 K) and 78 K respectively [39].

T3pop = Tt
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2.6.4 Tinkham’s model for two dimensional thin films

In the limit of very weak coupling s > £, LD is no longer applicable. In this limit we
can assume zero coupling between the superconducting layers and we consider them as
individual layers. This contrasts with LD theory where the layers are considered to be
infinitesimally thin.

Tinkham developed a model for the angular dependence of B in an isolated 2D
superconducting thin film of thickness d [41], this has also been shown to be applicable
in layered superconductors with very weak coupling [42]. In this system it is the
lower dimensionality of an otherwise isotropic material (or layer) which gives rise
to the anisotropic behaviour. A superconducting thin film is considered 2D when
¢ > d. Hence, when the field is applied parallel to the plane of the film the vortex size
perpendicular to the plane is determined by the thickness of the film, not the coherence
length. The free energy of the system is therefore reduced compared to if the vortices
were limited in size by &, which in turn affects B.;. By considering this modified free

energy the angular dependence of B, is found to satisfy the equation

| Bez (6) cos d) (BCQ () sin9>2
—+|— =1 2.26)
B B (
The solutions of which are given by
cos?f + 4sin? 0/~ . — |cos 6
B (0) = Bl [~ o) 227

25sin? 0 ’



2.6 Anisotropic Bes 27

where Yrinx = Bl /B5=¢/do (1-T/ Tc)_l/ 2 which differs from + because B}, has

different temperature dependence.

2.6.5 Mineev’s general expression for B,

In real materials there is no clear transition from 2D to 3D behaviour and in this
transition region it is difficult to know which, if any, theory of anisotropic layered
superconductors is applicable. In an attempt to address this, Mineev [43] considered
superconducting layers of thickness d separated by insulating layers with interlayer
spacing s, combining the ideas of LD theory and Tinkham thin film model, to derive a

general expression for By as a function of angle

[SII=

N 2
(B‘Q(Q)Slne> + B2 (0) (C082 0+~ sin® 9) =1, (2.28)

V1B B
where v* = (m /my)""*, 71 = (Bl/BS) (1= Bh/yBY) " o (1 = /1) 2. Tt is
important to note that while v* plays a similar role to in the equation as v in anisotropic
GL theory, it is distinct as it does not represent the ratio of By in orthogonal directions
v F# Bl'Q/ B

A comparison of these three anisotropic models of B, is shown in figure 2.5. The
anisotropic GL model gives a normalised B., which is independent of temperature, the
Tinkham 2D thin film model is temperature dependent with a sharper peak at higher
temperatures and a discontinuity in the first derivative at the peak, and the Mineev

general expression shows a peak sharpness between the two extremes, temperature
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Figure 2.5. A comparison of the three anisotropic B.; models presented in this section
for three reduced temperatures t = T'/T,. The anisotropic GL model has v = 5, the
Tinkham 2D thin film model has vy, (7= 0K) = 5 and the Mineev general expression
has Bl,/B% (@T = 0K) = 5 and v* = 10.

dependence and a continuous first derivative at the peak. The Mineev general expression
can lie anywhere between the extremes of the anisotropic GL model and the Tinkham
2D thin film model depending on the values of BQQ /B5 (QT = 0K) and ~*. It reduces
to anisotropic GL when B(UQ/BCL2 (QT = 0K) = v* with v* = v and to the Tinkham

2D thin film model when v* — oo with BL‘Z/BCL2 = VTink-

2.7 BCS theory

Developed in 1957 by Bardeen, Cooper and Schrieffer, BCS theory [13] is a theory
of the microscopic origins of superconductivity for conventional, low temperature

superconductors. Without going into the detailed mathematical derivations, the
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following section gives an overview of BCS theory and its results. References [44-46]

give a more detailed description of the formulation of BCS theory and its results.

2.7.1 Cooper pairs

Frohlich proposed there exists a coupling mechanism between two electrons (of pre-
scattering momenta k and —k) in a Fermi sea of electrons via the transfer of a phonon
which produces an attractive potential V (k, k") [47]. Later Cooper showed that for
electronic states within hwp (where wp is the Debye frequency) of the Fermi surface
this attractive potential is always greater than the Coulomb repulsion between the
electrons and results in a bound state independent of how weak the attractive potential
V (k, k') is [48]. The interaction is maximised for states with opposing momenta k
and —k. Assuming an interaction potential

—Vo, if |ex| and |ey/| < Awp,
V(k,K) = (2.29)

0, otherwise,
where ¢, is the difference in energy between the electronic state and the Fermi surface,

it can be shown the resulting binding energy between the two electrons FEjy, is given by

Eb = 2th exp — (230)

N (0) Vo'
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where IH: (in equation) italics removed from D in omegapN(0) is the density of states
(neglecting spin) at the Fermi surface for "= 0 K. It can also be shown the bound
electrons have antiparallel spins. This bound state is known as a ‘Cooper pair’.
While a phonon mediated interaction between two electrons is the basis of su-
perconductivity in classical superconductors it is important to note that a phononic
mechanism is not required to show superconductivity. Superconductivity follows within
the framework of BCS theory for any pairing mechanism which produces an attractive

interaction between two change carriers in states close to the Fermi surface.

2.7.2 The energy gap and results of BCS theory

BCS theory extends this interaction from a single pair of charge carriers to a whole
system of charge carriers. It is found there is an energy gap A (T') at the Fermi level
between the normal and superconducting states, implying that an excitation of energy
2A is required to break a Cooper pair. Conventional BCS theory assumes ‘weak

coupling’, |A| < hwp < ¢f, in this limit the zero-temperature energy gap is given by

A (0) = 2hwp exp — (2.31)

N(0) Vo

Figure 2.6 shows the temperature variation of the superconducting band gap.
BCS theory predicts that all Cooper pairs will have the same momentum, analogous
to a Bose-Einstein condensate, because of this, scattering is prohibited and zero dc

electrical resistivity results.
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A(T) 4

A(0)

Figure 2.6. Plot of the variation of BCS energy gap with temperature.

The BCS critical temperature is defined as

1 2A(0)
N(0)Vy 352 °

kT, = 1.14hwp exp — (2.32)

The ‘isotope effect’ is an important test of BSC theory that comes from this relation.
The Debye frequency depends on the mass of the lattice ions M as wgl/ ® hence
T, oc M~/2. Substituting the lattice ions with different isotopes will change M and
therefore vary T, with no effect on the electronic structure. Experimental confirmation
of the isotope effect is one of the earliest successes of BCS theory and confirms
conventional superconductivity is caused by a phonon mediated interaction [49].
Many superconductors do not follow the predictions of BCS theory and are known
as unconventional superconductors, this is due to the breakdown of the assumptions
of BCS theory such as: phonons mediating the attractive interaction, the simplified

interaction potential and weak electron—phonon coupling.
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2.8 Flux pinning

For a Type I superconductor it is clear the maximum transport current that can be
carried without resistance is equal to the current for which the field at the surface is
equal to H. and the supercurrent flows in a thin layer near the surface of thickness
~ A, as previously discussed in section 2.4.

When in the mixed state a Type II superconductor supports supercurrent flow
throughout the bulk of the material, not just in the surface layer. The application of
a transport current will result in a Lorentz type interaction between the fluxons and
the transport current causing the fluxons to move, resulting in an electric field and
dissipation. A perfect infinite bulk material of Type II superconductor in the mixed state
cannot support a lossless transport current in high fields at all. This appears to be in
contradiction with the large lossless transport currents found experimentally that make
Type II superconductors so useful in high field applications. The apparent contradiction
is reconciled by considering that no material is perfect. Fluxons lower their free energy
by being located at inhomogeneities such as grain boundaries, precipitates and lattice
defects. The Flux Line Lattice (FLL) distorts from the regular, periodic arrangement
of the Abrikosov lattice (cf. figure 2.4) by allowing fluxons to pass through these
inhomogeneities. These inhomogeneities are collectively known as ‘pinning centres’.
The critical current density J. required to remove the FLL from its pinning centres

and to start flux flow is defined by

F,=J.x B, (2.33)
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where F';, is the flux pinning force density, a material property dependent on the type(s)
of pinning centre present. J. represents the maximum current density for which a
lossless current can flow and is the useful working limit for high field applications.

A complete understanding of the functional form of F', is a complex subject that
requires understanding not only the behaviour of an individual type of pinning centre
but also the effects of having numerous different types of pinning centre present in the
same material, how the FLL distorts and how the fluxons interact with one another. A
brief description of the most successful theories of flux pinning are covered below.

Most superconductors follow the same scaling law for [}, of the general form

Bn
F, oc —=2pP (1 —b)?, (2.34)
ij

where n, m, p and ¢ are constants and b = B/ B, is the reduced field [50]. Two key
features of this scaling law are: the temperature and strain independent universal
curve behaviour found when F,/F}, max is plotted against b, and that F}, .y scales with
temperature and strain as I max < Bl /K™ [51].

Dew Hughes [52] considered pinning centres with different interaction types and
geometries, and calculated scaling constants for them. The scaling constants p and ¢
were found to be different half-integer values depending on the type of pinning centre,
n was found to equal 2 for all types of pinning centre and m was found to be either 2
or 3 for the majority of types of pinning centre. Then by assuming the FLL can be

considered as plastic and fluxons distort to match the arrangement of pinning centres
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F, can be considered as the elementary pinning force of a single pinning centre f,
multiplied by their density n,. The physical consequence of this simple model is that
all fluxons are ‘depinned’ simultaneously when the transport current reaches J..

A more realistic description of F}, for polycrystalline materials was introduced by
Kramer [53] where the interaction between fluxons means the FLL must be considered
as elastic and fluxons are not able to distort arbitrarily to match the arrangement of
pinning centres. This results in some fluxons being strongly pinned by pinning centres
while others are only weakly held in place due to the elasticity of the FLL. Here J. is
interpreted as the current where the Lorentz force overcomes the elasticity of the FLL
causing the weakly held fluxons to flow around the strongly pinned ones. The scaling
constants from this analysis give n = 2.5, m =2, p = 0.5 and ¢ = 2.

No one flux pinning model is suitable to describe all superconductors. For example
Nb-Ti is best described using a plastic FLL with p =1 and ¢ = 1 indicating volume
pins are the dominant pinning mechanism [52,54]. Whereas Nb3Sn is best described
using an elastic FLL with p = 0.5 and ¢ = 2, where above J. flux flows along the grain
boundaries [55,56]. The general scaling law appears to be valid for most high field
superconductors although the scaling constants p and ¢ may not agree with any one

theory.
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2.9 Nuclear fusion

Fusion utilises the principle of mass-energy equivalence E = mc? to produce energy by
fusing lighter nuclei together to produce heavier nuclei. Fusing two nuclei together is
no small feat with temperatures of tens of millions of degrees required to overcome the
Coulomb barrier wanting to keep the nuclei apart. The most ‘well-known’ place such
extreme conditions exist is in the core of our Sun with temperatures of ~ 15 million K,
high enough to cause protons to fuse together into helium through the so-called p-p

chain.

2.9.1 The fusion reaction

Unfortunately, the same p-p chain cannot be used for power generation here on Earth
as the reaction rates are too low [57]. Instead a more favourable reaction must be

selected, the reactions worth consideration are

D +ID — 3T + {p + 4.03 MeV,
iD + 1D — SHe + {n + 3.27 MeV,
SHe + 2D — iHe + Ip + 18.4MeV,

2D + 3T — $He + n + 17.6 MeV.

The reaction rate per unit volume R is given by R = niny (cv) where n; and ny are
densities of the two reactants, and (ov) is the thermal reactivity which is a strong

function of temperature. Figure 2.7 shows the temperature dependence of (ov) for



36

Fundamentals of superconductivity and fusion

102
/l \‘\. L4
4 H
d e wd b
b < i
10° / f /
P
@ @/HH
% 7
3 Q A
Q ’ Iy
/ / "
1028 / WLy /
: A
- ] /;/’/ 7
8 / 7 =17
™ ,_:' Q
I Al Z4d0in/d
% F— f
) / 17
] 7
Y
-/
10% / ﬁ AL /
A f
! / | [
] 1 ]
/ / /
10-26/ // / / ]
1 10 102 103

Kinetic temperature (keV)

Figure 2.7. The thermal reactivity (ocv) of the important fusion reactions as a function

of temperature [58], 1keV = 11.6 million K.

these reactions (1keV = 11.6million K). The D-T reaction has a cross section two

orders of magnitude higher than the other reactions making it the clear choice for

maximising the fusion energy output.

2.9.2 Magnetic confinement

Temperatures in excess of 100 million K are required in order to achieve an appreciable

reaction rate and unlike the Sun we do not have the luxury of a large gravitation
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pressure to confine the hot D-T plasma. The leading method of achieving plasma
confinement is Magnetic Confinement Fusion (MCF). A magnetic field B is applied
to the plasma. This results in a Lorentz force exerted on the charged particles of the
plasma causing them to gyrate around the field confining them in the direction 1. B
although the particles are still free to travel || B. The radius of this gyration is the

Larmor radius rp, and is given by the equation

(2.35)

where m is the particle mass, v, the particle velocity in the direction perpendicular
to the magnetic field and e is the electrical charge of the particle. To achieve 3
dimensional confinement, the field lines are wrapped around into a toroidal shape so
particles continually circulate around the torus. To keep the particles confined within
a reasonable volume, the largest Larmor radius (~ cm) must be much smaller than
the dimensions of the confined volume of plasma, requiring a magnetic field of ~ 5T.

The toroidal geometry introduces significant particle drifts due to the curvature
and gradient of B that cause confinement to be lost. These drifts are counteracted by
adding a poloidal component to the magnetic geometry (cf. figure 2.8) which transposes
the particle positions around the cross section of the torus. There are many ways of
establishing this non-trivial magnetic geometry, the most developed of which is known
as the tokamak and is the basis of the vast majority of currently operating fusion

devices. In a tokamak the toroidal component of the field is produced using external
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Figure 2.8. The magnetic geometry of a fusion tokamak [59].

magnets and the poloidal component is produced by inducing a large current in the
plasma by ramping a central solenoid magnet.

Although this geometry produces good confinement, the plasma still slowly diffuses
radially outward. At the edge of the plasma there is a thin layer known as the scrape-off
layer. When particles enter this layer, they are quickly transported to the divertor at
the bottom and/or top of the vessel and removed from the plasma. A cross section of

a typical tokamak showing the scape-off layer and divertor is given in figure 2.9.

2.9.3 The fusion triple product

The fusion triple product is used to determine the ‘performance’ of a fusion plasma
using the particle density n, the temperature 7" and the energy confinement time 7
(the average time any single particle is confined before it leaves the system). Above a

critical value of the fusion triple product, known as the ‘Lawson criterion’, the power
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Figure 2.9. Cross section of the ITER reaction vessel, red lines represent magnetic flux
surfaces [60].
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released by the fusion reactions is enough to maintain the temperature of the plasma
without external heating sources which is the key milestone for using fusion as an

energy source. For a D-T fusion plasma this criterion is given by [61]

nT7e > 5 x 102 m3skeV. (2.36)

A fusion plasma with a triple product higher than the Lawson criteria is said to have
"ignited". In an idealised situation such a fusion plasma would be self sufficient so
long as the density and energy confinement time are maintained. However, in reality
the external heating systems can never be turned off completely as these systems
also perform other functions such as injecting additional fuel, shaping the plasma and

providing current to the plasma to maintain the poloidal magnetic field.

2.10 Concluding remarks

BCS theory is often thought of as the ultimate theory of superconductivity as it
describes its origins on a microscopic level. However, for practical applications we find
BCS theory is only applicable in a small number of systems. While giving no insight
into the microscopic origins, the phenomenological GL theory can be used to describe
the vast majority of superconductors in magnetic fields. When used together with
theories of flux pinning, GL theory provides the basis for our understanding of most
superconductors in magnetic fields which is one of the important considerations in this

thesis.



Chapter 3

Superconducting conductors, their

strain dependence and applications

3.1 Introduction

It is a common misconception outside of the superconductivity community that su-
perconductors with the highest critical temperature are the best materials for making
conductors capable of carrying large currents. However, this is not the case and issues
such as low J. in high fields, severe drops in J. over grain boundaries and difficulties
in forming the materials into traditional wire shapes are key issues in the development
of usable HTS conductors. Such issues have now largely been overcome and while
LTS conductors still dominate the market for most applications, superconducting
devices using BiSCCO and REBCO conductors are becoming more widespread as costs

continue to fall.
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This chapter will review the manufacture and properties of common HTS conduc-
tors, and discuss design issues associated with magnetic confinement fusion reactors.
Section 3.2 reviews the properties of HT'S materials, section 3.3 reviews the architecture
of different HTS conductors, section 3.4 reviews the strain dependence of LTS and HTS
conductors, section 3.5 reviews a bimodal model which explains the strain dependence
of REBCO tapes in zero field, section 3.6 reviews some selected aspects of fusion reactor

design and section 3.7 provides concluding remarks.

3.2 HTS materials

Prior to the discovery of the cuprate superconductors, superconductivity was generally
considered as a ‘mature’ field of science. The highest critical temperature under
ambient conditions was 22.3 K found in Nb3Ge [62], a conventional superconductor
which can be understood through the framework of BCS theory and its extensions.
In BCS theory T is linked to the vibrational frequency of the phonons exchanged
between the electrons in a Cooper pair and it was thought this limited the maximum
possible T, under ambient pressure to approximately ~ 30K [63]. So, the discovery of
superconductivity in the cuprate materials at significantly higher temperatures, higher
even than the boiling point of liquid nitrogen at 77 K, was entirely unexpected.

The initial discovery of superconductivity in the cuprate BayLas_CusOy in 1986

with T, = 30K [6] earned its discoverers, J. Bednorz and K. Miiller, the Nobel prize
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in physics in 1987. In the years that followed several superconducting cuprates were
discovered in quick succession with increasingly high T..

It was quickly established that cuprates cannot be described by conventional BCS
theory, hence they are commonly referred to as ‘unconventional” superconductors. They
show a number of ‘unconventional’ properties including d-wave pairing symmetry [64,65]
and the existence of a pseudogap at temperatures above T, [66]. There are several
competing theories regarding the origin of superconductivity in the cuprates such as:
resonant valence bands [67], polaron-bipolaron [68] and spin fluctuations [69], and there
is no clear evidence or consensus as to which of these theories holds the most, or any

merit.

3.2.1 Properties and structure of REBCO and BiSCCO

The crystal structure of the cuprates consists of stacked CuQO, planes interspaced by
other ions/atoms, the unit cells are tetragonal or orthorhombic (close to tetragonal)
and are highly anisotropic between the ab-plane and c-axis directions. Orthorhom-
bic cuprates display twinning in the ab-plane along the (110) directions. The most
important cuprates for applications are BiaSroCaCusOg (Bi-2212), BiySraCagsCuszOqg
(Bi-2223) and (RE)BayCu3O7_s where RE is a rare earth element such as Y, Sm, Eu,
Gd or Nd (REBCO). Their crystal structures are shown in figure 3.1.

The superconductivity is caused by and to some extent is confined to the CuOq
planes. The cuprates can essentially be considered as layered superconductors where

there are alternating layers of superconducting and non-superconducting material lead-
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Figure 3.1. Crystal structures of REBCO [70], Bi-2212 and Bi-2223 [71].

ing to a high anisotropy of the superconducting properties. The coherence lengths & are
short and the penetration depths A are long compared to conventional superconductors,
particularly in the direction of the c-axis. Some of the important superconducting

parameters for REBCO, Bi-2212 and Bi-2223 are listed in table 3.1.

3.2.2 The irreversibility field Bj.,

In conventional superconductors J. — 0 as B — B.,. However, in the cuprates there
is an additional irreversibility field Bj., below B above which J. = 0 A, despite still
being in the superconducting state whereas By delineates the superconducting and
normal phases. The existence of By, is attributed to thermally activated flux jumps

causing the fluxons to no longer be pinned above B;,, reducing the flux pinning force
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Table 3.1. Some important properties of LTS and HTS materials used in commercially
available conductors

Material T, (K) Be(0) A(0) (nm) £(0) (nm) a (nm) ¢ (nm)

Nb-Ti 9.5% 13.02 163P 3.4¢ 0.3284 -
NbsSn  18.22  23.02 93.5¢ 2.73¢ 0.5289¢° -
120ff 894Ts 0.378fc
REBCO  90f 0.3818° 1.1683¢
250 1351 1.29%c

3000™ 0.324fh

Bi-2212  84.4¢  231fc _ 0.5410° 3.0930¢
300H 3.24%
1160™ 0.408™

Bi-2223  108°  297fc ‘ 0.539¢ 3.7¢
1654 2.86%

"BletBLc

2 Reference [7]

b Reference [72]
¢ Reference [28]
4 Reference [73]
¢ Reference [74]
! Reference [27]
& Reference [75]

[76]
! Reference [77]
J Reference (78]

h Reference
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to zero [79,80]. For cuprates in the region near T, Bj, follows the power law relation

Bn~a(l—1t), (3.1)

where a and s are constants and t = T/T. is the reduced temperature [81]. For
thin films s &~ 1.2 and for bulk crystals s ~ 1.5. Bj, also exists in conventional
superconductors however it is usually so close to B., it becomes indistinguishable
from it due to the transition width [39]. In magnetic measurements Bj,, is generally
determined by the field at which the magnetisation of a field cooled and zero field
cooled sample deviate [81]. However, care must be taken when interpreting magnetic
measurements depending on the measurement technique used. It has been shown that
in vibrating sample magnetometry (VSM) the signal falls to zero when the effective
AC field penetrates the whole sample before J. falls to zero and this may be incorrectly
interpreted as By, [82]. In transport measurements the point at which the resistance of
the sample (measured using a small excitation current) is no longer zero is interpreted
as Bj, and the point at which the resistance is equal to the normal state resistance is

interpreted as By [83].

3.2.3 The grain boundary ‘problem’

Early experiments on cuprate single crystals showed it could support critical current
densities at low temperatures far greater those attained in Nb-Ti and NbzSn [84-86],

raising hopes cuprates would quickly surpass conventional superconductors as the
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material of choice for high field magnets. However, these hopes were quickly shattered
when the critical current density of polycrystalline samples was found to be orders of
magnitude lower [87].

It quickly became apparent that the critical current density across a grain boundary
decreases rapidly with the misorientation angle g, between the adjoining grains [88].
The twin boundaries in the ab-plane for orthorhombic cuprates have J. comparable
to the grains. So, for the purposes of grain boundary misorientation all cuprates can
essentially be considered to have tetragonal symmetry.

There are three types of misorientation between grains known as [001] tilt, [100]
tilt and [100] twist, the nature of which are summarised in figure 3.2. Experiments
on bi-crystals show the critical current density falls approximately exponentially with
increasing fgp, of [001] tilt in nature [88-91] and further experiments found this behaviour
to be independent of the nature of the grain boundary [90,92], cf. figure 3.3.

Grain boundaries are not truly two dimensional but are in fact three dimensional
with some finite width. The properties of the grain boundary region can differ sig-
nificantly from that of the grains. The superconductivity is suppressed in the grain
boundary region. This means a grain boundary can be considered as Josephson junc-
tion (superconducting-normal-superconducting junction) where the supercurrent has
to quantum mechanically tunnel across the boundary [94]. J. across the boundary
is a strong function both of the width of the boundary and its normal state resis-
tance [28,76]. The grain boundaries in HT'S materials have much higher resistivities

than LTS grain boundaries so are much more sensitive to width. This explains why
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Figure 3.2. Sketches showing the nature of a) [001] tilt, b) [100] tilt and ¢) [100] twist
grain boundary misorientation angles ,,. The planes in the sketches represent of the
ab-planes. Reproduced from [93].



3.3 Developments in high temperature superconducting wires and tapes 49

1':|G T T T T
s o ® [001]- filt
4 ® [100] - tilt
A [100] - twist
— »
v ]
LI!'J- [ ]
T’ * .
& e
-—
L]
]
e 8
L]
[ ]
L]
..ID-E g i i i
0 10 20 30 40

Grain-Boundary Angle (deg.)

Figure 3.3. Normalised critical current density of grain boundaries as a function of
misorientation angle showing similar behaviour for all three types of boundary. Figure
reproduced from [90], data from [92].

thin, low angle grain boundaries are required to support high J. in HTS materials, but

not in LTS materials.

3.3 Developments in high temperature supercon-

ducting wires and tapes

Despite the difficulties arising from grain boundaries significant progress has been
made toward producing competitive cuprate conductors. The following subsections will
cover the architecture and properties of the three main cuprate conductors available:

Bi-2212 round wire, Bi-2223 tape and REBCO tape. At low temperatures J. of the
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superconducting fraction of these conductors is far superior to their LTS counterparts
(cf. figure 3.4a), however when the engineering critical current density Jg (the critical
current density of the whole wire cross section) is considered they become comparable
(cf. figure 3.4b). The relatively high cost of HT'S conductors mean at present for
applications < 20 T LTS conductors are still the material of choice, however in order

to access fields > 20 T HTS conductors are the only option.

3.3.1 BiSCCO wires and tapes

BiSCCO was the first HT'S material to be made into a useful conductor. Two types of
BiSCCO conductor are available: Bi-2212 is available in the form of a round wire and
Bi-2223 is available in a high aspect ratio tape geometry. Round wire geometries are
generally preferable for magnet windings as they can easily be wound into arbitrary
geometries.

Both Bi-2212 and Bi-2223 conductors are fabricated using the Powder-in-Tube
(PIT) method [96]. In this process powdered superconducting material is poured into
metal tubes which are drawn into wires, these wires are then stacked, and the stack is
drawn further to produce a multifilamentary wire. This restacking may be repeated
several times. The wire is then sintered in an overpressure process to densify the
grains [97,98]. Silver is used for the metal tubes as this encourages grain alignment,
allows oxygen diffusion and does not react with the powders. Lower J. values in Bi-2223
wires mean additional rolling and sintering steps are added to the process to improve

the grain alignment, raising J. and resulting in a final product which is tape-like with a
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Figure 3.4. a) Critical current density J. of the superconducting fraction and b) the
engineering critical current density Jg of the whole wire cross section as a function of
field for various commercial conductors. Adapted from [95].
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Figure 3.5. Manufacturing procedure for Bi-2223 multifilamentary tape conductors. For
Bi-2212 multifilamentary round wires the rolling process is omitted from the procedure.
Figure reproduced from [96].

-

high aspect ratio. The manufacturing procedure for Bi-2223 is summarised in figure 3.5.
Cross sectional images for both conductors are shown in figure 3.6.

Bi-2212 wire is isotropic over long lengths whereas Bi-2223 tape is highly anisotropic
with the c-axis in the direction normal to the tape surface and the ab-plane in the plane
of the tape. Electron Backscatter Diffraction Orientation Imaging Microscopy has been
used to look at the grain alignments within the filaments [101]. Counterintuitively,
both Bi-2212 wire and Bi-2223 tape have good grain alignment, despite the isotropic
nature of Bi-2212 wire. It was found that at a local level the grains in Bi-2212 wire
showed a biaxial alignment with all three types of misorientation angle < 15° the
a-axis is aligned with the axis of the wire and the c-axis is orthogonal to it. Over
length scales much larger than that of individual grains the direction of the c-axis
rotates around the wire axis resulting in isotropic properties on macroscopic length
scales. Bi-2223 tape has even better alignment and shows only uniaxial alignment,

where the c-axis is aligned with the normal to the tape surface and grain orientations
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Figure 3.6. Cross sections of a) Bi-2212 wire (reproduced from [99]) and b) Bi-2223 tape
(reproduced from [100]), showing the multifilamentary nature and differing geometries
of the conductors.
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in the ab-plane are random (i.e. the [100] tilt and twist grain boundaries are aligned to
< 15° and the [001] tilt grain boundaries are not aligned). The higher grain alignment
in Bi-2212 wire explains why the wires currently have higher J. values than the Bi-2223
tape.

Just as in LTS conductors the multifilamentary nature of BiSCCO conductors
help reduce the a.c. losses caused when the field is cycled. In this regard, BiSCCO
conductors have an advantage over REBCO tapes however the higher J. values, larger
usable temperature and field range, and comparable cost of REBCO means at present

it has superseded BiSCCO in the majority of HTS applications.

3.3.2 REBCO tapes

Unlike BiSCCO, established manufacturing techniques in applied superconductivity
were unable to achieve the grain alignment in REBCO required to achieve high J..
Useful REBCO conductors came approximately a decade later than BiSCCO with the
development of bespoke conductor manufacture processes. This subsection will look at
the architecture, manufacture and properties of REBCO tapes.

REBCO tapes are composed of a thin layer of REBCO ~ 1pm thick deposited
on a textured substrate, this layer is topped with a thin layer of silver which alloys
oxygen diffusion and does not react with the REBCO, and finally the tape is coated
on all sides with copper to facilitate current transfer into the superconducting layer. A
cut away schematic of a typical SuperPower REBCO tape, measured in this thesis, is

shown in figure 3.7. The superconducting layer is biaxially textured with the c-axis of
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Figure 3.7. Schematic of a REBCO tape showing approximate thicknesses of the layers.
Reproduced from [102].

the REBCO aligned in the direction normal to the surface of the tape and the a or
b-axis is aligned with the direction along the length of the tape.
Tape manufacture processes

The substrate and buffer layers are responsible for imparting the grain alignment in the

superconducting layer. There are three methods of producing the textured substrate:
o Jon Beam Assisted Deposition (IBAD)
« Inclined Substrate Deposition (ISD)
« Rolling-Assisted Biaxially Textured Substrate (RABITS)

All three techniques begin with a metal substrate, most commonly the nickel alloy
Hastelloy® C-276 [103]. In the IBAD technique the nickel alloy remains untextured.
During buffer layer growth an ion beam is incident on the growth area, this preferentially

removes growth which does not have a specific crystallographic orientation resulting in
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a biaxially textured layer [104]. This is the manufacturing route used by SuperPower
tapes [102], Fujikura [105], SuNam [106], SuperOx [107] and Bruker [108] (Bruker use
a modified version of the IBAD process called ‘alternating beam assisted deposition’
ABAD on a stainless steel substrate).

The nickel alloy also remains untextured in the ISD technique but there is no
additional ion beam. Instead the substrate is inclined so the buffer layers are deposited
at an angle away from the surface normal [109]. This results in the growth of biaxially
textured grains where the ab-plane is rotated by 45° so the [110] crystallographic
direction is aligned with the direction of the tape and the c-axis is not perpendicular to
the tape surface. The c-axis direction is inclined at some intermediate angle (typically
~ 30°) away from the surface normal to the tape. The ISD technique also results in a
rough surface texture for the deposited layers. This is the fabrication route used by
Theva [110].

In the RABITS technique, texture is imparted directly into the nickel alloy via a
rolling and recrystallisation process which gives a preferential grain alignment [111].
Numerous oxide ‘buffer layers’ are then deposited, these layers better match the unit
cell size of the substrate to that of REBCO, further reduce the misorientation angles
between adjacent grains and prevent the REBCO from reacting with the substrate.
This is the fabrication route used by American Superconductor [112].

The important distinction between the 3 fabrication routes is that in the IBAD

and ISD techniques the nickel alloy remains untextured and the texture is imparted
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almost entirely by the buffer layers, in the RABIiTS technique the texture is imparted
on the superconducting layer both by the nickel alloy and the buffer layers.
The superconducting REBCO layer grows on the buffer layers with the same

underlying texture. Methods of depositing the superconducting layer include:

Pulsed Laser Deposition (PLD) [113,114]

Chemical Solution Deposition (CSD) [115-118]

Metal Organic Chemical Vapor Deposition (MOCVD) [119, 120]

Co-evaporation [121]

The deposition method has a strong influence on the grain size, the types and distribu-
tion of naturally occurring pinning sites and the speed of deposition. A comprehensive
review of the different manufacturing techniques and how they affect the properties
of the conductor can found in [93]. Finally, the silver and copper layers are added by

either sputtering or electroplating.

Improving the critical current

The primary aim of research and development in conductor manufacture is to increase
Jg. Currently the superconducting layer in a typical REBCO tape is ~ 1pm thick
whereas the whole tape is ~ 100 pm thick, so the superconducting layer accounts for
only ~ 1% of the cross-sectional area. The easiest way to increase Jg is simply to
increase the superconducting fraction by increasing the thickness of the superconducting

layer. However, above a certain critical thickness tapes tend to lose their alignment
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and change their growth orientation from c-axis aligned to a-axis aligned leading to a
dramatic drop in J. [122-124]. Some success has been made improving the thickness
of the c-axis orientated growth [122,125-127] but a-axis orientated growth is still a
limiting factor for film thickness.

Improving the in-field J. of a conductor is achieved through increasing the flux
pinning force density F}, by increasing the number and/or strength of the pinning sites.
For example, in Nb-Ti the density of a precipitates is increased and in Nb3Sn the
grain size is reduced to increase the density of grain boundary triple points. Improving
J. in this manner is always a balancing act between increasing F}, and the suppression
of T, and B,y through the reduction of long range order.

In REBCO tapes F}, is improved through the addition of Artificial Pinning Sites
(APCs), which are non-superconducting elements of a similar size to a vortex core
embedded in the REBCO matrix. The two types of APC which are commonly
included are nanorods and nanoparticles. Nanorods are elongated inclusions aligned
parallel to the c-axis with a composition of either BaZrOs, BaHfO3 or BaSnO3 (BZO,
BHO and BSO respectively). Nanorods can be produced with the PLD [128-131]
or MOCVD [132-134] deposition methods by altering the composition/ratios of the
deposition materials. The nanorods self-assemble simultaneously with the REBCO
making them ideal for large scale production. Nanoparticles are randomly distributed,
approximately spherical, inclusions embedded in the REBCO matrix and can have many
different compositions such as BZO, Y503, BaCeO3 and Bay, YTaO, [135] among others.

They can be produced in the PLD [136] and CSD [135] deposition methods by altering
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Figure 3.8. A comparison of a) F}, as a function of field and b) J. as a function of angle
0 (where 6 = 90° is parallel to the ab-plane) at 77 K for REBCO thin films containing
different APC nanoparticle inclusions with the field applied perpendicular to the tape
surface. BZO, BYTO and YO are BaZrOgs, Bay;YTaOg and Y203 respectively and the
percentages relate to the molar quantity of inclusions. The solid lines indicate the
theoretical contribution from point pins. Figure reproduced from [135].

the composition/ratios of the deposition materials and, as with the nanorods, they
self-assemble alongside the REBCO during the deposition process. APCs can greatly
increase J.. for B || ¢ but tend to have less effect on J. for B L c¢. Figure 3.8a show the
increases in F}, for several samples with different APC inclusions and figure 3.8b shows
the anisotropic J. for some APC samples compared to a non-APC sample. Further
discussion of the effect of APCs on anisotropy is covered in later in this section.

It is common for conductor manufacturers to quote J. at 77 K under self-field
conditions as a measure of tape quality. While this is reasonable for applications which
replicate the test conditions, such as power transmission and fault current limiters, it
is a poor measure for low temperature, high field applications such as MRI, particle
accelerators and fusion magnets. It has been shown that the 77 K self-field properties
of REBCO tapes show little or no correlation to their low temperature, high field

properties so careful consideration must be given when comparing conductors from
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different manufacturers for high field applications [137,138]. However, their properties
at 77 K under a low applied magnetic field correlate well with their low temperature,
high-field properties and gives a much better measure of tape performance for these
applications. This reflects that the APCs have little or no effect on the self-field

properties of the samples.

Commercial REBCO conductors

Conductor manufacturers use different combinations of techniques, different buffer
layer compositions and different APC inclusions. The continued development of the
manufacturing process to improve J. and manufacture speed/efficiency is an active
area of research. At the time of writing no single manufacturing process is a clear
‘front-runner’ and the highly competitive nature of the industry mean the specifics
of the manufacturing process used by each company are closely guarded commercial

secrets.

Anisotropy of J. in REBCO tape

The anisotropy of J. in cuprates is complex and depends not only on the anisotropy
of B. but also on the type, size and orientation of the pinning sites present in the
material. The size of the vortex cores relative to the size of the pinning sites is one of
the most important features in determining the angular dependence of J.. The size of

the vortex core is determined by the coherence lengths orthogonal to it. In anisotropic
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d) €) f)

Figure 3.9. This figure illustrates how the interaction volume of a pinning site as a
function of angle depends on the size of the vortex core relative to the size of the
pinning site for point defects and precipitates/particles. The yellow area is the vortex
core and the red mesh is the pinning site. a) and d) show how the size and shape of
the vortex core change with angle. b) and e) show how for large pinning sites such as
nanoparticles and precipitates the interaction volume changes as a function of angle.
¢) and f) show how for small point defects the interaction volume is independent of
angle. Reproduced from [139].

GL theory, the angular dependence of ¢ is given by

[ I

£(0) =& <0082 0 + v *sin’ 6) : (3.2)

where 6 is the angle between the c-axis and the magnetic field [139]. Hence the size

and shape of the vortex core is also a function of angle as shown in figure 3.9.
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Pinning sites which are smaller than the vortex core size in all directions such as
vacancies, interstitials and small precipitates are considered as random point defects.
These defects are present in all REBCO thin films and tapes resulting from the
manufacturing processes. Because the size of the pinning site is smaller than the vortex
core in all directions the interaction volume between them does not change as a function
of angle, as shown in figure 3.9. The flux pinning force of a single random point defect
fp in the low field limit can be approximated as follows [139-142]. A flux line has
an energy per unit volume of Fj, the reduction of the energy of a flux line passing
through a pinning site £, with an interaction volume V' is therefore £, oc EqV. Since
the defect is smaller than the vortex core in all directions V' is independent of angle.
The force required to remove the flux line from the pinning site is simply E;, divided
by the distance required to remove it, which in this case is £ (#), hence f, oc EqV/£ (6).
The resulting anisotropic f,, (and hence J;) gives a peak when B is aligned parallel
to the ab-planes and J%/J¢ = v, this is only true so long as the field dependencies of
J% and J¢ are the same which is not always the case in real systems. The anisotropic
behaviour of point pins is shown in figure 3.10.

Stacking faults in the ab-plane are common in REBCO thin films and tapes
depending on the manufacturing process [142]. The dislocation loop around the edge
of a stacking fault acts as a linear pin with a cross section smaller than a vortex core
for all angles [142,143]. When the field is far from being parallel with the ab-plane
they act in the same manner as random point defects. However, as the field approaches

the ab-plane the flux lines will deform and align along the linear pins increasing their
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Figure 3.10. Anisotropic behaviour of a REBCO thin film showing the effect of point

pins. The red crosses are the theoretical angular dependence for point pins at 1T.
Reproduced from [142].

interaction volume and their pinning force. The resultant behaviour is a larger, sharper
peak in J. about the ab-plane. Figure 3.11 shows the additional effect of the fluxons
locking-in to ab pinning caused by the stacking faults — in the literature this can be
called ab-correlated pinning.

ab pinning is also caused by the layered crystal structure of REBCO [144,145]. The
superconductivity is localised to the CuO, planes hence the superconducting order
parameter varies periodically in the c-axis direction. This periodic variation acts to
pin the flux lines when they are aligned with the ab-plane. The resulting behaviour is
a very sharp peak in the angular dependence of J. when the field is very close to being

aligned with the ab-plane, superimposed on the usual angular dependence caused by
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Figure 3.11. Anisotropic behaviour of a REBCO thin film with a high density of
stacking faults. The red and green solid lines show the theoretical angular dependence
for point pins. The peaks near the ab-plane are higher than that predicted by point
pins displaying the effect of the pinning caused by the stacking faults. Reproduced
from [143].



3.3 Developments in high temperature superconducting wires and tapes 65

H/lc H//ab
[

PLD YBCO / Xtal STO T
0.6 thlckllless =1.55 um .F
—=— 648K m H=6T #
—0—703K 0 {
—4—T756K 4'4,
g v 79.0K -
0.4 1 b
in

o
N
]

critical current density J [MA/cmz]

0 45 90
angle, © [deg]

Figure 3.12. Anisotropic behaviour of a REBCO thin film with very low misorientation
angles and low defect density. The solid lines show the contribution from point pins.
The very sharp peak around the ab-plane is a result of correlated ab-pinning caused by
the layered structure of REBCO. Reproduced from [140].

random point defects [140,146] (cf. figure 3.12). This type of pinning is common to all
REBCO thin films and tapes and can be considered as intrinsic. However, its strength
relative to other types of pinning is small and the effect can be ‘smeared out’ by even
small misorientation angles between grains. This means it is only observed in samples
with very low defect densities and misorientation angles. The strength of this intrinsic
pinning is much stronger at lower temperatures where the coherence length is smaller

which results in a greater variation of the order parameter in the c-axis direction [146].
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Although they can be engineered to a certain extent the afore mentioned types
of pinning are generally all thought of as ‘intrinsic’ to REBCO and all result in a
peak in F}, when the magnetic field is applied parallel to the ab-plane. Additional
APCs in tapes are thought of as extrinsic pinning sites and show dramatically different
anisotropic behaviour to intrinsic pinning sites. Nanoparticle APCs are approximately
spherical and generally larger than the coherence length in all three dimensions. Since
they are larger than the size of the vortex core, the interaction volume changes as a
function of angle V' o< £, (0) as shown in figure 3.9. So, unlike small point pins, the
reduction in energy of a flux line passing through a nanoparticle is a function of angle
E, o< Eq€apé (6) [139,141]. There is disagreement as to which length scale should be
used for the distance required to remove the vortex core from its pinning site with
experimental data to support both cases. Some suggest the vortex core minor axis £ ()
is the appropriate length scale [139] which gives f, o< Eq&ué (0) /€ (0) = Eq&qp = const.
resulting in no angular dependence to f,. Whereas others suggest the radius of the
nanoparticle r,, is appropriate [141] which gives f, o< Eq&up€ (0) /rop resulting in a
broad peak in f;, around the c-axis (cf. figure 3.13). These disagreements suggest that
this simplified model may not be adequate to fully describe the underlying physics of
nanoparticle anisotropy however it is clear their angular dependence is very different
to that of intrinsic pinning sites.

At angles away from the c-axis nanorods can be considered to act in a similar
manner to nanoparticles. For angles approaching the c-axis the flux lines can align

with the nanorods to produce strong pinning when the field is in the c-direction. This
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Figure 3.13. Anisotropic behaviour of a REBCO thin film with a high density of
nanoparticles. The red crosses are the theoretical angular dependence for nanoparticles

at 0.5T. The peak in the c-axis direction is caused by the nanoparticles. Reproduced
from [141].

behaviour is demonstrated nicely in [147] where linear defects (similar to nanorods)
were introduced into a tape sample at various angles using heavy ion irradiation. Peaks
in J. were found at the irradiation angles (cf. figure 3.14).

Hence the anisotropic nature of a REBCO is a complex superposition of various
anisotropic effects. This makes understanding the anisotropic behaviour of REBCO
tapes an incredibly difficult task, made even more so by the different types of pinning
site present in different conductors because of differences in the manufacturing technique
and APC inclusions. No single theoretical description is currently able to completely
describe the anisotropic behaviour as a function of field and temperature due to
changing vortex size, the presence of numerous pinning sites, the lack of consideration
of the elasticity of the FLL and the fact the anisotropic GL approximation is only valid

in certain regimes.



68 Superconducting conductors, their strain dependence and applications

0.4 ~ 1 r r 1 ™ 1771 T

T=773K ——6==15
B=4T —v¥—&==x30

03k —f=145" |

3

-

Z

-2 0.2

60 30 0 30 60 90 120
6 [deg.]

0.1

Figure 3.14. Anisotropic behaviour of REBCO tapes which have underwent heavy ion
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The pinning caused by the ion irradiation is clear in the sample irradiated at an angle
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3.4 Strain dependence of the critical current of LTS

and HTS wires and tapes

In operation, high field superconducting magnets are under tremendous stress due
to the differential thermal contraction of the components when cooling to cryogenic
temperatures and the Lorentz forces generated when the magnet is energised. Hence, the
effects of strain on the superconducting properties of the conductors are an important
factor that cannot be ignored.

The immediately obvious effect of strain is cracking of the superconductor preventing
current flow and rendering the conductor permanently degraded or even entirely unable
to support a supercurrent. The effect is irreversible and is much more important

in brittle A15 and HTS conductors than in alloys like Nb—Ti which are less likely
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to undergo brittle fracture due to their ductility. The experimental signature of
irreversible damage is that J. does not return to its original value after an applied
strain is relaxed [148-156]. The applied strain at which irreversible damage begins in
known as &j,;.

Damage to brittle samples is caused by crack propagation and in general is worse in
tension because tensile cracks form close to perpendicular with the load axis whereas
compressive cracks form close to parallel with the load axis [157-159] so are less
disruptive to current flow. Also, a smaller strain is required to propagate cracks under
tension.

In most high-performance NbsSn conductors ey, ~ 0.7% [156,160]. In REBCO
conductors the Hastelloy substrate is also brittle and it is found irreversible damage
is caused by cracks nucleated in the Hastelloy layer which propagate to the super-
conducting layer [161-163]. &y, is found to vary depending on the material of the
stabilising layer [155] this is attributed to the different differential thermal contrac-
tions of the stabilising materials causing different strain states in the substrate and
superconducting layers. For Cu stabilised tapes e;, ~ 0.5 % [149,150,154]. In Bi-2212
wires ey ~ 0.2% in tension and ~ —0.3% in compression [164]. In Bi-2223 tapes
girr ~ 0.5% in tension [151,154] however they show irreversible damage under even
the smallest compressions [165,166]. This is attributed to the high porosity of Bi-2223
tapes and the low elastic moduli which result in buckling of the brittle filaments.

Before irreversible damage sets in, the critical properties of LT'S and HT'S conductors

are reversible functions of strain (i.e. their properties return to their original values
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when the strain is relaxed). The following two subsections will review the reversible

effect of strain of LTS and HTS conductors respectively.

3.4.1 Reversible strain effects in LTS conductors

The effect of strain on Nb—Ti conductors is minimal compared to other high field
conductors with changes in J, of only a few percent even out to tensile strains of ~ 3%
(far greater than the irreversible limit for brittle conductors) [167].

A15 conductors show an inverted parabolic strain dependence near the strain
at which J. is maximised epear (cf. figure 3.15) [51,168,168-179]. In measurements
on A15 wires the different components such as the Cu matrix, the superconducting
filaments and sample holder, contract by different amounts on cooling to cryogenic
temperatures [74,180,181]. This differential thermal contraction results in the intrinsic
strain €;,; on the superconducting filaments differing from e,,,. Theoretical calculations
of the thermal contraction [181,182] and X-ray diffraction measurements [183] both
show epca OCccurs at approximately zero intrinsic strain. This leads to the common
definition of intrinsic strain €in; = €app — Epeak- Further discussion of why epear is so
close to e = 0% is contained in chapter 4.

The properties of the matrix materials must also be considered under cyclic loading
and unloading of samples. The Nb3Sn is brittle and therefore remains elastic over the
whole strain region until it fractures. Some of the matrix materials, such as Cu, are
however ductile, and will yield and undergo plastic deformation at strains lower than

girr [182]. The means that when returning to an applied strain of zero the intrinsic
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strain on the superconductor will be slightly different [182,184,185]. Therefore, a
repeat J. measurement will give a slightly different result. When performing strain
dependent measurements on composite wires and tapes, it is important to note that
such a difference may not be indicative of irreversible fracture behaviour, typically the
difference in J, at zero applied strain caused by plastic deformation is ~ 1%. Further
repeat cycles to a maximum strain equal or less than the maximum strain in the first

cycle will result in no further changes to J. [185].

3.4.2 Reversible strain effects in HTS conductors

There are far fewer comprehensive studies on REBCO tapes under strain, largely due
to the relative immaturity of techniques for measuring highly anisotropic HTS samples.
There are many limited studies of the strain dependence of REBCO tapes under tensile
strain as a function of temperature and field [148,149,152,153,155,161,162,186-197].
However, it is difficult to interpret the data without also knowing how J. behaves in
compression. Studies in self-field that do show results in both tension and compression
generally show an inverted parabolic dependence of the critical current with strain [198—
205]. Fewer in-field data are reported. Some reports find, that the inverted parabolic
behaviour persists at all fields [206,207] (cf. Figure 3.16a). Whereas other studies
report so-called ‘double peak’ behaviour in low fields, returning to inverted parabolic
behaviour at higher fields [208,209] (cf. Figure 3.16b). These differences in samples are

likely caused by variations in the pinning properties.
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Figure 3.16. The normalised critical current as a function of applied strain from
different studies on REBCO tapes at T ~ 77 K showing a) inverted parabolic behaviour
at all fields and b) double peak behaviour at low fields and inverted parabolic behaviour
at higher fields. Reproduced from [207] and [209] respectively.

3.5 The bimodal chain model for REBCO in zero

field

Single crystal measurements on REBCO show the strain dependence of the critical
parameters T and By are strongly anisotropic in the ab-plane [210,211]. Figure 3.17
shows the anisotropy of the pressure (or equivalently strain) dependence of T,. Tensile
strain applied in the a-axis direction results in a linear increase in T, in the b-axis
direction a linear decrease in T, of the same order and close to zero change in T,
along the c-axis direction. These experiments show there is no inverted parabolic
dependence of T, (¢) in single crystal REBCO. Since T is intrinsicly linked to the other
superconducting parameters 2 and J. we can see the inverted parabolic strain response
of the tape cannot be directly related to the strain response of the underlying single

crystal in zero field.
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Figure 3.17. Anisotropy of the pressure dependence of T, along the three crystal axis.
Reproduced from [211].

In this section a bimodal chain model is outlined for the strain dependence of
REBCO tapes in zero field which reconciles the apparent disagreement between the
strain dependencies of single crystals and tapes [199]. It is a one-dimensional model in
which strain is applied along the axis of the tape. In chapter 4 this model is extended
to consider the role of magnetic field and temperature and discussed at length in the
context of the data. In the tapes measured in this thesis, twinning in the REBCO layer
results in some [100] domains aligned with the direction of applied strain (domain A)
and other domains with [010] aligned with the direction of applied strain (domain B).
In practice when applying strain, in some domains the critical parameters increase,
whereas in other domains they decrease (i.e. a bimodal material).

Since there is N0 €peax in the underlying single crystal, one cannot sensibly anchor
data for a bimodal material at epear. To avoid any confusion with the well-established

definition of intrinsic strain, two new characteristic strains are defined. The first
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characteristic strain is defined as the domain strain

gJD = 8a'pp - é\JCA:JcB (33)

where e;5p is the domain strain and €, -, is the applied strain at which the critical
current density in both domains (A and B) are equal or equivalently, e;p is zero when
the critical current density in both domains are equal. The magnitude of €, —; , is
broadly determined by the differential thermal contraction produced by the sample
holder and the matrix materials and hence to first order is constant for any particular
experimental set-up because the strain at which J.5 = J.g will remain constant because
the field and temperature dependence of J. in both domains is the same. The second
characteristic strain characterises the difference between €;_, —;_, and the applied strain

at which J; reaches its maximum epear. By definition

Ep,JD = €peak — EJ.a=Jp (3-4)

where e, jp is the peak domain strain which (along with epe.c) can be field and
temperature dependent and €, — 7, is constant. Eqn 3.4 does not include the applied
strain because it characterises the underlying behaviour of the superconducting material.

The two twinned domains A and B are present with domain fractions f and (1 — f)
respectively. They are connected in series with one another. The central idea of

the bimodal model, following the single crystal data, is that the effective critical
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temperatures of each domain have opposing strain dependencies

dT* .
T: (0) + == £ID 1=A
d _ ) )
T = =P legnp=0% (3.5)
* . a7, -
Tc (O) dejp e3p=0% &b, t= B7

where 77 (0) is the effective critical temperature at 55 = 0%. The parameter g;, is
introduced such that at strains close to e5p = 0%, the strain dependence of J,; in each
domain is linear and opposite,

¢ D), ©=A,
Jei (ep) = T 0+ gac) (3.6)

Je (0) (1 = ggep), =B,
where g; = (1/J.(0)) |0Jci/ astngDzo% , Je; is the critical current in domain ¢ and J. (0)
is the critical current at e;p = 0%. Following the single crystal data, it was assumed
gan = g = ¢g and each domain is assumed to follow the same power law given by

eqn. 2.34. The E-field generated by the chain is given by

E:ECf(JfA)NA+EC(1_f)(JfB)NB’ (3.7)

where E. is the F-field criterion. It was also assumed Ny = Ng = N. The critical

current of the whole chain J.r determined when F = E,. and J = J.r is given by

2|~

Jer = Je (0) |f (14 geg) ™ + (1= f) (1 = gen) ™ (3.8)
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By taking a second order Taylor series approximation about e;p = 0% the following

expression for ¢, jp was found

_o2f—1 1
PR A= g(N+1)

(3.9)

Hence when f = 0.5, ¢, jp = 0%, which is field and temperature independent, when
f <05, epgp < 0%, and when f > 0.5, e, 5p > 0%. This model reconciles the
disagreement between the linear strain dependence of single crystals with the strain
dependence of tapes and shows the inverted parabolic nature of the strain dependence is
emergent behaviour (i.e. unlike the behaviour of either domain) caused by competition

between two domains with opposite strain dependencies.

3.6 Fusion reactor design

Inside a fusion reactor is one of the harshest environments on the planet. With the
push toward ever more powerful reactors in the quest for fusion energy, the environment
only gets more extreme. Heat loads > 1 MW m~2 on the first wall and > 10 MW m 2
in the divertor region (comparable to a rocket engine), highly energetic plasma incident
on the in-vessel components, microstructural damage and transmutations caused by
unmoderated, highly energetic, highly penetrating neutrons, and retention of highly
regulated tritium fuel in the divertor are just a few examples of the extremes of the

fusion reactor environment.
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Many of the remaining challenges facing fusion energy relate not to the plasma
science but to the materials science and engineering required to make a device capable
of operating in this harsh environment for years (even decades) of continuous use. The

following subsections will discuss a few select topics for fusion reactor technologies.

3.6.1 Tritium breeding

While one half of the fuel required for a fusion reactor, deuterium, can be found easily
with an abundance of 156 ppm of the hydrogen in sea water, the other half, tritium, is
considerably more difficult to come by. It has a half-life of only 12 years and so is not
found naturally in any abundance. Currently the only civilian source of tritium is a
by-product of heavy water fission reactors and supply is not high enough to support
even a single fusion power plant. The solution is to breed tritium in the walls of the
reactor through nuclear reactions of neutrons produced by the fusion reaction with
lithium. This idea is known as a ‘breeder blanket’ The stable isotopes of lithium

undergo the following reactions with a neutron

8Li+ on — 3T + 3He,

i+ ¢n — 3T + 3He + n’.

The neutron released from the second reaction means there is the potential for a single
fusion neutron to produce numerous tritium nuclei. However, the cross section of this

reaction is much lower than that of the first reaction so the best strategy to improve
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Figure 3.18. Schematic of a conceptual Li/Be pebble bed tritium breeding blanket
design. Reproduced from [213].

the tritium yield is to enrich the lithium with §Li and introduce neutron multipliers
in close proximity to the lithium [212,213]. Beryllium and lead are the most popular
contenders for a neutron multiplier in breeder blanket designs. They undergo the

following nuclear reactions

iBe + on — 25He + in’ + in”,
299Pb + ¢n — 2°Pb 4 in’ + n”.
Only one example of a Pb isotope is given here, however other isotopes of Pb also act
as neutron multipliers. Figure 3.18 shows a conceptual tritium breeding blanket design

known as a pebble bed which uses Be as the neutron multiplier.
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For a fusion reactor to be self-sustaining it must produce at least as much tritium
as it consumes and ideally slightly more, so a tritium reserve can be build up which
can be used to commission new fusion power plants. A useful concept in this regard is

the Tritium Breeding Ratio (TBR),

TBR — tritium produced

3.10
tritium needed ( )

When calculating the TBR one must consider all forms of losses: a fraction of the
neutrons will pass straight through the blanket without reacting, a fraction of the
chamber walls cannot be used for tritium breeding due to other reactor components (di-
vertor, diagnostics, heating systems, etc.), as time goes on the tritium breeding/neutron
multiplier materials will be depleted and unburnt tritium can be retained within the

reaction vessel.

3.6.2 Neutron damage

The high energy and fluence of neutron irradiation in a fusion energy reactor can cause
serious damage to the structural component materials of the reactor. Since neutrons
are neutral they are very penetrating, ~ 200 mm in iron, and maintain their energy
until they undergo a collision. Most high energy neutron collisions with lattice nuclei
result in an elastic collision. A high energy neutron colliding with a lattice nucleus will
displace it from its lattice site. This initial displaced atom is known as the ‘primary

knock-on atom’ (pka). This pka is charged and loses a considerable fraction of its
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energy through electrostatic interaction with the lattice before undergoing an elastic
collision with energy FEj, with another lattice atom displacing it. Ey is usually close to
the energy at which the cross section of an elastic interaction becomes larger than that
of an electrostatic interaction and is material dependent. Both atoms then displace
two more atoms, and so on creating a localised collision cascade until the knock-on
atoms no longer have enough energy to overcome the displacement energy of the lattice
Eq4. So, for every pka there can be a large amount of displacements and each fusion
neutron produces numerous pka.

For example, consider a single fusion neutron incident on iron, assuming all atoms
after the pka only interact through elastic collisions, the number of displacements
produced by each primary knock on atom is Nisplacements = Ex/2Fq. For iron Ey =
56 keV and Eq = 25¢€V giving Naisplacements = 2, 240 per pka [214]. Each fusion neutron
can produce ~ 35 pkas in iron. Hence the total number of displacements created by
each fusion neutron is ~ 76,000. The damage is distributed into localized collision
cascades ~ 100 nm in radius separated by ~ 20 mm.

Each atomic displacement produces an interstitial and a vacancy (called a ‘Frenkel
pair’) which diffuse independently through the lattice. If an interstitial and a vacancy
come together they recombine repairing the damage. In alloys most Frenkel pairs
will recombine almost immediately after the displacement event ~ 10 ps. Hence, even
though an extremely large number of displacements occur with each fusion neutron

only ~ 5% become long lived defects and contribute to the damage. Through diffusion
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like types of point defect will combine to produce dislocation loops which contributes
to embrittlement by hindering dislocation motion.

Other undesirable consequences of neutron radiation include swelling and voids [215].
Some interstitials will end up on the surface of the material or at a grain boundary
because of diffusion. When this happens, the interstitial will bond to the free surface
causing the material to swell and when vacancies cluster in large enough numbers they
will cause voids.

Neutron dose is commonly quoted in dislocations per atom (dpa) which is the
number of times, on average, each of the atoms in the material has been displaced from
its lattice site. Currently the extent of our experimental expertise in neutron radiation
damage is limited to ~ 10 dpa for anything but the very smallest samples, whereas the
predicted end of life damage of a fusion power plant will be > 100 dpa, at the moment

we do not have suitable materials that can withstand this amount of damage.

Oxide dispersion strengthened steels

As with all large construction projects, steels form the backbone of the structure of
a fusion reactor. Being the main structural component, it is extremely important to
mitigate the detrimental effects of neutron irradiation of steel. A novel solution to
neutron radiation damage is Oxide Dispersion Strengthened (ODS) steels. These steels
have undergone mechanical alloying to introduce oxide nanoparticles, such as Y503

and TiO,. The nanoparticles have been shown to act as sinks for defects reducing the
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swelling and embrittlement effects [216,217]. Tests on ODS steels have shown them to

have higher yield stresses under irradiation than their normal counterparts.

Low activation steels

After losing energy through elastic collisions, high energy neutrons will become ‘thermal’
neutrons and will react with the atomic nuclei of the lattice causing transmutations,
the products of which may be radioactive. The high neutron doses mean there is the
possibility for significant amounts of long lived radioactive isotopes to build up in the
structural steel components. This must be avoided to meet the long term, sustainability
goal to produce zero high and medium level radioactive waste 100 years after plant
operations have ceased.

Pure iron produces minimal levels of radioactive waste, it is the alloying elements
of steels such as Mo, Nb and Ni which tend to transmute into long lived radioactive
products. The solution is to develop steels where these alloying elements are replaced
with elements such as Ta, W and V with shorter half-lives while maintaining the good
metallurgical properties of standard steels [218-222]. Figure 3.19 shows the results
of a simulation of the decay in radioactivity of various steels following the cessation
of activities in a fusion power plant. Currently ‘EUROFER’ is the leading choice of
structural steel, reaching low levels of radioactivity after 100 years and hands on levels
after 500 years. While these timescales sound long, in comparison to the thousand-year
time scales for fissile waste they are relatively short. These advanced alloys can also

be integrated with ODS technologies [219,220,222].
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3.6.3 Neutron irradiation of superconductors

The magnets are arguably the single most important system in a fusion reactor. With
the fusion power scaling as the fourth power of the magnetic field [4], using the most
powerful superconducting magnets is a necessity if fusion as an energy source is ever
to make the transition from science fiction to a real-world technology. The magnets in
a fusion reactor are not exposed to the extremely harsh environment of the reaction
chamber itself however they can still be exposed to high levels of neutron irradiation.
An understanding of how superconductors respond to high levels of neutron irradiation
is essential for their use in fusion energy reactors.

High energy neutrons cause damage to superconductors in a similar manner as
they do in steel, covered in section 3.6.2. An incoming neutron will displace a lattice
atom turning it into a pka, the pka will lose energy through electronic interactions
until at some energy Fj it will collide with another lattice atom causing a localised
damage cascade. However, unlike in alloys such as steel, where lattice atom positions
are interchangeable, the highly ordered nature of superconductors such as Nb3Sn and
REBCO mean the crystal structure does not recover after a damage cascade resulting
in a region of amorphous material [223-225]. The damage cascades are approximately
the size of vortex core, so they can act as pinning sites, increasing .J. at low fluences.
At higher fluences there is a reduction in J, which is the result of a significant reduction
in T, caused by the loss of long range order [226-240]. Figure 3.20 shows the influence

neutron irradiation on the critical current of Nb3Sn and REBCO, for comparison
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Figure 3.20. The influence of neutron irradiation on the critical current densities of a)
an REBCO tape sample and b) various A15 wires. Reproduced from [229] and [225]
respectively.

the end of life neutron fluence at the magnet location in ITER is expected to be
~ 1022 m~2 [234].

Transmutations appear to have minimal effect on the superconducting properties in
comparison to the cascade damage with one notable exception, GdBayCuzO7_s5. %°Gd
and *"Gd have very high neutron capture cross section for thermal and epi-thermal
neutrons, ordinarily this would not have a significant effect on the superconducting
properties. However, the products of these reactions, '*°Gd and '*8Gd, are unstable
and both decay via gamma emissions with enough energy to displace the Gd from
its lattice site. This rapidly deteriorates the superconducting properties even at low
neutron fluences [241,242]. REBCO tapes made with Gd are a very poor choice for

use in fusion magnets.
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3.7 Concluding remarks

There are many other considerations when producing a useful superconducting con-
ductor than simply a high critical temperature. Many of these difficulties have now
been largely overcome, and as prices of REBCO continues to fall they provide ever
more competition to established LTS materials, particularly at B > 20T. With fusion
power scaling as a strong function of magnetic field, there is a clear drive toward
HTS fusion magnets. Large, more powerful magnets will result in more strain on the
superconducting components, so understanding how strain effects the superconducting

properties is of paramount importance.






Chapter 4

Multimodal strain dependence of
the critical parameters in high field

technological superconductors

4.1 Introduction

In this chapter detailed measurements on two samples are presented. Detailed critical
current density measurements as a function of field, temperature, and applied tensile
and compressive uniaxial strain J, (B, T, app) are presented for a 4 mm wide REBCO
tape (Ref: SCS4050) manufactured by SuperPower [102]. The data were obtained with
the magnetic field applied normal to the surface of the tape. The effective upper critical
field was also measured resistively as a function of temperature and applied uniaxial

strain B2 (T, eapp). The tape does not contain any artificial pinning centres (APC). It
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is twinned along the (110) and (110) planes. This results in two types of domains such
that a fraction f of the domains are aligned with the [100] direction along the principal
axis of strain (i.e. a-axis domains) and the remaining fraction (1 — f) of domains have
the [010] direction along the principle axis of strain [243]. Data from single crystals of
REBCO show the strain dependence of the critical parameters T. and B, is strongly
anisotropic, monotonically increasing with tensile strain applied along the a-axis and
monotonically decreasing with tensile strain applied along the b-axis [210,211]. Hence
in REBCO tape, there is a bimodal response from the domains to a uniaxial strain.
Recently a chain model was developed, as discussed in section 3.5, that provides a
straightforward explanation of how the inverted parabolic strain behaviour of the
critical current in twinned REBCO tapes arises from this bimodal behaviour and shows
that €peax is dependent on the domain fraction [199]. This explanation is quite different
from the standard description for LTS where the peak in the strain dependence of the
critical current is attributed to a peak in the intrinsic strain dependence of T, and B
where all the grains show the same dependence (i.e. homogeneous behaviour). The
chapter also includes detailed measurements and a bimodal analysis of J. (B, T, €app)
for a bronze route Nb3Sn wire. Also analysed are J. (B, T, €,pp) data for an internal tin
NbsSn wire and a NbzAl jelly roll wire that have been published previously [51,176].
The evidence for domains with different strain dependencies (i.e. multimodal behaviour)
in A15 compounds from single crystal measurements is considered [244,245] and the

role of grain boundaries is discussed.
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In section 4.2, the experimental methods used to measure the REBCO tape and the
bronze route NbsSn wire are described. Section 4.3 details the critical current and the
effective upper critical field results. Section 4.4 provides engineering parameterisations
of the critical current density for all samples. Section 4.5 provides a comprehensive
flux pinning scaling analysis for all samples. In section 4.6 the bimodal chain model is
extended to include field and temperature. Section 4.7 uses the results of the chain
model to investigate features of the data that cannot be accounted for in a homogeneous
model and provides estimates for the domain fraction. Sections 4.8 and 4.9 give the

discussion and the conclusions respectively.

4.2 Experimental equipment and procedure

4.2.1 REBCO tape on a springboard

Durham’s 15T, liquid helium cooled, 40 mm wet bore, superconducting split-pair
horizontal magnet was used to perform transport critical current density J. and resistive
upper critical field measurements B;5 on the REBCO tape. The J. (B, T, €app, ) probe
used to perform the measurements has been described in detail in ref. [246] (the inverted
temperature cup has been redesigned for this work to improve the thermal efficiency
and usability, the new inverted temperature cup is shown in figure 4.1).

The sample was soldered to the top of a CuBe springboard sample holder using
standard 40Sn60Pb solder as shown in figure 4.1. Uniaxial tensile or compressive strain

was applied by either pushing together or pulling apart the legs of the springboard. The
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soldering temperature for 40Sn60Pb solder is ~ 240°C, which is above the maximum
recommended soldering temperature for the tape of 200°C [102] hence delamination
and/or degradation of the sample was a concern. Preliminary experiments at 77 K
on samples attached to springboards with either SnPb solder or Bolton 136 (formerly
Cerrolow 136) solder (composition 49Bi21In18Sn12Pb, melting point 58°C, soldering
temperature 150°C) [247] showed similar strain dependent critical current properties
over small strain ranges consistent with variations expected along the conductor length.
This indicated that no or minimal delamination or degradation of the tape resulted
from the relatively short period of high temperature soldering used for SnPb solder
(less than one minute), consistent with results found in literature [248]. The SnPb
solder was chosen for the main suite of measurements since the Bolton 136 solder was
much more susceptible to unpredictable brittle fracture under high strains.

The strain was measured using a strain gauge attached to the middle of the
springboard alongside the sample. The voltage taps were 13mm apart located in the
centre of the sample. Temperature control of the sample is achieved through use of
an inverted temperature cup [249,250]. The cup is sealed at the top and has a vent
in the bottom. Initially the cup fills with liquid cryogen. Three heaters attached
to the underside of the sample holder are used to produce gas that drives the liquid
cryogen out of the cup through the vent in the bottom leaving a gaseous environment
inside. The temperature of the sample is controlled along its length using LakeShore
336 temperature controllers. There are three independent control loops for the three

T™

heaters and their associated field-calibrated Cernox*™* resistance thermometers that
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Figure 4.1. Schematic of the bottom of the J. (B, T, €app, f) measurement probe [246].
The numbers in brackets specify the material used to fabricate the component.
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are directly in contact with the sample. The relatively small effect of magnetic field
on the calibration of the Cernox™ thermometers was corrected for, using data from
the literature [251]. The calibration was first explicitly checked and confirmed at 4.2 K
in fields up to 14T and found to be independence of field angle at 0° and 90° and
implemented over the whole field and temperature range of the measurements. A
schematic of the end of the J. (B, T, €app, ) probe is shown in figure 4.1 and a diagram
of the experimental setup is shown in figure 4.2. Water-filled bubblers were attached
to the helium space to prevent a backflow of air. These were used in place of the
more conventional one-way mechanical valves to minimise variations in pressure. The
small differential pressures across bubblers gave more stable temperature control than
mechanical valves. In order to reduce helium boil off, the probe has HTS tapes soldered
along the length of the current leads. This makes turning the probe in-situ in the
split-pair magnet very difficult at high fields because of the large magnetisation currents
generated by the stray field of the magnet in the HT'S current leads. In practice this
meant the probe could only be rotated below 2T.

Critical current transport measurements were performed by ramping up the current
from 0 A at a constant rate such that each measurement took ~ 60s. The current
and voltage were measured continuously throughout the measurement. The strain
gauge was also monitored and there was found to be no change in strain during the
transport measurements. To begin with, measurements were made at zero applied
strain. Then, a compressive strain of e,,, = —1 % was applied to the sample at 4.2 K

in zero magnetic field and the probe was mechanically locked. A complete set of
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variable-field, variable-temperature measurements were taken. For T' = 4.2, 20, 40, 60 K
measurements were taken at 2T intervals from 14 to 2T or until I, > 250 A (the
maximum achievable current of the probe). For T' = 68,76, 84 K measurements were
taken at 1T intervals up to 14T or until B > B, (T, c,pp). Alongside the critical
current measurements, resistive measurements of the effective upper critical field were
made. An excitation current of 100 mA was applied to the sample and the temperature
was increased at a rate of 1 Kmin~! while the voltage across the voltage taps and
the temperature were monitored continuously. These resistivity measurements were
completed in the range 14 to 0T in 2T intervals. Both critical current and effective
upper critical field measurements were performed with the applied field normal to the
tape surface. After the measurements at e,,, = —1 % were completed, the temperature
was reduced to 4.2 K, the field reduced to zero and the applied strain changed to
—0.75%. Again the probe was locked and another complete set of critical current and
resistivity measurements were made. In this way, measurements were performed at
increasing strains at intervals of 0.25% from e,,, = —1 % up to +0.5 %. Following the
main suite of measurements, the strain was returned to e,,, = 0%, and critical current
(at 2T and 60 K) and effective upper critical field (at 2T) measurements were taken

to confirm the reversibility of the sample.

4.2.2 Bronze route Nb3Sn on a Walters’ spring

Detailed critical current density measurements on the bronze route Nb3Sn wire were

made in Durham’s 17T vertical solenoid magnet using the Durham J. (B, T, eapp)
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probe designed for strain measurements on superconducting wires [180]. A variable-
temperature Walters’ Spring design [253] was used to apply strain to the sample.
Previous measurements using this equipment have been published extensively [51, 168,
175,176,178-180], although the data presented here are the most detailed to have
been produced by the Durham group on a Nb3Sn wire to date. The Nb3Sn wire was
manufactured by Bruker for use in the ITER fusion reactor [254]. The wire diameter
was 0.82mm with a Cu:nonCu ratio of approximately 60:40 and twist-pitch of 15 mm.
The Nb3Sn measurements were taken at strains from e,,, = —1.16 % to €app = +0.58 %,
at temperatures of T'= 4.2, 8,10, 12, 14 K and various fields chosen such that typically
eight in-field measurements were taken at each combination of temperature and strain.
Y. Tsui was responsible for obtaining the data on the bronze route Nb3Sn sample and
for calculating J. and N from the £ — J traces, P. Branch (the author) is responsible

for the subsequent analysis.

4.3 Transport measurements

4.3.1 REBCO measurements

Figure 4.3 shows typical examples of V' — I (or equivalently ' — J) traces as a function
of magnetic field. Typical noise for the measurements was ~ 30nV. The sample holder
is in parallel with the sample and so acts as a resistive shunt for the current. Hence

the total current measured Iy, differs slightly from the current flowing though the
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superconducting sample Isc characterised by the relation

Vv

Rshunt

Isc = Liotal — ; (4.1)

where V' is the measured voltage and Rgune is the shunt resistance of the springboard.
Ryt was determined as a function of magnetic field and strain from the resistive
measurements of the effective upper critical field. Typical shunt currents were ~ 80 mA
at 1001V m~!. This correction was applied to all the V — I traces before the critical
current was determined at both the 10 pVm~! and 100 pVm™! criteria, and the index
of transition N calculated by fitting the data between 10 pVm~! and 100 pV m™! using
the definition of N given by

E=F,

()

where E. is the electric field criterion used to define J..

, (4.2)

Measurements of the angular dependence of the critical current on the same sample
are presented in chapter 5 and demonstrate that the critical parameters measured in
this chapter (where the angle is defined to be 0° when the field is aligned normal to the
tape surface) are broadly insensitive to the exact angle at which the field is applied.
Figure 4.4 shows the full range of all of the critical current data for the REBCO tape at
the 100 0V m~! criterion on both a 2D and 3D plot. These data are consistent with the
many reports in the literature that show the strain dependence of the critical current
in REBCO tapes approximately follows an inverted parabola in the region about the

peak in the critical current [153,189,195,196,199, 201,202,206, 208,209, 243] and can
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Figure 4.3. Field dependent E — J traces for the REBCO tape at T' = 20K and
Eapp = 0%. The dashed lines indicate the 10 pVm™" and 100pV m™' E-field criteria.

be characterised by

Je (5app)

Jc (O) =1- /B (éfapp - Epeak)Q + Bgf)eak’ (43)

where €,pp, is the applied strain, epeax is the applied strain at which the critical current
is at its maximum value and S is a constant. In addition to the standard transport
measurements, high field critical current values were also extracted from the resistive
upper critical field traces. Linear interpolations of these critical current values found
at various fields and temperatures were used to determine values coincident with the
temperatures used in the transport measurements and good agreement is found between
the two sources of data. Figure 4.5 shows inverse parabolic strain behaviour for the

critical current density at 7' = 68 K. Figure 4.6 shows a similar inverse parabolic strain
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dependence for the normalised critical current as a function of temperature at B =6T.
Epeak 15 extracted from the data by fitting eqn 4.3 to the inverted parabolic region, the
results of this analysis are shown in figure 4.7. The most striking result, clearly shown
in figures 4.6 and 4.7 is that e,cqk is a function of both field and temperature. It is
noted that epeax is not a directly measured but is a fitted parameter and analysis of
these results in both REBCO and NbsSn is only possible due to a high SNR.

In LTS materials, the index of transition N can be parameterised using the critical

current through a modified power law of the form
N =1—rnJ (B,T,capp) (4.4)

where ry and Sy are dimensionless constants [174,175,179,255,256]. The N-values
for REBCO tape at all fields, temperatures and strains are shown in figure 4.8. The
N-values at 4.2 K have been included for completeness, although they lie significantly
above the overall trend at other temperatures, because of the heating that occurred at
high E-fields (confirmed by the sample thermometry). Eqn 4.4 if fitted to the data
at the 100 pVm™" criterion (excluding the data at 4.2 K) to determine Sy = 0.44 and
ry = 5.59.

Figure 4.9 shows a typical resistive measurement of the effective upper critical field
with the three different criteria considered in this work highlighted: extrapolated 0%
PN (Bcef'(]%), 50 % pN (B;?g%) and extrapolated 100 % px (ng-lUO%), where py is the

normal state resistivity. The inset shows the effect of varying the excitation current.
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eqn 4.12 where the optimised parameters are given in table 4.2.
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Figure 4.5. Strain dependence of the critical current density for REBCO tape at

T = 68K and fields from 1T to 11T in increments of 1T at the 100 pVm™! criterion.
Solid lines are parabolic fits to the data using eqn 4.3.

Higher current increases the signal to noise ratio of the measurement whereas using a
lower current tends to avoid artefacts from flux flow dissipation. An excitation current
of 100 mA was chosen across the whole measurement range. The degree to which the
effective upper critical field should be considered similar to the thermodynamic upper
critical field or the irreversibility field is discussed in section 4.8. Figure 4.10 shows
typical p — T traces as a function of field at zero applied strain. The reduction in
the normal state resistance is associated with the magnetoresistive properties of the
CuBe springboard. The ‘bump’ at the top of the transition at B = 0T is a consistent
feature across all strains in zero field and is attributed to a non-uniform FE-field across
the width of the sample at B = 0T. The temperature and strain dependence of

the effective upper critical field have been parameterised using an equation for high
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temperature superconductors of the form [257]

* * T °
B (T, capp) = B (0, €app) (1 - T(5)> ; (4.5)
C app
and [173]

T (capp)
7Tc* (5); =1+ cigapp + Qggpp + 036§pp + c4sipp, (4.6)
B (5app) 2 3 4
T(O) =1 + dlgapp + d2€app + d3€app -+ d4€app7 (47)

where the c-values, the d-values, s, and the normalisation parameters 7 (0) and
B, (0,0) are free parameter. Parameterisations were completed using only parabolic
terms up to co (and dy) and are listed in table 4.1. When fitting data were weighted
evenly as uncertainty on B}, does not scale with its magnitude. In figure 4.11
the temperature and strain dependence of the entire B&1%% dataset for the RE-
BCO tape is shown. The data are replotted in figure 4.12 as a universal curve of
BE00% (T e,00) / BE10% (0, £4pp) against the reduced temperature t = T/T%100% (g, )
demonstrating the accuracy of the parameterisation. Figure 4.13 shows the variation
of the transition width AT with field and applied strain which has been calculated by

taking the difference between the extrapolated 100 % and 0% criteria.
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Figure 4.10. Resistive traces from 0 to 14T in 2T increments for the REBCO tape at
Eapp = 0% with a 100 mA excitation current.
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Table 4.1. Parameters of the B parameterisation, eqn 4.5, for the REBCO resistive
transport data at the three criteria considered in this study.

B§§'O% ng% BQe;c.lOO%
T (0) (K) 88.691 89.056  89.361
c1 (1073% 1) 2.187 -0.4492 -2.786
ca (1073%72) -16.39  -12.04  -6.580
B$(0,0) (T) 86.06  90.49  94.64
dy (1073%1) 22.34  31.68  36.30
dy (1073% %) -103.6  -108.6  -124.7
s 1.309  1.292  1.268
RMS Error of B fit (mT) 59 44 60

Effective Upper Critical Field, BS'*" (T)

Temperature, T (K)

Figure 4.11. Effective upper critical field as a function of temperature and strain for
the REBCO tape using the extrapolated 100 % criterion. Closed symbols are from
resistivity measurements. Open symbols are from extrapolation of the flux pinning
scaling curves as detailed in section 4.5. Solid lines are a parameterisation of the data
using eqn 4.5 with the optimised parameters detailed in table 4.1 and the dashed lines
are the extrapolation of this parameterisation to 7" = 0 K.
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Figure 4.14. Critical current density of the bronze route NbsSn wire at 10 K. Solid
lines show the engineering parameterisation using eqn 4.12 where the values of the
optimised parameters are given in table 4.2. Dotted lines show the parameterisation
given in [258] fitted over a limited data range.

4.3.2 Bronze route Nb3Sn measurements on a Walters’ spring

Typical J. data for the bronze route NbsSn wire are shown in figure 4.14 at 10K as a
function of field and strain. When eqn 4.3 is fitted to the parabolic region of J; (€app),
Epeak 1S a function of field and temperature as shown in figure 4.15 which provides

evidence for multimodal behaviour.

4.3.3 Internal tin Nb3Sn and jelly roll NbsAl wire on a Wal-
ters’ spring

This section provides a reanalysis of similar measurements from two other LTS conduc-
tors, an internal tin NbzSn wire and a jelly-roll NbzAl wire. The original experimental

details of the measurements and the accompanying standard analysis can found in [176]
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Figure 4.15. epeax as a function of field and temperature for the bronze route NbsSn

wire. €peax Was obtained by fitting eqn 4.3 to the parabolic region of J. (app) at each
field and temperature.

and [51] respectively. Figures 4.16 and 4.17 show epeax for the internal tin NbgSn wire

and the jelly-roll NbsAl wire.

4.3.4 A note on fitting methods

Throughout this thesis there are numerous fits made to data. Most fits are made
by minimising Chi-squared with data weighted by Poisson statistics or by directly
determined uncertainties in the y-axis variable where these were available. Where

other fitting methods have been used, this is clearly stated.
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Figure 4.17. epeax as a function of field and temperature for the jelly roll NbsAl wire.

Epeak Was obtained by fitting eqn 4.3 to the parabolic region of J. (€,pp) at each field
and temperature.
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4.4 Engineering parameterisation of J. (B, T, €app)

Flux pinning scaling [52, 53, 55] is the standard way to describe the in-field critical
current of Type II superconductors. As discussed in chapter 2, when the direction of
current flow is perpendicular to the field, the general relation for the flux pinning force
density [}, is given by

F,=JB=CB(1-b), (4.8)

where C' is a temperature and strain dependent factor, b = B/B}, (T, capp) is the
reduced field, and p and ¢ are constants. The underlying assumption for eqn 4.8 is that
there is one mode, or one type, of pinning site. The values of p and ¢ are an indication
of the pinning mechanism where a change of 1/2 indicates a change in mechanism [52].
The prefactor C' can be related to the maximum flux pinning force density Fj max

through the relation

p q
Rmmzc<1’><y-1’>. (4.9)
P+q P+4q

In the standard flux pinning approach,

(B

C

(27 0) " o [13]"™

(1 —b)?, (4.10)

where k7 is the Ginzburg-Landau parameter, pg is the vacuum permeability, ¢, is the
magnetic flux quantum and n, m, p, ¢ and A are constants [52,53,55]. Technological

high-field superconductors are designed to have as high J. as possible and hence strong
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pinning. This leads to them being complex and inhomogeneous, so we rarely find
the integer and half-integer values of n, p and ¢ given by simple flux pinning theory.
This thesis does not add to the huge literature that considers the range of pinning
mechanisms that operate in HT'S and LTS materials. The scaling law and the derived
parameters are simply used as a convenient way to accurately characterise the field,
angle and temperature dependencies, but as this chapter outlines, not the strain.

It is well known that the correlations between these parameters can be significantly
reduced if independent measurements of J. and B}, are made [51], as given in the
current work. In early flux pinning work, only variable temperature data was available.
It was assumed that ] was a constant and a value of n was extracted from the gradient
of a log F}, max — log By, plot [50]. More detailed variable temperature and variable
strain data followed on low temperature superconductors, and it was found that the
temperature and strain dependence of k] needed to be included to accurately param-
eterise the J. (B, T, €.pp) data [169,259]. The temperature and strain dependence of
k7 is incorporated by taking the Ginzburg-Landau relation for the upper critical field
Beo (T, z—:): V2K (T, €) B, (T, ¢) [260] along with the two-fluid model for the temper-
ature dependence of the thermodynamic critical field B, (T,¢) = B. (0,¢) (1 — t?) [261]
and the BCS equation for B. (0,£) = (3p0/2)"* (3.5/27) v/2T, [260] where 7 is the
Sommerfeld constant, to give the equation [51]

B
YT (L= 12)

K =924 (4.11)
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Eqn 4.10 implies that the gradient of a log F, max [k]]" versus log B, gives the value
of the exponent n. Computational, experimental and analytic work led to setting m
equal to 2 [53,173,259,262] although different values of the exponent m have also
been found useful for more limited datasets [74,169-172]. For many NbsSn [173,178]
and NbsAl [51] wires, F}, is given by eqn 4.10, with n =5/2, m =2, p=1/2, ¢ =2
and A is a dimensionless constant ~ 1/250 for NbsSn and ~ 1/100 for NbsAl. This
has led to an engineering scaling law that has been successfully used to accurately
parameterise the field, temperature and strain dependencies of many low temperature

superconducting wires [173,174,177-179]
2 g
Je (BT, €app) = A" (Eapp) [T7 (2app) (1= 87) | [B (T, capp)]" 207 (1 = 1)7, (4.12)

where A* (€,pp) can be taken as a strain dependent parameter to improve agreement
with experimental results. 1) (app), By (0, app) and A* (e4p,) are related by the power

laws,

T (5app>_ B (0, €app) i_ A* (Eapp) z
7 (0) ‘( B2, (0.0) ) ‘( 7 (0) ) ’ 413)

where w and u are constants, and T} (app) /1. (0) is given by the fourth order poly-
nomial in eqn 4.6. There are in principle 13 free parameters in this parameterisation:
T (0), BX (0,0), A*(0), s, w, u, n, p, q, 1, C2, c3 and ¢4. Following the work in [178,179]
w and u were fixed at w = 2.2 and v = 0. It is noted that small data sets can be

parameterised, with some limited loss of accuracy, using just six free parameters [177].
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Accurate engineering parameterisations across field, temperature and strain are
extremely important for technological applications of superconductors, for example in
the large high field magnets such as those used in magnetic confinement fusion that
undergo enormous stresses. Although it is shown in this chapter that the REBCO
tape is bimodal so the standard (homogeneous) scaling law, eqn 4.10, is not physically
justifiable, nevertheless, a useful engineering parameterisation can be provided by
applying eqn 4.12 to the critical current data. This provides useful parameterisations
for magnet design engineers using HT'S and LTS materials.

The importance of using the correct weighting procedures when applying fitting
procedures to critical current data is noted. Here each fit to the data minimises
Chi-squared with Poisson statistics [263]. This approach ensures the fitting parameters
remain independent of whether J. or F}, data are fitted.

For the REBCO tape, a reasonably accurate parameterisation useful for engineering
applications, without using the resistively measured values of BY,, was found after
splitting the data into two temperature regimes: a) 7' < 60K and b) T > 68K
where eqn 4.5 gives the functional form of B},. The free parameters obtained for the
100 pVm™! criterion are given in table 4.2 and shown graphically in figure 4.4a. In
the low temperature region the engineering scaling law parameterisations includes
unphysical constants as has been reported previously [264]. For the LTS materials,

the constants found for the parameterisation were obtained without applying shunt
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corrections and the functional form of B, was taken to be

B (T, €app) = By (0, €app) (1 - <T*T>> V) ) (4.14)

(€app

where v is a free parameter. The free parameters obtained are also listed in table 4.2
and are shown graphically for the bronze route wire in figure 4.14. Also shown in
figure 4.14 is a similar parameterisation with parameters taken from a FAE report [258]
where the fit was performed over a smaller data range to improve its accuracy in the
region of interest for that report, resulting in a reduction of the RMS error from 4.8 A

to 2.5 A.

4.5 Flux pinning scaling

The strategy for a detailed analysis of flux pinning behaviour first requires consideration
of eqn 4.8. Using the resistively measured values of B}, it is first determined which
combinations of B}, and E-field criteria give temperature and strain independent values
of p and ¢ and hence show universal scaling behaviour. The universal scaling curve is
then extended to lower temperatures where direct measurements of B}, are not available.
It is then determined how F}, .y scales with B, via a log Fj, max [5]]" — log B, plot.

This approach makes no a priori assumptions about the relationship between Fj, yax

and B}, [51].
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Table 4.2. Parameters for the engineering parameterisation, eqn 4.12, for all samples
investigated. The parameters in bold were taken to be fixed [178].

REBCO Bronze route Internal tin Jelly roll
Parameter
T<60K T>68K NbsSn NbsSn NbsAl
A(0) 0.0625 6.55 45.8 113 66.3
(MAm—2K=2T3")
Tr(0) (K) 185.0 90.1 16.5 16.6 15.6
B, (0,0) (T) 139.0 98.7 30.7 33.3 26.9
cr (%) 0.00224  0.00139 0.107 0.0671 0.0156
e (%72) -0.0198 -0.0294 -0.0972 -0.316 -0.0515
ez (%73) 0.00391 0.0104 -0.0806 -0.300 -0.00302
cy (%74 0.00103  0.00520 -0.0291 -0.126 0.00664
w 2.2 2.2 2.2 2.2 2.2
u 0 0 0 0 0
s 5.27 1.26
v 1.28 1.35 1.30
n 3.33 2.66 2.44 2.40 2.65
P 0.451 0.581 0.526 0.926 0.702
q 1.44 2.86 1.74 2.82 2.78
N 5.59 1.44 1.78 0.775
Sn 0.44 0.50 0.36 0.621
RMS Error of J. fit
i MAm™ (or 000 04) 50 (020) 23 (4.8) 11(2.3) 4.9 (1.0)

equivalently I, in A,

I. Error in brackets)
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4.5.1 REBCO tape: Flux pinning scaling of J. (B, T, e,pp) at

T > 60K

The parameters p, ¢ and B}, are quite strongly correlated so a wide range of parameter
combinations give acceptable agreement with the data [51]. Resistively measured values
of the effective upper critical field are used to minimise the effect of this correlation in
the temperature region where such measurements are available (7' > 60 K). Figure 4.18
shows flux pinning curves for the REBCO tape at T' = 68 K and e,,, = 0% at the
100 pV m™! criterion for each of the three B, criteria considered in this study. First
inspection suggests the extrapolated 100 % criterion is the most appropriate as the
other criteria give non-zero values of J. at B},. However, this simple interpretation
does not account for distributions in the critical parameters, or the percolative path
and current shunting at low values of critical current.

Below it is investigated which combination(s) of E-field and B, criteria show
consistent scaling of the flux pinning curve: eqn 4.8 is fitted to the data in the
region where direct measurements of the resistive upper critical field are available
(T = 60,68 and 76 K), B5 (T, €app) is used to calculate the reduced field b and F}, max
is an unconstrained temperature and strain dependent free parameter. The data
were fitted using all combinations of E-field and B}{ criteria. Four different fitting
procedures are used to investigate fully the temperature and strain scaling of the
parameters p and ¢: in procedure 1 p and ¢ are unconstrained temperature and

strain dependent free parameters, in 2, p and ¢ are free parameters constrained to
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be independent of strain but unconstrained in temperature, in 3, p is a global free
parameter independent of both temperature and strain and ¢ is a free parameter
constrained to be independent of strain but unconstrained in temperature, in 4, both p
and ¢ are global free parameters independent of temperature and strain. The results of
fitting procedures 2 - 4 are summarised in table 4.3 for all combinations of criteria and
results of all fitting procedures are presented graphically in figure 4.19 for a limited
selection of criteria combinations.

The results of using fitting procedure 1 provide the data points in figure 4.19,
which are temperature and strain dependent, are similar to the results obtained using
fitting procedure 2 (solid lines in figure 4.19), which are temperature dependent only

for all combinations of criteria. This shows there is no strain dependence to p and q.
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Table 4.3. Results of fitting the J. (B, T, capp) data at T' = 60,68, 76 K for REBCO tape to eqn 4.8 for all combinations
of E-field and B} criteria. Data are shown for fitting procedures 2 - 4: 2) p and ¢ are free parameters constrained to be
independent of strain but unconstrained in temperature, 3) p is a global free parameter independent of both temperature and
strain and ¢ is a free parameter constrained to be independent of strain but unconstrained in temperature, 4) both p and ¢
are global free parameters independent of temperature and strain.

mmx.oﬁ mmoﬁ mmxpooﬁ

Fitting c2 c2 c2
procedure © ) 10pvmT 1000V 10pVmt 100pVmt 10pVmTt 100pVme!
p q p q p q p q p q p q
60 052 209 051 178 059 256 057 219  0.64 306  0.62 2.63
2 68 037 1.64 036 135 045 216 044 183 057 289 054 2.42
76 011 117 011 091 024 174 020 134 047 271 036 2.04
60 1+ 193 1 162 t 238 1 203 1 295 1 250
3 68 043 174 042 144 050 224 049 190  0.60 294 055 2.47
76 L 156 4 125 ) 210 L 173 | 293 | 237
4 AT 042 182 040 150 048 228 047 193 059 294 056 247
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Figure 4.19. The values of p and ¢ obtained from the fitting of volume pinning
force curves for the REBCO tape at T = 60,68,76 K at the 100pVm~' E-field
criterion. By (T, €app)- The upper pair of panels were calculated at the extrapolated
100 % criterion to determine B, whereas the lower panels were calculated using the
50 % criterion. Points show the results of fitting proceedure 1) where p and ¢ are
unconstrained temperature and strain dependent free parameters. Solid lines show
the results of fitting proceedure 2) where p and ¢ are free parameters constrained to
be independent of strain but unconstrained in temperature. Short dashed lines show
the results of fitting proceedure 3) where p is a global free parameter independent of
both temperature and strain and ¢ is a free parameter constrained to be independent
of strain but unconstrained in temperature. Long dashed lines show the results of
fitting proceedure 4) where both p and ¢ are global free parameters independent of
temperature and strain.
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Procedure 2 shows a relatively strong temperature dependence and can be compared
to procedure 3 (dotted lines in figure 4.19) which makes p a global free parameter
independent of temperature and strain. Procedure 3 has a significant reduction in
the temperature dependence for ¢, which can be associated with uncertainties in
the determination of p because of limited data at low reduced field and the strong
correlation between p and ¢. The results of fitting procedure 3 at all temperatures
are within the uncertainties of fitting procedure 4 (dashed lines in figure 4.19), where
both p and ¢ are global free parameters independent of temperature and strain, for the
B 190% criterion at both E-field criteria. It is concluded that the B1%% criterion
gives consistent, temperature and strain independent universal scaling in the high
temperature region for both E-field criteria. Hereafter only values at the B19% and

100V m™! criteria are reported.

4.5.2 REBCO tape: Extending the flux pinning scaling to

T = 4.2,20 and 40K

Direct measurements of B%1%°% were not possible at low temperatures (7' = 4.2, 20,40 K)
because the magnet system is limited to 15 T. In addition, extrapolating the B, pa-
rameterisation (cf. eqn 4.5) is found to not provide reliable values. Hence, at low
temperatures the effective upper critical field, B:°"7 and F}, yax were determined by
fitting eqn 4.8 to the J. data with p and ¢ fixed at the values obtained for T" > 60 K

= 0.56 and ¢ = 2.47). F, n.x Was taken to be an unconstrained temperature and
(p q b, p

strain dependent free parameter, and B}°"T was characterised as a temperature and
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Table 4.4. Results of determining B:2°VT at T = 4.2,20,40 K for REBCO tape at
the 100 pVm~! E-field criterion. The flux pinning curve, eqn 4.8, is fitted to the J.
data with p = 0.56 and g = 2.47 (the values obtained from the flux pinning analysis
at T = 60,68, 76 K). B:r°"T is a temperature and strain dependent free parameter,
unconstrained in temperature and constrained in strain by a second order polynomial
given by eqn 4.7 where d3 = dy = 0.

T (K) Bz (0)(T) d (107°%7") dy (107°%?)

4.2 131 22 -5
20 79 31 -48
40 46.5 31 -80

strain dependent free parameter, unconstrained in temperature and constrained in
strain by a second order polynomial given by eqn 4.7 where the normalisation constant
is denoted by B2V 7T (e.pp = 0%) and d3 = dy = 0. The high values of B:-*"T mean
only the initial part of the F}, curve is available at these temperatures, the high gradient
of the curve in this region leads to solutions with unphysical results where the location
of F}, max i clearly incorrect. To account for this in a consistent manner, the fitting
procedure was weighted by F,,B so the data near Fj, .« are preferentially weighted
resulting in physically reasonable results.

The free parameters describing B:2°" 7 obtained from this analysis are summarised
in table 4.4 and are included alongside the direct measurements of B}, at high tem-
peratures in the inset of figure 4.11. The B:L°"7 values are considerably higher than
suggested by the parameterisation at high temperature (cf. eqn 4.5) and have a lower

strain dependence. Figure 4.20 shows the universal scaling of the flux pinning curves

at all temperatures and strains.
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Figure 4.20. Universal scaling of F}, at all temperatures and strains using the Bgx100%
and 100 pVm™! criteria. The global fit was determined by the method outlined in
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4.5.3 REBCO tape: Temperature and strain scaling of F'j, nax
with B,

In sections 4.5.1 and 4.5.2, B}, and F}, nax wWere determined from the universal scaling of
the flux pinning curve. B, was characterised using eqn 4.5 for the BS1%% criterion at
T =60,68,76 K, and eqns 4.7 and 4.8 at T = 4.2, 20,40 K, F}, max Was an unconstrained
temperature and strain dependent free parameter. Figure 4.21 shows Fj nax as a
function of B, on a log-log scale. The parameter n (cf. eqn 4.10) extracted from
this graph is a function of temperature. At all temperatures Fj, nax shows double
valued behaviour as a function of B},, where the compressive data has higher values of
F, max than the tensile data at all temperatures. It was investigated whether including
the temperature and strain dependence of ] as given by eqn 4.11 produces a single
universal value for the exponent n. Figure 4.22 shows F, max [£7]" against B, on a log-
log scale. Although the range of n values was significantly reduced for a value of m = 2,
n are still found to be a function of temperature and double valued behaviour of F, 1ax
as a function of B}, are still present. Other values of m were investigated and strain
dependent values of v (or equivalently A) were considered [51,74,169-172,177-179] but
none were found to be significantly better than m = 2 with a strain independent ~.
By performing the scaling with no a priori assumptions made about the dependence
of I}, max on BY,, the identification of the double valued behaviour of F, yax [/{{]2 Versus
B}, and a temperature dependence for the exponent n is made possible. These features

cannot be identified from using the engineering parameterisation (cf. table 4.2) because
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Ginzburg-Landau parameter ] against the effective upper critical field on a log-log
scale for the REBCO tape at the 100 pV m~! E-field criterion and extrapolated 100 %
B, criterion. B}, is determined using eqn 4.5 at T' = 60, 68, 76 K, and eqns 4.7 and 4.8
at T'=4.2,20,40 K, as detailed in sections 4.5.1 and 4.5.2. The solid lines are linear
fits at each temperature, the dashed line is a linear fit at €,p, = 0% (the associated
exponents n are also shown). (inset) Detail of the data at 40 K showing double valued
behaviour of F}, nax. The solid line is a guide to the eye.
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it assumes [, max is a single-valued function B}, and n is temperature independent. It
is also noted that the engineering parameterisation assumes that epeax is independent
of magnetic field and temperature in contradiction with the experimental data in

figure 4.7.

4.5.4 Bronze route Nb3Sn: Flux pinning scaling of J. (B, T, €app)

The comprehensive J. (B, T, e,pp) data obtained for the bronze route NbsSn wire were
analysed in a similar manner using eqn 4.8 where p and ¢ were global free parameters
independent of temperature and strain, F}, m.x Was an unconstrained temperature
and strain dependent free parameter. B, (T, c,pp) Was parameterised using eqn 4.14
where v is a free parameter and, Tt (€,pp) and B}, (0, €4pp) are fourth order functions
of strain given by eqns 4.6 and 4.7 respectively. The free parameters are provided in
table 4.5. Again, no a priori assumptions are made about the dependence of F}, jax
on BY,. Universal behaviour was found for F}, (b) confirming temperature and strain
scaling and providing global values for p and ¢. In figure 4.23 F, pax [k%]? is plotted as
function of B}, on a log-log scale. As with the REBCO tape it is found that including
the [k3]° factor improves the agreement between the variable temperature and the
variable strain scaling of n [169,259]. However, there is not a single exponent for n
that fits all the data. It is also found that Fj, ax [n’{]2 is a double valued function of
B},, where the tensile F}, ,.x data are consistently higher than the compressive data at

all temperatures.
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Table 4.5. Results of the detailed flux pinning analysis, eqn 4.8 for the NbsSn and
NbsAl wires, where p and ¢ are global free parameters independent of temperature and
strain, F}, max is an unconstrained temperature and strain dependent free parameter,
By, is given by eqn 4.14, and T} (gapp) and B, (0, €app) are fourth order polynomials
given by eqns 4.6 and 4.7 respectively.

P 0.611 q 1.99
Bronze Y 120
route  1¢ (0) (K) 163 B5(0,0) (T) 328
NbsSn e (%) 0.0928 dy (%) 0.238
ey (%) -0.0565 do (%72) -0.250
ez (%73) -0.125 ds (%3) -0.138
cy (%1 -0.0722 dy (%% 0.00846
P 0.870 q 2.67
v 1.34
Internal
tin T (0) (K) 16.8 B, (0,0) (T) 32.5
NbsSn e (%) 0.0925 dy (%) 0.135
e (%72) -0.261 dy (%72) -0.689
e (%73) -0.448 ds (%3) -0.520
cy (%74 -0.287 dy (%) -0.0807
p 0.668 q 2.51
v 1.37
Jelly
roll Tr(0) (K) 15.5 B, (0,0) (T) 25.6
NbsAl c1 (%) 0.0146 di (%) 0.0405
co (%72)  -0.0488 dy (%72) -0.119
cs (%73)  -0.00257 ds (%3) -0.0143
cs (%) -0.00430 dy (%) 0.0446
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Figure 4.23. Maximum flux pinning force density multiplied by the square of the
Ginzburg-Landau parameter s} against the effective upper critical field on a log-log
scale for the bronze route Nb3Sn wire. The solid lines are linear fits at each temperature,
the dashed line is a linear fit at €,,, = 0% (the associated exponents n are also shown).

(inset) Detail of the data at 8 K showing double valued behaviour. The solid line is a
guide to the eye.
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Figure 4.24. Maximum flux pinning force density multiplied by the square of the
Ginzburg-Landau parameter s} against the effective upper critical field on a log-log
scale for the internal tin Nb3Sn wire. The dashed line is a linear fit at all temperatures
and strains (the associated exponent n is also shown). (inset) Detail of the data at
8 K. The solid line is a guide to the eye.

4.5.5 Internal tin Nb3Sn and jelly roll NbgAl: Flux pinning
scaling of J. (B, T, €app)

In figures 4.24 and 4.25 the results of the same analysis for internal tin Nb3Sn and jelly
roll Nb3Al respectively are shown. In contrast to the REBCO tape and the bronze
route NbsSn wire, a single temperature and strain independent value of the exponent n
is found to describe the data reasonably well for both materials when the [/fﬂQ factor is
included in the scaling law, and F}, max [Kff]Z is a weakly double valued or single valued

function of B}, to within the experimental uncertainties.
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Figure 4.25. Maximum flux pinning force density multiplied by the square of the
Ginzburg-Landau parameter ] against the effective upper critical field on a log-log
scale for Nb3Al wire. The dashed line is a linear fit at all temperatures and strains

(the associated exponents n is also shown). (inset) Detail of the data at 10 K. The
solid line is a guide to the eye.
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4.6 The bimodal chain model for REBCO

To date, when flux pinning scaling laws are used in the literature to describe LTS
materials, it is assumed the material is close to homogenous so all the grains respond
in broadly the same manner and the critical parameters, 17, B}, and J; have a similar
response to uniaxial strain. More specifically, it is generally assumed that the peak of
all these critical parameters occur when the intrinsic strain on the superconducting
component itself is close to zero. This has led the community to anchor J. versus strain
data at this strain ek, by defining a characteristic strain called the intrinsic strain
Eint = Eapp — Epeak Where epeax is the applied strain at which J. (€,pp) is maximised or
equivalently, €;, is zero at the peak. The values of e,k found experimentally then
have their origin in the differential thermal contraction of the matrix materials and
sample holder exerting a prestrain on the superconducting component of the conductor
and are independent of temperature and field [181,183].

In section 3.5 it was shown that such a description of the effects of strain is incom-
patible with REBCO tapes when single crystal measurements and the microstructure
are considered. A simple bimodal model for the uniaxial strain dependence of REBCO
tapes in zero field was also reviewed [199]. A key consequence of this model is that €peax
cannot be assumed to occur at g, = 0% or to be independent of field and temperature.
As such, to avoid any confusion with the well-established definition of €y, two new
characteristic strains were introduced: the domain stain e;p = eapp — €., =, Where
€J.a=Jp is the applied strain at which the critical current in both domains are equal,

and the peak domain strain ep,jp = €peak — €J.,=Js Which is the domain strain at
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which J. is maximised. In the next section the bimodal model is extended to include

the field and temperature dependencies.

4.6.1 Bimodal chain model for twinned domains in high mag-

netic fields

The parameter a;, is introduced which accounts for different strain sensitivity in the

A- and B- domains and is defined by

EJDZO% /

where an equivalent definition for ar, in terms of the derivatives of T, and T} can

dJCB
d€JD

dJcA
déJD

i (4.15)

&‘JD:O% ‘gA

gy, =

c

also be written down. By setting the condition £ = E, in eqn 3.7, it is found,

() raen ()" (110

where Ny and Np are functions of J.p and J.g respectively defined through eqn 4.4.
The transcendental nature of J.r in eqn 4.16 rules out simple analytic solutions.
Nevertheless, to develop insight into the field and temperature dependence of epcak,
an approximate analytic expression for e, jp is derived. Using a second order Taylor
expansion for J. about e;p = 0%, and comparing the coefficients to eqn 4.3, an

analytic expression is found for the peak domain strain €, jp as a function of f, oy,
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and ga, given by

peak = “Ja=Jeg T T 2
ngD EJDZO% ngD €JD=0%

_ f_aJc/ (1+aJc) F(NOHSN)’ (417)

FA=f)A+as) ga(B,T)

where the parameter F' (Ny, Sy) = No/ (No (No+ 1) — 2Sn (Ng — 1)), Ny is the index
of transition at eyp = 0%, Sy is defined in eqn 4.4 and g, contains the temperature
and field dependencies. It is noted that in the limit where a;, = 1 and Ny (Ny + 1) >
25N (Ng — 1) (cf. typical values for Sy and Ny are 0.4 and 10 respectively), F' (Ny) ~
1/ (No+ 1) and eqn 4.17 reduces to eqn 3.9.

Eqn 4.17 requires an explicit evaluation of gy which is calculated as follows: J; in
each domain is assumed to follow the scaling law given by eqn 4.10 and is approximated
to be linear in the region of e;p = 0%, as with the derivation of eqn 3.9. Taking the

derivative of eqn 4.10 and comparing the result to eqn 3.6, g; is found to be given by

dT?;
dejp

gi =

2 1+t*(0)
ejp=0% [TC (O> 1—t2 (0)1

- d .
+ | By (1.0) ——— (B (T em))

de D

_W<£%2D+n—p—mﬂ,(4w)

where ¢ (e;p = 0%) = T/T (0) and b(ejp = 0%) = B/B% (T,0) are the reduced tem-

perature and field at eyp = 0 % respectively. If the HTS parameterisation of B, (T, ep)

c21



136 Multimodal strain dependence in high field technological superconductors

(cf. eqn 4.5) is taken, the following expression is obtained

drT?:
de D

T.(0) |"1—2(0
+ (18_75550()0)+w> (%Jrn—p—m)]. (4.19)

And if the LTS parameterisation of B, (T,eyp) (cf. eqn 4.14) is taken, then the

c2i

1 1+t2(0
9i HTS = ' [2 (0)
EJDZO% )

expression becomes

dr?
deyp

1 )
ejp=0% T. <0) [2 1—¢2 (O)

gi,urs =

Eqns 4.19 and 4.20 show that g; is proportional to |dT7;/dejp|:,,—0% which implies
that for both the HTS and LTS functional forms considered here ;. = az, = a.

In general the index of transition in each domain N; is field, temperature and strain
dependent. It is parameterised as a function of the critical current given by eqn 4.4.
Hence the E — J relation of the whole chain, eqn 3.7, no longer strictly obeys the
simple power law. However, an approximate expression for index of transition for the
whole chain Nt can be determined by replacing the left hand side of eqn 3.7 with

E.(J/ JcT)NT, differentiating with respect to J and setting J = J.p. This gives

JCT

4.21
T (4.21)

JCT>NB

)NA+(1—f)NB <JCB

NTszA(
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from which approximate values of Nt for the chain model can be calculated.

4.6.2 Numerical results of the bimodal chain model

In this section the predictions of the in-field behaviour of the bimodal chain model are
calculated. They are presented through the parameters J.r and Nt by solving the
transcendental eqn 4.16 numerically. The critical current in each domain J,; is defined
using the generalised flux pinning scaling relation of the form of eqn 4.10 where T},
and B}, are unique to each domain and the strain dependence is constrained by a

*

linear strain dependence for 77 given by eqn 3.5. Table 4.6 provides the free parameter
values used in the calculation: T)F (0), B, (0,0), s and Sy are taken as approximations
of the experimental parameters, n, p and ¢ are taken as the Kramer values [53], A and
rn are chosen such that N-values are in agreement with experiment, d7y /despl, _ge
is taken to be 2.5 K %! (cf. table 4.6), and w is taken to be 3 [171]. Eqn 4.16 is solved
numerically for Jer.

In figures 4.26 - 4.30, the simplest case, aj, = a, = a = 1, is considered. Figure 4.26
shows J.r normalised at zero domain strain as a function of domain strain for a = 1
at 5T for different temperatures and two values of f. Figure 4.27 shows how different
domain fractions (different values of f) affect the field and temperature dependence

of epjp for a = 1. It is found that the strain at which J,r reaches its peak value is a

function of field and temperature. For o = 1:

« for the special case of f = 0.5, the bimodal model predicts behaviour similar to

homogeneous models;
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Table 4.6. Parameters used in the numerical calculation of the 1D chain model.

Parameter Value
A 10
Tz (0) (K) 90
B, (0,0) (T) 100
dT? /depl,, —gy, (K%™') 25
w 3
S 1.25
n 2.5
m 2.0
P 0.5
q 2
rN 90
SN 0.4

o when f < 0.5, ¢, 3p < 0%;
o when f > 0.5, g, 5p > 0%.

The magnitude of ¢, jp increases as the difference in the relative domain fractions
increases (i.e. for larger values of |f — 0.5]).

Figure 4.28 shows Nt — 1 against J.r as a function of temperature and domain
strain determined by solving eqn 4.21 for o = 1. Nr is always lower than N; of a single

domain for any non-zero domain strain for all f including 0.5 and for f # 0.5 double

valued behaviour of Nt appears. When:
e f=0.5, Nr < N; and Nr is single valued;
e f<0.5, Nr < N; and Nr is higher under tension than compression;

e f>0.5, Nr < N; and Nt is higher under compression than tension.
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Figure 4.26. Numerical results of the bimodal chain model using the values in table 4.6
showing the variation of the normalised critical current density with domain strain
at various temperatures for B =5T, f = 0.3 and o = 1. The arrows show the peak
position €, jp. (inset) Results for f = 0.5 and o = 1 showing behaviour similar to a
homogeneous model.
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Figure 4.27. Numerical results for the peak domain strain ¢, jp as a function of field
and temperature from the 1D chain model for f = 0.3 (bottom half of the panel), 0.5
(horizontal line) and 0.7 (top half of the panel), using the values in table 4.6 with
a = 1. Also shown are the results of the analytically derived equation for €, jp given
by eqn 4.17 using the same parameters.
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Figure 4.28. Results for Nt — 1 calculated using eqn 4.21 against J.r calculated
numerically in the range —1% < ejp < +1% at B =5T when f = 0.3 and o = 1.
The dashed line shows N; — 1 for a single domain. (inset) Detail of the results at 60 K.

The predicted double valued behaviour of Nt is much smaller than the scatter on the
experimental N-values and hence was not observed in the experimental data.

Figure 4.29 shows log F}, max [/iﬂ2 versus log B, as a function of temperature and
domain strain with f = 0.3 and o = 1. For f # 0.5 and a = 1 double valued behaviour

of F, max appears as shown in the inset. For:

o f =0.5, F}, max shows single-valued behaviour with B, comparable to scaling

models for homogeneous materials;

e f < 0.5, F,max is higher in compression than in tension for the same value of

*
BCQ’

o f > 0.5 ,F, max is higher in tension than in compression for the same value of

*
BC2-
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Figure 4.29. Numerical results of the bimodal chain model in the range —1% < ejp <

+1 % showing Fj, max against B, on a log-log scale using the values in table 4.6 for
f=0.3and o = 1. (inset) Detail of the results at 60 K.

Eqn 4.16 shows B, of the system (defined mathematically as the lowest field

E3
c21

at which J.p = 0) is entirely determined by B, of the domain with the lowest J;
independent of the domain fraction and a (assuming f # 0V 1 and a # 0V 00).
For a = 1, B},; is the same in each domain when the domain strain is equal and
opposite independent of the value of f, hence B, (+eyp) = B, (—ejp). However this
is not the case for J. (ejp) which is asymmetric for f # 0.5 and hence F}, max (+€5p) #
Fy max (—€yp). The result of this is double valued behaviour of F, . with Bf,. The
inset in figure 4.30 shows the relative magnitude of the difference between the ten-
sile and compressive data, (Fpmax (T, —€ip) — Fpmax (I +€ip)) /Fpmax (T +eip) =

AF, max (T, £e5p) / Fymax (T, +€1p), increases and then saturates as the strain increases.

The model breaks down as e;p — +00 % because one domain is completely suppressed
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Figure 4.30. Numerical results of the bimodal chain model showing the normalised
difference in the double valued behaviour of F}, nax as a function of temperature and f
using the values in table 4.6 for e;p = £1% and o = 1, and (inset) as a function of
+¢ejp and temperature for f = 0.3 and o = 1.

while the other has infinite critical current. So it was chosen to characterise this
difference at e5p = +1 % because this is large enough to be in the saturated region
but not unphysically large. Figure 4.30 shows AF}, max (T, £e5p) / Fpmax (I +€p) as a
function of domain fraction at different temperatures for eyp = £1 %.

It is now considered how a # 1 affects €, jp. Figure 4.31 shows how different values

of f and « affect the field dependence of €, jp. When:
. f = a/ (1 —|—O¢), €p,JD = 0%7
e f<a/(1+a),epp <0%;

. f>a/(1+a), €p,JD >O%;
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Figure 4.31. Numerical results of the bimodal chain model for the peak domain strain
epap at T' = 68K as a function of field and « for f = 0.3 and 0.5 using the values
given in Table 6. Also shown are the results of an analytically derived equation for
€p.Jp given by eqn 4.17 using the same parameters.

When « # 1, B, (+eip) # Bl (—¢hp) which leads to a more complex relation
between B, and F}, max. No mathematical condition could be found where F, ax was
not a double-valued function of B}, for o # 1.

Jor is dominated by the domain with the lowest J.;. Conceptually the dependence
of epgp on f and/or « can be understood by considering that the E-field generated by
one domain is not the same as that generated by the other at equal and opposite strain
hence the function is not symmetric and e, jp # 0 %. Increasing f or decreasing a for
any given strain results in an increase in the ratio of the E-field generated by domain
A relative to domain B. This means a greater tensile strain is required before domain
B (which has lower J,; in tension than domain A) becomes dominant, resulting in €, jp
shifting in the tensile direction. The opposite is true for decreasing f or increasing a.

The greater the relative difference between J.o and J.g the greater the degree to which
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Jer is dominated by the weaker domain. The field and temperature dependence of €, jp
is caused by variation of dJ,; (¢jp) /dejp with field and temperature. At lower fields
and temperatures, the magnitude of dJ.; (e;p) /de;p is lower meaning more strain is
required to achieve the same relative difference between J.p and J.g. Hence a lower
magnitude of dJ;; (¢jp) /deyp means the peak moves to higher compressive or tensile
strain (depending on whether f < a/(1+ «a) or f > a/ (1 + «) respectively). The
analytical expression for epeax, €qn 4.17, is also compared to the numerical results in
figures 4.27 and 4.31 showing the expression is a reasonably good approximation with

a typical error of ~ 10 %.

4.7 Estimating the domain fraction f and the ap-
plied strain at which J. is the same in both

domains €5_, s g

In this section the experimental results for the REBCO tape, bronze route and internal
tin NbsSn, and jelly-roll Nb3Al wire are compared to the numerical and analytic results

derived from the chain model.
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Eqn 4.17 shows €p,cax plotted against ATy /dejpl., g F' (No, Sn) /ga (B, T) should

give a liner relation with

— 1 dT?
gradient = f—os/(+as) / cA : (4.22)
fA=fA+az)/ |dep 1 =0%
intercept =€, —J.5- (4.23)

For REBCO, €peax is plotted against deA/dejD]EJDZO% F (No, Sn) /gants (B, T) in fig-
ure 4.32 where dT7, /despl,, gy /9anTs is given by a rearrangement of eqn 4.19. To cal-
culate F'and dT7,/ d€JD|£JD:0% /ga.nTs, strictly the input parameters, B, (T, e;p = 0%),
n, p, ¢ and T (ey;p = 0%) for an applied strain when ejp = 0% (i.e. app = € s=ss)
are required. It is initially assumed e,,, = 0% when e;p = 0% and the input parame-
ters are taken from the detailed flux pinning scaling analysis (cf. section 4.5). Ny values
were taken to be their experimental values and w was taken to be the standard value of
2.2 [178]. The data at 4.2 K were not included in the analysis due to the systematic incon-
sistencies in the N-values, discussed in section 4.3.1. Preliminary values of the intercept
and gradient (¢, and (dT2 /dewl., o) 1f —a/ (L+a)]/[f (1= f) (1 +a)]
respectively) were then extracted from a linear fit to the data (cf. figure 4.32). New
values of I and dT7y/dejp|,, _o /9anTs were calculated with the new value for
€Ja=J.s- After iterating this process, the data in figure 4.32 were obtained and the
final gradient and intercept values obtained are presented in table 4.7. It is noted
that the data shown in figure 4.32 are broadly insensitive to the iteration process

because the input parameters are predominantly determined by the magnetic field
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and temperature, and are insensitive to small changes in €;,-;,. Single crystal
values of dT7y /dejpl,, _qe and a are required to calculate an estimate of f from the
gradient. Data from the literature for d77y /dejp|,, _qe and a are listed in table 4.8
and are used to calculate values of f. Also shown on figure 4.32 is a linear fit including
additional data as a function of angle (presented in chapter 5) where e, = 0.19%
and (dTC*A/ngD|€JD:0%)*1 [f—a/(1+a)/[f(1=f)(1+a) = —0.27. The rela-
tive difference in the double valued behaviour of Fj . was also measured and
the results compared to the numerical bimodal chain model results given in fig-
ure 4.30. Given that the compressive data is higher than the tensile data, it is
expected that f < 0.5. Qualitatively the same saturation of the normalised dif-
ference in Fj, max as a function of strain predicted by the model is found and from
the magnitude of AF} max (T, £eip) /Fpmax (T, +€yp) an estimate of f ~ 0.42 for
(dTg‘A/dajD!EJDZO%)_l =25K% ! and a = 1 is obtained.

A similar analysis was performed on the bronze route and internal tin Nb3Sn, and
jelly-roll NbsAl wires, shown in figures 4.33, 4.34 and 4.35 respectively. The free
parameters were taken from the detailed flux pinning scaling analysis (cf. section 4.5).
The parameter w was taken to be the standard value for a LTS material of 2.2
[178] . An estimate of AT /dejpl,, _qe for Nb3Sn was obtained from data available
in literature. Magnetic measurements on single crystals give d77,q9)/deip [e;p=0%
values along the (100) directions that vary by an order of magnitude depending on
whether a full screening criterion or an onset criterion was used [265]. A value of

dT00) /deip |eyp=0% of 1.63K %! characteristic of about 30 % screening is chosen,
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Figure 4.32. epea versus d77y/ déJD|5JD:0% /gants for the REBCO tape. The dashed
line is a linear fit to the data, excluding T" = 4.2K, with parameters shown in
table 4.7. The dotted line is a linear fit including additional data as a function of angle
(presented in chapter 5) The parameter F' = Ny/ (No (Nog+ 1) — 2Sx (Ng — 1)) and
dTYy /degpl., —oy /9anTs 18 given by a rearrangement of eqn 4.19.
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Table 4.8. Values of the domain fraction f determined using various experimental
values of dT7;/de from literature. The results of Welp et al. [211] and Fietz et al. [210]

7
are converted from stress to strain using Young’s moduli of 162.7 GPa along the a-axis

and 178.1 GPa along the b-axis [266].

dT:A/de’fJD (K %_1) dTC*B/deSJD (K %_1) « f

Suzuki et. al. [267] +4.09 £+ 0.02 —2.09 £0.01 0.51 0.17
Fietz et. al. [210] +1.6£0.1 —2.1£0.1 1.31 0.40
Welp et. al. [211] +3.3+£0.3 —34+£04 1.03 0.26

using a Young’s modulus of 165 GPa [268] to make the stress-strain conversion. This
is an upper-bound value along the (100) direction in which the strain dependence is
greatest. The random orientation of the grains in Nb3Sn wires will result in the average
value of dT7, /de JD|€JD:0% being lower. An approximate average over all solid angles
is taken to obtain dT7, /depl., _gy = 0.24 X AT 00y /demD |eyp=0% = 0.39 K %" [244].
Single crystal data for NbgAl is not available. Since the strain dependence of the critical
parameters of Nb3gAl measured in polycrystalline composite wires is approximately half
that of NbsSn, it is assumed dT:A/dEJD|€JD:O% = 0.19K %~!. The nature of competing
domains in A15 wires is unclear and is the subject of discussion in section 4.8.2, so for

simplicity, a value of a = 1 is assumed. The initial values of ¢, —; , were taken be

cB
0.39%, 0.14 % and 0.12 % for bronze route and internal tin NbsSn, and jelly-roll Nb3Al
and the values of f and numbers obtained after iteration are listed in table 4.7. For
the bronze route Nb3Sn, the data at 4.2 K is again omitted from the analysis because

there was heating at high currents that caused deviation of the E — J traces from

power law behaviour for high F-fields.
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Figure 4.33. epeax versus dTC*A/dEJD|EJD:0% F/gars for the bronze route NbsSn
wire. The dashed line is a linear fit to the data, excluding T' = 4.2 K, with pa-
rameters shown in table 4.7. The parameter F' = Ny/ (No (No + 1) —2Sy (Ny — 1))
and dTy /dejpl,, g /garrs is given by a rearrangement of eqn 4.20. The linear fit
has been performed by minimising Chi-squared with data weighted by the uncertianties

in d77y/depl., g% £'/gaLTs as these uncertianties are signifigantly larger than those
in Epeak-
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Figure 4.34. €peax versus d77, /de JD\EJDZO% F/ga s for the internal tin NbsSn wire.
The dashed line is a linear fit to the data with parameters shown in table 4.7. The pa-
rameter I = No/ (No (No + 1) — 2S5 (No — 1)) and dT;, /dejpl,, oy /9a.L1s is given
by a rearrangement of eqn 4.20.
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Figure 4.35. €peax versus dT7y /dejpl, g F//ga s for the jelly-roll Nb3AIPB: Added
missing Nb3Al wire. The dashed line is a linear fit to the data with parameters

shown in table 4.7. The parameter F' = Ny/(No(No+ 1) —2Sy (No—1)) and
dTy, /de JD’EJDZO% /garrs is given by a rearrangement of eqn 4.20.
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A similar analysis of AF, ax (T, £€5p) /Fpmax (T, +€5p) was completed for the
bronze route NbsSn wire using dTp,/despl,, _o = 0.39K %" and o = 1. Again,
saturation of the normalised difference in F}, yax as a function of strain is found, and is
consistent with f > 0.5 with the tensile data being higher than the compressive data as
shown in figure 4.23. The experimental results for AF}, max (T, £€5p) /Fpmax (I, +€3p)
are approximately an order of magnitude higher than the largest numerical results.
This is attributed to the limitations of applying the chain model to LTS polycrystalline
materials discussed in section 4.8. The internal tin NbgSn and jelly-roll NbgAl wire
did not show double valued behaviour of F, na.x to within the uncertainties of the
measurements.

In conclusion the field and temperature dependence of epcqx is found to be similar
to the predictions of the chain model. For the REBCO tape f < 0.5, for the bronze
route NbsSn wire f > 0.5, and for the internal tin NbsSn wire f = 0.5. The jelly-roll
NbsAl wire has contradictory results, the field and temperature dependence of €peax
gives f = 0.67 whereas the single-valued behaviour of F}, ,ax suggests f ~ 0.5, it is

noted that that considering the field dependence of €,e.x alone also leads to f ~ 0.5.

4.8 Discussion

For many decades, the magnetic field and temperature dependence of J. has been
measured as part of understanding and increasing J. for technological applications.

More recently, measurements on the strain dependence of .J. have become important
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because of the large differential strains that occur on cool-down, and the large Lorentz
forces that can occur in large scale systems such as CERN [269] or ITER [270]. Given
that the critical superconducting properties of polycrystalline Nbs3Sn are reduced
either in compression or tension, historically, it was not unreasonable to make the
general assumptions that: i) the material has, by chance, optimal superconducting
properties when unstrained and ii) it can quite accurately be described using scaling
laws that describe the material as broadly homogeneous under strain. Neither of
these assumptions are valid for twinned REBCO tapes. The supply of high-quality
single crystals of REBCO has underpinned extensive data that describe the anisotropic
properties of REBCO in-field and under strain including the monotonic and anisotropic
strain dependence for T, for the 2 domains in a REBCO tape. Hence the inverted
parabolic strain dependence of J. (cf. figures 4.6 and 4.7) is associated with competing
bimodal behaviour and cannot be associated with a fortuitous optimisation of the
superconducting properties of REBCO at zero strain. This chapter has developed the
chain model to explain and identify the broad features of REBCO tapes, including
the marked field and temperature dependence of epeax [195,207,209], that cannot be
explained with the standard historical assumptions for LTS materials. The clear collapse
of these assumptions for REBCO, following extensive single crystal data, naturally begs
the question whether the standard interpretation of the strain dependence of J, in LTS
is in fact correct. As discussed below, it is found that despite the widespread industrial
use of A15 materials to provide the critical superconducting component in applications

above 10T, there is actually very little data on the anisotropic strain properties of
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single crystal material. It is argued that although the two historical assumptions about
LTS materials can help provide scaling laws (cf. table 4.2) that are useful for optimising
magnet design, they are fundamentally wrong and a bi- or multimodal approach is
required to understand A15 materials properly. More specifically, it is suggested that
in Nb3Sn and Nb3Al polycrystalline materials, because grain boundaries are critical in
determining J., the peak in the strain dependence of J. is associated with a bimodal
grain boundary behaviour such that on applying strain the local critical current density
increases across some grain boundaries and decreases for others. In this section, the
general approach is discussed, the HTS results are considered in detail, including their

strengths and weaknesses, and finally the LTS results are discussed.

4.8.1 Discussion of REBCO results

In this thesis, a REBCO tape with a simple microstructure and relatively high J.
has been investigated. Tapes with higher J,. (for example those that include artificial
pinning centres) have been avoided because such materials with multiple types of
pinning site of differing geometries leads to many mechanisms, each with their own
field, temperature and strain dependencies that make it extremely difficult to deconvolve
the underlying science. The universal flux pinning curve in figure 4.20SC, IH and PB:
Added missing figure ref provides strong evidence that for the REBCO tape chosen, it
is reasonable to assume a single pinning mechanism determines J. at the fixed angle

chosen.
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A combination of phenomenological equations and microscopic equations have
been used to characterise J. and equated the irreversibility field B, found in flux
pinning equations, and the upper critical field By, to the effective upper critical
field B}, measured in this chapter. The irreversibility field is a field below the upper
critical field above which J. = 0, despite still being in the superconducting state
associated with the onset of bulk flux flow [79,80], whereas the upper critical field is
a thermodynamic property which delineates the superconducting and normal phases.
In figure 4.36 the resistive transport results are compared to upper critical field and
irreversibility field results from literature. RF measurements [27] on a single crystal
follow the well-known WHH-like behaviour for B,y found in LTS across the entire
temperature range. Magnetic [12,271] and resistive [83] measurements of B on single
crystals also show WHH-like behaviour, whereas B;,, follows the empirical relation
B (T) = B(0) (1 — T/T.)°. The resistive measurements performed on the tape sample
in this study show behaviour consistent with Bj,, at both the extrapolated 0 % criterion
(associated with Bj, for single crystals) and the extrapolated 100 % criterion (associated
with B for single crystals). This behaviour is attributed to the architecture of tape
samples where the silver and copper stabilising layers, and the sample holder are
electrically in parallel with the superconducting layer. When the resistance, caused by
dissipation of the flux lines (i.e. in the vortex liquid state), is greater than the parallel
resistance the current will shunt through the stabilising metallic layers as well as flowing
in the superconducting layer. The measured voltage is then predominantly determined

by the current through the shunt. It is concluded that the effective upper critical fields
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presented in this work are best associated with Bj,, rather than B, for all criteria
investigated. A comprehensive analysis would include measurements of B., and B,
on the same sample. However, this is a formidable challenge, since ideally one would
require local probes operating on the scale of the coherence length because these two
critical fields vary spatially in high .J. materials, and also a much better understanding
than is currently available would be required to extract the characteristic fields for the
scaling laws from such measurements.

A temperature dependence for the exponent n (cf. eqn 4.10) is observed in the pin-
ning scaling behaviour of REBCO tape and bronze route NbgSn where f # a/ (o + 1)
but is not observed in the internal tin Nb3Sn sample and the jelly-roll NbgAl samples
where f ~ o/ (a+1). (cf. figures 4.22 - 4.25). This suggests that the temperature
dependence of n may be due to bimodal strain dependence but is not accounted for by
the chain model in its current implementation. Extensions to the model which could
account for this behaviour include: distributions of T in each domain, introducing
two or three dimensional percolative current flow and including the effect of current
shunting through the sample holder and matrix materials. Distributions of 7 were
implemented into the model (data not shown), but this was found to make little
difference to the results and did not explain the temperature variation of n. Extending
the chain model to two or three dimensions to allow for percolative flow and current
shunting may explain the observed behaviour but such extensions are beyond the scope

of this thesis.
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Figure 4.36. Resistive upper critical field data at e,,, = 0% for REBCO tape using the
extrapolated 0% and 100 % criteria plotted with upper critical field and irreversibility
field data from the literature obtained using a variety of techniques on both single
crystal and tape samples from Sekitani et al. [27], Ando et al. [83] and Shlyk et al. [271].
Closed symbols are for single crystal and open symbols are for tape. Red and black
symbols denote measurement techniques which, for a single crystal, give B.o and B,
respectively. The solid lines are parameterisations of the extrapolated 0% and 100 %
data using eqn 4.5, the dashed line is a guide for the eye for the [27] data. (inset)
Extended temperature range.
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One of the central results in this thesis is the observation that the value of g,eak
varies with field and temperature in the REBCO tape. It is considered here whether
this result could be an experimental artefact or a product of the analysis: the change
in epeak Observed experimentally as a function of temperature is much larger than the
differential thermal expansion between 4.2 K and 77 K for CuBe which is ~ 0.018 % [74]
and therefore the temperature dependence of €, cannot be associated with the
differential thermal contraction between the sample and the spring board sample
holder. One can explain the temperature dependence of epeax using the standard
flux pinning framework for a homogeneous material by setting aside the experimental
parameterisation of B}, where the relationship between B}, (0, c,pp) and T, (gapp) is
constrained through the exponent w and allow B, (0,&,pp) to be a maximised at a
different strain to 7, (€.pp) [01]. However, there is no equivalent way to explain the field
dependence of epeax €ither as an artefact of the experiment or within the standard flux
pinning model. It is considered highly unlikely the field and temperature dependence
of €peak is an experimental artefact or can result from a homogeneous sample where all
domains respond to strain in broadly the same manner.

The broad features predicted by the chain model can be reproduced as long as
there is competition between two components of the material that determine J.. The
simple linear strain dependence of 77 in each domain is sufficient to explain both the
parabolic behaviour of J. (¢) at low strains as well as the non-parabolic behaviour
of J. () at high strains (i.e. the ‘tails’ at high strains in figure 4.26) that have been

observed experimentally [200,204,206]. In contrast, in a homogeneous model higher
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order strain dependent terms in 7" are arbitrarily added to explain this behaviour.
Nevertheless, there are some limitations to the parameterisation used to describe the
in-field behaviour of J,. Figure 4.27 shows that at low fields ¢, jp rapidly converges to
ejp = 0% as B — 0T. This is a result of the unphysical way in which the flux pinning
relation eqn 4.10 predicts limpg_,o1 Jo; = 00 when p < 1 and therefore through eqn 4.4
limp_,o1r Nog = 00. A more physical low-field parameterisation of J.; will result in €peax
tending to a finite values as B — 0'T. The chain model also leads to a non-physical
discontinuity in the gradient of the strain dependence for the critical parameters 7}
and B}, at € ,-,., because they follow that of the domain with lowest values. This
discontinuity is not seen in the data and this discrepancy is expected to diminish if the
chain model is extended to 2D or 3D and include the role of percolation and current
shunting.

Experimental values of dT(;/depip|, oo from the literature for REBCO single
crystals [210,211] and detwinned tapes [267] are summarised in table 4.8 and used to
calculate a range of f values. The range of dTt;/de;pl., _gy values reported in the
literature is attributed to differences in the doping and stoichiometry of the samples
measured. Although there is no agreement about the value of a or d77;/dejp| eip=0% I
the region of e;p = 0%, there is general agreement that d77;/dejp|,, _qe, have opposite

signs in the two domains which is the central requirement for the chain model. The high

*

i (T',€3p) has been used for the analytic derivation

temperature parameterisation of B,

*

of ga nrs at high temperatures. At low temperatures, cf section 4.5, B, (T, e;p) was

determined from the flux pinning scaling which gives higher values and a smaller strain
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dependence than an extrapolation of the high temperature parameterisation, as shown
in the inset of figure 4.11. This leads to lower ga nrs at low temperatures and higher f.
It is noted this higher value of f is consistent with that determined from the magnitude
of the double valued behaviour of Fj, yax.

The temperature dependence of €peax has been reported in literature under self-
field conditions [208] and also as a function of field [195,207,209]. These results
can be described using the bimodal chain model with a value of f < o/ (a+ 1) for
references [207-209] and f > a/ (o + 1) for reference [195]. Osamura et al. found
values of f ranging from 0.36 to 0.65 for a number of lengths of tape assuming
a =1 [199]. Analysis of XRD measurements [267] on SuperPower samples with no
artificial pinning centres also gives an estimate of the domain fraction to be f ~ 0.45.
These data show that the values of f in table 4.8 are reasonable. Inclined Substrate
Deposition (ISD) produces tapes with grains aligned 45° from other deposition methods.
With this alignment one would expect a homogeneous response of the domains to
a uniaxial strain applied along the tape axis. Measurements on ISD [161, 162, 201]
and ‘detwinned’ [267,272] tapes show a linear dependence of T and J. to an applied
strain indicative of the homogeneous behaviour that is expected in both cases from the
chain model. It is noted that annealing a single tape sample under different stresses in
oxygen [267,272] would lead to a broad range of f values which the chain model predicts
would lead to large changes in epear that could not be explained by the differential
thermal contraction used for LTS [182] and suggests that such experiments provide a

stringent test of the chain model.
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4.8.2 Discussion of LTS results - polycrystalline materials

Most of the theoretical work on the band structure of Nb3Sn dates back to a time when
A15 materials claimed the record for the superconducting material with the highest
critical temperature. It was widely believed that 30 K was the theoretical limit for 7T,
for a BCS superconductor [13,63] and the ‘high’ critical temperatures of 18 K for Nb3Sn
and 23 K for Nbs (Al;_,Ge,) were due to a near coincidence between the Fermi energy
and the peak in the density of states (DoS) when the material is in an unstrained
state [273-276]. However, A15 compounds undergo a cubic-tetragonal distortion
below ~ 40 K under certain conditions [277-279] and show highly anisotropic behaviour
[244,245,265]. And no experimental evidence for parabolic behaviour of T under strain
for NbgSn from data on single crystals could be found. Along the (100) direction the
strain dependence of T* is found to be linear with d77* /de 100y ~ +1.63 K %! [265]. For
V;3Si, along (100) direction dT;/de 100y & +10.6 K %" whereas the opposite behaviour
is found along (111) direction where dT;"/deq11y =~ —0.62K %! (using a Young’s
modulus of 233 GPa [280] to make the stress-strain conversion). These results open the
possibility that the strain dependence of A15 materials can be considered as multimodal:
the critical parameters of some grains increase while others decrease, but with a range
of sensitivities to strain that depends on the orientation of each grain to the direction
of the applied strain. Without much very detailed single crystal anisotropic strain data
on A15 materials, it is not possible to characterise the multimodal behaviour in detail.
Nevertheless, even for multimodal materials, the bimodal chain model may still be

useful as a proxy model, an approximation where each of the two modes in the model
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parameterises the average of those grains with increasing critical parameters and those
with decreasing critical parameters.

It has long been known that grain boundaries are the dominant pinning mechanism
in polycrystalline A15 materials [55,56]. At J., fluxons flow along grain boundary
channels with the fluxons in the grains strongly pinned and stationary [262]. Given
that the current density in high fields for most polycrystalline materials is typically less
than just a few percent of the depairing current density [28,76], one can consider them
as granular to a good approximation. The grain boundaries are complex structures but
it is reasonable to assume that they act as a barrier through which the supercurrent
quantum mechanically tunnels [94] and include a central region of low 7. and/or
higher normal state resistivity where the superconducting order parameter and the
(transport) current density that can cross the grain boundary are severely depressed.
In polycrystalline materials, Time Dependent Ginzburg-Landau theory (TDGL) shows
that large current densities circulate within and around the edge of the grains [262]
with some (transport) current density crossing the grain boundaries. In granular
materials, one can therefore expect the transport current density to be percolative,
consistent with the relatively small ratio of 2 — 3 for J. when measured in longitudinal
and transverse orientation of the applied field with respect to the macroscopic current
flow in polycrystalline materials [281,282] and hence all grain boundaries, both those
orthogonal and parallel to the macroscopic current flow direction, contribute to J..
Given that the critical current through a grain boundary is strongly affected by the

tunnelling of superelectrons through the thickness of the boundary, it can be expected
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that small changes in thickness to produce significant changes in J.. [283]. Consideration
of the role of Poisson’s ratio leads to competing behaviour from grain boundaries at
different orientations to direction of applied strain. Boundaries orthogonal to an applied
tensile strain get wider whereas those parallel to a tensile strain narrow causing J.
to decrease or increase respectively. Hence, applying either tensile or compressive
strain always results in J. across some grain boundaries to decrease and to increase
across others. In the context of the chain model and grain boundaries that are highly
sensitive to strain, the peak in critical properties is expected to be predominantly
associated with the grain boundaries and occur at strains close to the unstrained state
in polycrystalline materials. These simple considerations also explain the commonly
observed experimental asymmetry in the strain dependence of J., because Poisson’s ratio
is lower than unity, the fact polycrystalline materials are not completely percolative and
the nature of the (non-linear) exponential tunnelling mechanism, all lead to J. reducing
more under tensile strain than an equivalent magnitude of compressive strain. It is
concluded that polycrystalline superconductors are not best described as homogeneous
materials, but as multimodal percolative materials. Whether tension or compression is
applied to the material, it consists of competing grains and grain boundary components
where some grain boundaries widen and others narrow depending upon their orientation
relative to the direction of the applied strain.

The bronze route Nb3Sn wire shows similar features to REBCO - namely tempera-
ture and field dependence of epcax (figures 4.15 and 4.7 respectively) and double valued

behaviour of Fj, max (figures 4.23 and 4.22 respectively). Unfortunately there are very
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few other sufficiently comprehensive datasets in the literature that provide detailed
measurements of the field and temperature dependence of €peax for bronze route wires.
To within the accuracy of the data, the epex data in figure 4.16 for the internal tin
conductor shows little or no field and temperature dependence and figure 4.24 shows no
double valued behaviour of Fj, ax. These results are consistent with a value of f ~ 0.5
for oo = 1. A single detailed enough dataset for epeax in an A15 conductor was found in
the literature for an internal tin NbsSn conductor and shows similar behaviour with
f =~ 0.5 for a =1 [284] (WST sample, data available at [285]). However double valued
behaviour of F}, max has also been observed in literature [156] for two jelly roll internal
tin Nb3Sn wires suggesting f > 0.5 for a = 1. We suggest that as with REBCO the
composition and manufacturing process affect the relative domain fractions f of the
competing components in NbgSn. The NbzAl data appears to show some contradictory
behaviour but it is also noted that it is the material for which there is almost no
variable-strain single crystal data. Figure 4.16 shows a clear temperature dependence
for epeax but only a weak field dependence at each temperature. This is in contrast
to the bronze route Nb3Sn data in figure 4.15, where the same value of f is found
whether variable temperature or variable field data are taken. It is noted that the
field dependent behaviour of €peak, is only dependent on the accuracy of the universal

scaling law (section 4.5), whereas the temperature dependence is also dependent on

*

the parameterisation of B,

(0, €app) With T (eapp) through the exponent w. A lack

*

of single crystal data means the BY,;

(0, €app) parameterisation of each component is

unknown. For example if the possibility that w is anisotropic is allowed, it could lead to



166 Multimodal strain dependence in high field technological superconductors

a temperature dependence of £,cac With minimal field dependence for f ~ 0.5 and a = 1
which is consistent with the lack of any double valued behaviour of Fj, ,ax observed in
figure 4.25. We note that if the variable field data are considered alone (cf. figure 4.17),
NbsAl is described by the chain model with f ~ 0.5 for « = 1. If both the field and
temperature data are considered (cf. figure 4.35) then f ~ 0.67 for & = 1 as shown in
table 4.7. It is noted that the changes in e for A15 materials as a function of field
and temperature are much smaller than those observed in REBCO. This is due to the
higher N-values in A15 materials, which acts to decrease the magnitude of the changes
in e, jp through eqn 4.17. Also, differences between €peax and €, — s, similar to those
observed in this work have been measured using XRD [183] and these can be better

understood in the framework of the chain model.

4.9 Conclusions

Transport J. (B, T, c.pp) measurements on samples of REBCO tape, bronze route
Nb3Sn wire are performed alongside a reanalysis of previously published measurements
on internal tin NbgSn and jelly-roll NbgAl wires over an extensive range of fields
(B L tape surface for REBCO), temperatures and uniaxial strains. For REBCO
tape, transport measurements of the effective upper critical field were performed and
parameterised. Engineering parameterisations for J. were also obtained for all four
materials. Features that cannot be described by standard flux pinning scaling with

a homogeneous strain response were observed for REBCO and bronze route NbsSn:
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the field and temperature dependence of the strain at which J; is maximised epcar and
the double valued behaviour of F}, ax as a function of Bj,. These features were not
observed in the internal tin NbsSn and temperature dependence of €, Was observed
in jelly-roll NbsAl wire but field dependence and double valued behaviour of F}, jax
were not.

The bimodal chain model has been developed to account for the inverted parabolic
behaviour of the J; (e,pp) in REBCO. It is found that the temperature and field
dependence of e,e,x and double valued behaviour of Fj, ,.x are natural results of this
model. The model is based on two domains with opposing strain dependencies of
the critical parameters of relative magnitude and relative domain fractions of f and
1 — f. It is found that the position of ek is not determined by a peak in the critical
parameters but by the combination of the strain responses from the two competing
domains. For f < a/(a+1) it is found epex moves further into compression as the
field or temperature is lowered, and for f > a/ (o + 1) moves further into tension. For
a =1, it is found F}, jax is higher in compression than in tension for the same value
of B}, when f < 0.5, and is higher in tension than in compression when f > 0.5. It
is found €pear is not a function of field and temperature for f = o/ (a + 1), whereas
F, max is a single valued function of B, only for the specific case f = 0.5 and o = 1.
An analytic equation for the field, temperature and domain fraction dependence of
Epeak 18 also derived,

A f—a/(1+a) F(NO,SN)+E
P SN ta) ga(BT) T

(4.24)
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where

Ny

and the factor g, is a function containing the temperature and field dependencies.
Whilst the chain model was developed for REBCO, it has also been discussed in
the context of the role of grain boundaries in LTS materials. It is concluded: the
two historical assumptions about the properties of polycrystalline NbsSn (there is a
fortuitous coincidence between the Fermi-level and a peak in the DoS in the unstrained
state and the grains respond in a broadly homogeneous manner to an applied strain)
are both incorrect; the field and temperature dependence of €peax and the double valued
behaviour of F}, max with B, show that bronze route NbsSn superconductors are bi-
or multimodal materials and cannot accurately be described using a homogeneous
strain dependence for their critical parameters. The internal tin Nb3Sn and (probably)
jelly-roll NbsAl conductors are multimodal with f = «/ (o +1). The (unimodal) LTS
scaling laws for homogeneous materials can usefully parameterise their behaviour but
do not provide a very good physical description of the mechanisms determining .J. as a

function of strain.



Chapter 5

The strain and angular dependence

of the critical current density in

REBCO tape

5.1 Introduction

Chapter 4 provided strong evidence that while universal scaling laws can provide
excellent parameterisations of J. (B, T, e,pp) the underlying physical assumptions are
incorrect. The strain dependence is in fact an emergent behaviour arising from compet-
ing contributions of grains and/or grain boundaries with opposing strain dependencies.

Magnets made with REBCO tape can achieve fields > 20T inaccessible to their
LTS counterparts. The anisotropy of these tapes adds another dimension to the

Jo (B, T, €app, 0) phase space where 6 is the angle between B and the normal to the
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tape surface [140,142,143,146,286-289]. There are relatively few studies which look at
the strain dependence of REBCO in both tension and compression [198-207,290,291]
(which is required for a complete understanding of the behaviour), and most of these
concentrate on 6 = 0°. Investigations into the combined strain and angular response of
J.. in coated conductors in the literature are limited [191,192,241]. In fact the author
could only find reports with only tensile applied strain and B < 1.5T. This chapter
reports on the second experimental campaign on the exactly the same piece of material
used in chapter 4. It increases the data we have and our understanding of the angular
dependent region of phase space. We investigate if the bimodal chain model remains
valid as a function of angle.

In this chapter variable field, temperature, strain and angle data are presented.
In-depth flux pinning analysis of the data is performed, and these results are used to
inform detailed discussion of the angular dependencies of J., the index of transition
N and the effective upper critical field B},. The field and temperature dependence of
Epeak 18 identified as a function of angle and it is shown that the results are consistent
with the bimodal model. Sections 5.2 and 5.3 detail the experimental procedures and
present the results respectively. In section 5.4 the critical current density as a function
of angle is analysed. In section 5.5 an in-depth flux pinning analysis is performed. In
section 5.6 the field, temperature and angular dependence of €peax is used to estimate
values of €, and f. Sections 5.7 and 5.8 provide the discussion and conclusion

respectively.
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5.2 Experimental procedures

In this chapter the phase space has been expanded to include the angular dependence
of J. at the cost of reducing the density of points obtained as function of temperature
and field. The custom-built probe used in chapter 4 was again used in Durham’s
in-house 15 T liquid helium cooled, 40 mm wet bore, superconducting, split-pair magnet
to perform the measurements. Descriptions of the setup and experimental procedure
can be found in chapter 4. The entire field, temperature, strain and angle phase space
was too large to investigate comprehensively in a single experimental campaign. To
maximise the range of angular phase space measured, the experiment was split into two
distinct parts: dense angular dependent measurements at €,,, =~ 0% and e,pp, =~ —1 %,
and in-depth field, temperature and strain dependent measurements at selected angles.
In the bimodal chain model analysis completed in this chapter, results from chapter 4
for 6 = 0° are also included. Relaxation of the experimental probe after thermal cycling
between the two experimental campaigns means there was a slight difference in the
initial unstrained state as measured using the strain gauge. The unstrained state
in this campaign was 0.024 % higher (i.e. in tension) than in the previous campaign
(cf. chapter 4). It was chosen not to force the zero applied strain state to be equivalent
to the previous experiment as, for ease, the initial measurements are taken without
attaching the screw jack (required to vary the applied strain) to the probe and since
the difference is known it does not affect the results. The strain values quoted in this

chapter are consistent with those quoted in chapter 4.
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Dense J. measurements were then taken as a function of 6 at 7" = 20,40 and 60 K,
B =2and 4T and e,,, = 0.024%. 6 = 0° was fixed when the B-field was normal to
the surface of the tape using a Hall probe mounted on the tape surface. The strain was
then taken to e,p, = —0.976 % and a second set of dense angular measurements were
obtained at the same temperatures and fields. The peak in .J. (¢) associated with the
ab-plane occurred at 8 = 87.5°. Using the dense angular measurements four angles were
selected 0 = 47.5°, 77.5°, 82.5° and 87.5° which cover a large range in J. values. At
these angles, in depth field, temperature and strain dependent J. measurements were
taken. Starting at e,,, = —0.976 %, J. measurements were obtained, at temperatures
of 20,40 and 60 K and fields from 14 to 27T in intervals of 2T or until J, > 250 A.
The angle was then changed to the next angle and the measurement set repeated
until measurements were obtained for all angles. The strain was then increased in
intervals of 0.25% up to +0.524 % and held at each strain where another B, T and 6
dependent dataset was obtained. The strain was then relaxed to e,,, = 0.024 % and
measurements of J. taken to confirm the reversibility of the sample. These results
were found to agree with the results taken at the start of the experiment, showing
the sample remained reversible and undamaged. J, was determined at the 100 pV m™!
criterion. The shunt current through the sample holder and stabilising materials was
corrected for using the known field and strain dependent resistance of the shunt in the
same manner as chapter 4. The index of transition N was determined by fitting the
relation E/E, = (J/J.)" to the shunt corrected data in the transition region between

10pVm~t and 100 pVm=1.
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It was considered whether small uncertainties ~ 1° in the angle caused by not
returning the probe to the exact same angle at each applied strain could have caused
significant additional uncertainty in the J. measurements due to the strong angular
dependence of J.. To test this; after the main suite of measurements and reversibility
checks, the probe was moved to § = 87.5°, the strain cycle from e,,, = —0.976 % to
Eapp = +0.524 % was repeated without changing the angle between measurements at
different strains. At each strain J. measurements were taken at B = 4,10 and 14T,
and 7" = 40 and 60 K. The results were compared to results from the main suite of

measurements and were found to be in good agreement.

5.3 Results

5.3.1 Angular dependence of the critical current density and
index of transition

Figure 5.1 shows dense angular measurements of J, as a function of field and tempera-
ture at e,p, = 0.024 % and e,,, = —0.976 %. The peak in J. (#) occurs when the field is
nearly parallel to the ab-planes. Figure 5.2 shows these results normalised to the peak
J. (0) value determined by fitting a double Lorentzian to the J. (f) data. The positions
of the angular peaks experimental uncertainties of 87.5° for all fields and temperatures.
This shows the ab-planes of the REBCO are slightly offset from the plane of the tape. In
figure 5.2 we see that the peak becomes more pronounced at higher fields and lower tem-

peratures. Changing the strain from 0.024 % to —0.976 % does not change the angular
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Figure 5.1. Critical current density as a function of angle at e,,, = 0.024 % and
—0.976 %.

position and shape of the angular peaks. Figure 5.3 shows the dense angular dependent
results when normalised to J. (B, T, eapp = 0.024 %, 6). Figures 5.2 and 5.3 show that
the field and angular dependence of the ratio J. (B, T, —0.976 %, 0)/J. (B, T, 0.024 %, 0)
is low, < 5%, for all combinations of field and temperature investigated except for
B =4T,T =60 K where this rises to ~ 10 %. Figure 5.4 shows the dense angular de-
pendent results for the index of transition N as a function of B and T" at g,pp, = 0.024 %
and e,,, = —0.976 %. The N-values decrease at angles where the magnetic field is

close to parallel to the ab-plane.
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Figure 5.2. Normalised critical current as a function of angle at e,,, = 0.024 % and
—0.976 %. Values are normalised to the maximum J;, value determined by fitting a
double Lorentzian to the angular J. data at and around the peak. (inset) Detail around
the peak.
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fields and temperatures.

5.3.2 Critical current density and index of transition

Figure 5.5 shows an overview of all the in-depth J. measurements at selected angles

and figure 5.6 shows N — 1 as a function of J. on a log-log plot. At # = 0°, N can be

characterised as a function of J. using eqn 4.4. At the higher angles investigated in this

study no single combination of ry and Sy can describe all the data. It is found that

ry and Sy must be temperature and angular dependent to parameterise our data; the

values of Sy are summarised in table 5.1 and shown graphically in figure 5.7. There

was insufficient data at # = 82.5° and T' = 20 K to perform a fit so Sy has been set to

be zero.
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Table 5.1. The temperature and angular dependent values of Sy derived from fits to
the data. There was insufficient data at 6 = 82.5° and T" = 20 K to perform a fit so Sy
has been set to be zero.

0() T (K) SN

20 —0.07£0.01
47.5 40 0.18 £0.03
60 0.51 £0.02

20 0.12 £ 0.03
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Figure 5.7. Sy as a function of angle at different temperatures.
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5.3.3 Strain peak in the critical current density

The strain at which J, is maximised €peax is determined as a function of field, tem-
perature and angle by fitting the inverted parabola eqn 4.3. Figure 5.8 shows some
examples of the inverted parabolic nature of J. (€,pp) at 8 = 87.5°. Also, shown as open
symbols, are the results of fixing the angle at § = 87.5° before performing a strain cycle
where the angle remained fixed. Comparison between these datasets would show any
errors introduced by cycling the angle between different sets of strain measurements,
during the main suite of measurements. We conclude that the procedure we used to
set the angles quoted here did not cause significant uncertainty in J. and did not affect
the values of €peax Obtained to within the experimental uncertainties. Figure 5.9 shows
a summary of e,eax as a function of field, temperature and angle. The uncertainties in
Epeak are taken directly from the fitting procedure for the inverted parabolas. There
is a strong temperature, and angular dependence to epeax and almost no measureable

field dependence.

5.4 Functional form of J.(0)

The measurements presented here are at low temperatures and high angles and therefore
are in the low reduced field limit b < 1. Using the scaling law, eqn 4.10, with m = 2

in this limit, the ratio of the critical current density at arbitrary applied strains £; and
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€2, JC (B7T7 é\179) /‘]C (B7T7 5270) is given by

Jc (B7T7 8179)
Jc (B7T7 €2, 9)

T2 (e1) (1 B (T:{anf) 2 (Béz (7, 5179)>n_p_2. (5.1)

_A
B A B:Q (Ta €2, 0)

We have assumed that the effective upper critical field B, (T', €4pp, 0) is separated into a
component describing the functional form fg= (T, €app, ) and a normalisation constant
B, (0, Eapp, 0) of the form By, (T, €app, 0) = Bl (0, €app, 0) fiz, (T, €app, 0) . This leads

to

<B:2 (07 €1, 9) fB:Q (T7 €1, 0))"1’2 (5 2)
B (0,2, 0) fB;2 (T, ¢€2,0) . .

Using the relation BZ, (0,e1,0) /B (0,e2,0) = (T2 (e1) /T (£2))" where w is a constant

[178,179] the following equation is obtained

Heren - () (o) (FE) mies) o

C C

This equation shows there is no field dependence for the ratio J. (B, T,e1,0) /J. (B, T, €2, 0)
in the low reduced field limit but there is a temperature dependence. These predictions
are in agreement with the experimental data shown in figures 5.2 and 5.3. The data
also show no angular dependence for the ratio J. (B, T,e1,0) /J. (B, T,e2,60). In the

context of eqn 5.3 we suggest this means fp+ (T, €app, ) — fB, (T’ €app), and that the
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parameters w, n, p are independent of angle. The arguments break down at B =4T,
T = 60K and 0 % 90°, which is attributed to the low reduced field limit not being
applicable.

At temperatures close to T, fg:, (T, €app) is commonly given by fps (T, capp) =
(1 =T/T7 (€app))” for HT'S materials [257], however at lower temperatures it is known
to deviate from this relation as discussed in chapter 4 [264]. The functional form of
I8, (T €app) over the whole temperature range is unknown since measurements of
B?, are lacking due to its extremely large value at low temperature. It has already
been shown in chapter 4 that the field, temperature, strain and angular scaling of
REBCO tapes cannot be parameterised using a simple global scaling law at fixed angle.
Unsurprisingly attempts to apply a global fitting procedure to the angular data in this

chapter also proved unsuccessful.

5.5 Flux pinning scaling curves and determination
of B, (0)

Here a method similar to that in chapter 4 is again used, which decouples F}, max
from BY,, to produce the universal flux pinning scaling curve (cf. figure 5.10), without
making any assumptions about their temperature and angular dependencies or their
relation to each other. The high B}, values associated with the fields, temperatures
and angles chosen to make measurements in this chapter were too high to be measured

directly. The values of p = 0.56 and ¢ = 2.47 were fixed at their values obtained at
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6 = 0° from chapter 4 where direct measurements of B}, were available and the flux

pinning scaling equation, eqn 4.8 was fitted to produce a universal scaling curve with

F,

b.max @8 an unconstrained temperature, strain and angular dependent free parameter,

and B}, is constrained through the following equation

By (T, €app, 0) = h (T, 0) B, (T, €app, 0 = 0°). (5-4)

where h (T, 0) is a function of temperature and angle and B}, (7, €app, 8 = 0°) is con-
strained by the measurements in chapter 4.

One of the most important features of a flux pinning scaling curve is the location of

F

p.max, Which for a universal scaling curve occurs at the same value of b independent

of temperature, strain and angle. Most of the data obtained in this study are at fields
that are even below that at which F}, . occurs. Because the turning point in F}, at
F, max is only captured at the lowest angle, fitting procedures using standard weighting
techniques lead to F}, curves which are clearly erroneous on visual inspection, often
with unphysical values of F}, nax and Bj,. The high gradient of the F}, curve at very
low reduced field and the small reduced field region over which the data are fitted
are responsible for this, making the results of the fitting relatively insensitive to large
variations in the effective upper critical field. To lower the impact of this, the data was
weighted by F}, x B forcing the fitting procedure to weight data closer to F}, ax more

heavily which resulted in more physically reasonable scaling curves. Figure 5.10 shows

the universal flux pinning scaling curve obtained. Figure 5.11 shows the values of
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B (T, €app, 0) / By (T, €app, 0 = 0°) together with the predicted forms from anisotropic
Ginzburg-Landau theory [140,142,143,146] and the extreme theoretical case of the 2D
Tinkham model [41] for thin films. The data in figure 5.11 do not show a consistent
temperature dependence at all angles. The insets of figure 5.10 and 5.11 show the
results when the author imposed a consistent temperature dependence at all angles for
h (T, 8) which also give physically reasonable F}, scaling curves and values of BY,. The
results show that physically reasonable values for the fitting parameters can be found
but are obscured by other values that fit equally well to the limited dataset.

Figure 5.12 shows the results of F), nax [51]° vs BY, on a log-log plot for the variable
angle data including the data at 6§ = 0° from chapter 4. The solid line is a linear fit to

the data at e,,, = 0% which gives a value of n = 2.85.

5.6 Estimating f and €;_,_;_, from epcak(B, T, 0)

In this section we consider whether the bimodal chain model can be extended to
include angle. Following the method outlined in chapter 4, eqn 4.17 shows that plotting
Epeak against dT7, /de JD|6JD:0% F/ga nrs should give a linear relationship where the
intercept gives €, -, and the gradient can be used to calculate f for given values of
dTYy /del., gy and a. Figure 5.13 shows this plot for the angular data obtained
on this sample as well as the data at § = 0° from chapter 4. The values of Sy are
taken from table 5.1. As was found in chapter 4, although there are relatively large

uncertainties in the values of Sy they have little impact on the final results. N is
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Figure 5.10. Normalised flux pinning scaling curve obtained from the fitting process
described in section 5.5. Eqn 4.8 was fitted by fixing the parameters p = 0.56 and

= 2.47 to their values determined at 6 = 0°. F}, max is an unconstrained temperature,
strain and angular dependent free parameter. B}, is constrained through eqn 5.4 where
h(T,0) is an unconstrained temperature and angular dependent free parameter and
B, (app, @ = 0°) is constrained by the values obtained in chapter 4. The values of B,
obtained are summarised in figure 5.11. The data are weighted by F}, x B. (inset) The
results when h (7, 0) is determined manually to give a reasonable flux pinning scaling
curve and have a systematic temperature dependence as a function of angle.
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obtained from the experimental data. The parameter w was taken to be independent of
angle and equal to the value used in chapter 4 (i.e. 2.2). This is equivalent to assuming
eqn 4.13 in chapter 4 can be generalised to an equation of the form

B:Qz (5app7 0) /B* (07 9) = [Tc*z <5app> /T:z (O)]w ’ (55)

c21

s and T (eyp = 0%) are taken from results of direct measurements of B}, obtained
in chapter 4 and B}, (T, eyp = 0%) is taken from the results of flux pinning scaling
analysis (cf. figure 5.10), linear interpolation was used to determine the values of n,
Ny, T} and B}, at ejp = 0%. The value of ¢, ;. , is unknown at the beginning of
the analysis however it is needed to determine values for n, Ny, T (e;p = 0%) and
B, (T, e3p = 0%) hence the iterative process was again used with the initial assumption
€Jon=ts = 0%. The change in €, ,_, , and gradient after just one iteration was well
below its uncertainty. The uncertainties in epeax shown in figure 5.13 are associated
with uncertainties that follow from the inverted parabola fitting procedure, and the
uncertainty in dT7, /degpl,, o F/9anrs is dominated by uncertainties in No which
were estimated from the standard deviation of N about the fits shown in figure 5.6. The

data in figure 5.13 show a straight-line fit with an intercept at ¢ =0.194+0.01 %

cAa=JcB
and a gradient of —0.27 £0.01. The chain model analysis was repeated with the results
from the insets in figures 5.10 and 5.11 and makes little change to the results. As

discussed in chapter 4 value of f depends on dT}, /de;p| ;p=0% and «, and there are

large variations in the values of these parameters in literature. Table 5.2 provides
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chapter 4. The dashed line is a linear fit to the data. The uncertainties in ek are taken
directly from the fitting procedure and the uncertainties in d77 /deypl., _gy £'/ga nrs
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different values of f obtained when using the different values of AT}, /de;p| cp=0v and

o« from three different sources in the literature.

5.7 Discussion

5.7.1 Angular dependence of B,

The effective upper critical field B, determined in this work is the field at which J,

drops to zero and can be associated with the irreversibility field Bj,, for REBCO tape
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Table 5.2. Values of the domain fraction f determined using various experimental
values of dT7;/dejpl,, _qe from literature, allong with a speculative result for v = 1
and dT7;/despl,, _gy = 1.6 K%', The results of Welp et al. [211] and Fietz et al. [210]
are converted from stress to strain using Young’s moduli of 162.7 GPa along the a-axis
and 178.1 GPa along the b-axis [266].

dT:A/déTJD (K %_1) dTC*B/d&TJD (K %_1) « f

Suzuki et. al. [267] +4.09 £ 0.02 —2.094+0.01 051 0.13
Fietz et. al. [210] +1.6+£0.1 —21+0.1 1.31 0.34
Welp et. al. [211] +3.3+0.3 34404 1.03 0.21

+1.6 ~1.6 1 0.32

as shown in chapter 4. Figure 5.11 shows the functional form of B, is even sharper
than the Tinkham 2D thin film model. This work provides experimental results to help
increase the limited current understanding of By, as a function of angle. Single crystal
measurements of B., and By, as a function of angle at low temperatures would greatly
increase the ability to parameterise and understand the angular dependence of J.. It
is also unclear whether surface effects caused by the silver/copper/oxides/Hastalloy
mean B and Bj,, values obtained from single crystals differ from that obtained on
tapes. Experiments to determine the precise nature of the temperature and angular
dependence (even in the absence of strain) would need to be extensive and would be
difficult due to the extremely high fields involved. Although such experiments are
necessary if J, in REBCO tapes is to be fully understood to the same extent as LTS

materials such as NbsSn.



5.7 Discussion 193

5.7.2 Flux pinning scaling curve

The data in figure 5.10 show that the values of p and ¢ (0.56 and 2.47 respectively)
can be taken to be independent of angle over the limited range of fields, temperatures
and angles we have measured. This suggests the pinning mechanism(s) active are
independent of angle. The data in figure 5.14 have been extracted from figure 5.12.
The global value of n = 2.85 (cf figure 5.12) is similar to the value obtained using only
the data at 60 K. Hence, the angular dependence of B}, from figure 5.11, when included
in the scaling law, leads to a reasonable approximation of the angular dependence of
J.. However, figure 5.14 shows as the temperature is reduced the value of n increases
showing that the sharpness of the angular dependence of B, alone is insufficient to
describe the sharpness of the J. (6) peaks. We conclude that there is a stronger angular
dependence to F}, max at low temperatures than expected from the scaling law alone

and will discuss a possible microstructural origin for this in section 5.7.4.

5.7.3 The chain model

In chapter 4 it was shown the chain model provides a good explanation for the parabolic
strain dependence of J. in REBCO tapes at # = 0° . The parabolic nature of the strain
dependence of J. is emergent behaviour (i.e. the parabolic behaviour of the tape is
unlike the linear behaviour of the underlying domains) caused by competing domains
with opposing strain dependencies. Figure 5.13 provides the combined data from
chapters 4 and 5. The addition of this angular dataset to the previous one, increases

our confidence that the model provides a good description of REBCO tape. It has
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including the data at 0° from chapter 4. The dashed lines are linear fits to the data as
a function of temperature.

extended the range of epeax values because we have made measurements at lower reduced
field. The values of f in table 5.2 are quite far from the equilibrium value of f = 0.5.
As discussed in chapter 4, this is probably in part because of uncertainties associated
with the values of ga nrg derived from the functional form of BY, at temperatures
close to T} and extrapolated to low temperatures. In addition, there is uncertainty
in the values of ATy /dep|., _ge (cf. table 5.2) required to calculate f [210,211,267].
Nevertheless figure 5.13 provides strong evidence that the chain model not only explains
the field and temperature dependence of €,eqx (as shown in chapter 4) but also explains

the angular dependence.
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5.7.4 Microstructure in REBCO tapes

Stacking faults in the ab-plane are a common feature of high J. REBCO tapes. It has
been shown that the dislocation loops associated with the stacking faults produce a
strong additional pinning component when the applied field is increasingly close to
being parallel to the ab-plane [142]. At low angles (6 ~ 0°) the flux lines are orthogonal
to the dislocation loops and only provide weak pinning. The rigidity of the FLL
prevents the fluxons from deforming to follow the dislocation loop, so the interaction
volume of the fluxon is not extended along its length. However, at higher angles
approaching # = 90°, where the field is aligned with the ab-planes and the direction
of the dislocations, the FLL can distort and it becomes more energetically favourable
for fluxons to follow the dislocation loops over an extended portions of their length.
This greatly increases the interaction volume and hence F}, [142]. We have found that
the peak in J. when the direction of the applied field is parallel to ab-plane is more
pronounced for higher fields and lower temperatures, consistent with the literature for
staking faults [141-143]. Literature for samples containing high densities of stacking
faults [142,143] suggests that weak point pinning operates at all fields and temperatures
and that the strong pinning provided by stacking faults preferentially operates when
B || ab-planes.

Associated with the strong angular dependence of J. when B || ab-planes in high
fields and low temperatures, we have found a marked reduction in N (cf. figure 5.4).
This reduction is not consistent with the empirical relation N = ryJ¥ + 1. The

results at e,pp = 0.024 % and e,,, = —0.976 % show that strain has little effect on
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this reduction. We have not found other reports of the reduction of N as a function
of angle for high J. samples. However, a similar drop in N at high angles, despite
increases in J., has been observed [146] associated with intrinsic pinning caused by
the modulation of the superconducting order parameter in the c-axis direction due
to the superconductivity being localised to the CuO, planes. Such intrinsic pinning
results in a very sharp peak about the ab-plane only a few degrees in width and is
not observed in the high J. samples investigated here, where other sources of pinning
dominate over this weak effect and as expected for these high J. samples that are not
perfect single crystals with perfect alignment of the ab-planes between grains. Civale
et al [146] working on pulsed laser deposition films on single-crystal SrTiO3 substrate
argue that the reduction in N at low temperatures is caused by thermally activated,
intrinsic pinning associated, staircase behaviour in the FLL when the direction of field
is close to the ab-plane [292]. They attribute the weaker suppression of N at higher
temperature, independent of field, to the decreasing importance from intrinsic pinning
to the overall pinning. We suggest that the arguments Civale et al use for intrinsic
pinning can also be applied to stacking fault pinning to explain the the reduction of N

observed in this work.

5.7.5 Applications

The suppression of N close to the ab-plane has implications for the use of REBCO
tapes in magnet windings. Simple pancake windings are often considered optimal for

REBCO wound magnets as the maximum deviation of the field angle away from the
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ab-plane is minimised so higher operational J.’s can be achieved compared with other
winding geometries (such as using Cable On Round Conductor). However, optimal
magnet design also requires high values of N to ensure the stability of the magnet. N
is often overlooked in studies of REBCO tapes. This work shows one cannot assume
that a high J. guarantees a high N and that that more attention must be paid to the
N-values when testing REBCO tapes for use in magnets.

There is a strong focus in studies on REBCO tapes to increasing J. by whatever
means, and that achieving a high J. is the only objective and metric by which the
quality of a tape judged, often using only one field orientation. This study has identified
that such a strategy will often overlook other vital metrics and may hinder a deeper
scientific understanding of how these materials behave. While achieving high J.
values is vital for high performance tapes, we suggest more effort should be put into
more complete characterisations of high performance tapes and into creating a more
complete understanding of the fundamentals underpinning REBCO tapes to better
inform us in how to optimise tapes for their intended application. The increasingly
complex architectures and stoichiometry of REBCO tapes mean it is often impossible
to deconvolve the various effects and mechanisms at play and determine which are
responsible for the high performance. An increased focus on the underlying science
may help increase the rate at which further improvements in high performance REBCO

tapes can be driven forward.
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5.8 Conclusions

An extensive survey of the J. (B, T, €.pp, #) phase space on a sample of REBCO tape
without artificial pinning sites has been performed. The peak in J. (f) around the
ab-plane is too sharp to solely be attributed to the rise in B}, near the ab-plane for
any model of B, (0) or the directly determined values values of Bf,. The presence of
stacking faults as pinning sites can explain the depression in the index of transition N
as well as the enhancement in J. when B || to the ab-plane. To the authors knowledge
this is the first time this behaviour has been identified in a high J. sample.

A single normalised F}, curve was found to describe the field dependence of the data
at all temperatures, strains and angles, indicating the same pinning mechanism is active
over all the phase space under investigation. It was also shown that the magnitude
and shape of normalised angular dependent J. curve is independent of strain. This
observation was used to support the argument that, in the low reduced field limit, there
is no change in pinning mechanism across the phase space. The method of determining
the normalised F}, curve allowed for the independent evaluation of F}, ,.x and B}, as a
function of temperature and angle. The angular dependence of B}, was found to be
sharper than predicted by any theoretical model.

The parabolic nature of the strain dependence of J. is shown to be emergent
behaviour caused by the interaction of two domains, one of which increases J. with
applied strain and one of which decreases. This bimodal model predicts a field,
temperature and angular dependence of the strain at which J; is maximised epcar. Field,

temperature and angular dependence of e,k is shown to be present in the data and that
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it is consistent with the predictions of this model. A value of e ,—;,, =0.194+0.01 % is
estimated from the data and various estimates of f are given, obtained using different
experimental results reported for the single crystal anisotropic strain dependence.
Such a field temperature and angular dependence of e,c,c cannot be satisfactorily
incorporated into homogeneous models where all portions of the material respond to

strain in broadly the same manner.






Chapter 6

Future work and concluding

remarks

This thesis has highlighted that the current understanding of how strain affects su-
perconducting conductors is fundamentally flawed. It has shown polycrystalline su-
perconductors have a bimodal (or multimodal) response to an applied strain. This
intrinsically changes the approach to driving further improvements in superconducting
conductors for use in high field magnets under strain (such as fusion magnets). In
this chapter experiments designed to further improve the understanding of polycrys-
talline superconducting conductors under strain and a direction for driving future
improvements in conductor technology is outlined.

This thesis has focused on studying REBCO tape without additional pinning centres
(APCs) so the additional effects caused by these were not confused with or mistaken

for effects caused by the underlying REBCO. For applications tapes with APCs will
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be used due to their higher performance. Similar experiments to those performed in
this thesis should now be performed on tapes including APCs, and in fact work on
this is already being carried out by others in the Durham Superconductivity Group
with input from the author. It should now be possible to use the results of this thesis
to deconvolve any additional effects arising from the APCs from those caused by the
underlying REBCO. Another objective of this experiment is to investigate the angular
dependence of B}, in these APC tapes. There is an improvement in J. when the applied
magnetic field is normal to the tape surface compared to tapes without APCs. It is
often assumed that this is simply due to an increase in the pinning strength caused the
geometry of APCs. However, there is also the possibility that the improvement in J,
could be caused (at least in part) by an associated improvement in B},. Understanding
how APCs affect B}, is important for understanding scaling in these materials as well
as the nature of BY,.

One of the most logical extensions to the bimodal model for REBCO tapes is to
include the effect of a two-dimensional applied strain which allows for further tests
of the predictions made by the model and work in this area has already begun [293].
An example prediction that can be made by extending the model into two dimensions,
is that it should be possible to keep J. constant by applying (tensile or compressive)
strain in both the principle directions orthogonal to the c-axis, and the ratio of these
strains needed to keep J. constant can be used to make an estimate of the parameter
«. Careful consideration of the role of Poisson’s ratio is needed in the analysis two-

dimensional strain data, as the effective Poisson’s ratio is largely determined by the



203

sample holder and matrix materials, this will vary from that of a single crystal and
will depend on the measurement setup and sample type.

The measurements in this thesis have shown that the exponent n, from the flux
pinning scaling relation Fj pnax [57]7 o [BZ]" is a function of both temperature, strain
and angle. In the bimodal chain model as it currently stands, distributions in the critical
superconducting parameters (T, B, and J.) across different grains, the effects of
percolative current flow, and current shunting through the matrix materials and sample
holder are ignored. It may be that at higher temperatures, approaching 77", parts of
the material belonging to either the weaker domain or both domains are in the normal
state, but this is not picked up as a transition due to percolative current flow allowing
for the current to find a path around the affected areas. It will nevertheless result in
a reduction of J. (and also F}, ma.x) due to a reduction in the effective cross-sectional
area. Since the critical superconducting parameters in each domain are also a function
of strain, the interplay of these effects could lead to the observed variations in n. This
represents a significant increase in the complexity of the model and it is difficult to
predict what the effect on the results would be without performing the study. It would
be interesting to see if extending the bimodal to include distributions in the critical
superconducting parameters among the grains, and either two or three dimensional
percolative current flow, reproduces the measured behaviour for Fy pax [5]° — log B2,

confirming whether the behaviour is the result of the bimodal behaviour or whether it

is an additional mechanism at play which has not been considered.
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This thesis has restricted the analysis of data using the bimodal model to the
field, temperature and angular dependence of epcqk, for which approximate analytic
solutions can be obtained. However, there are other predictions made by the model,
such as how quickly the critical current density falls off away from epcak, the non-
parabolic ‘tails’ of J. (ejp) at high strains and the asymmetric nature of .J. (ejp). These
features could form the basis of future analysis of the data presented here or new
data. For example, an attempt to fit the model to the entire dataset (or a subset of
strain dependent data) could be performed which would allow for an estimation of
the parameters o, d7}, /de 10l =0z and the domain fraction f without independent
single domain measurements on single crystals or thin films. Such a fitting procedure
would, however, prove difficult to implement in practice due to the transindential
nature of the equations and the confidence in the results may be questionable due to
large number and strongly correlated nature the fitting parameters. Also, very low
uncertainties on the measurements and a very high confidence in the assumptions made
in the model about the specific functional forms of how changes the strain dependence
of T, relates to J. in each domain would be required for the results of such an analysis
to be convincing. An analysis of the rate at which the critical current density falls
off away from epear Or the asymmetric nature of J. (ejp) could also allow for similar
estimations of o, dT¢, /dep|., _gy and f to be made.

In LTS materials the terms upper critical field and irreversibility field can often be
used interchangeably as they are generally almost identical. However, in HT'S materials

this is not the case and the upper critical field and irreversibility field have very
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different functional forms. There is conflict in literature as to whether the irreversibility
field should be considered a thermodynamic phase transition in an HTS high field
superconductor. This work has shown the advantage on having direct measurements of
B;;; when analysing J. data. However, there is next to no B;,, data except close to T
in literature, and data as a function of angle is especially lacking, due to its extremely
high value at low temperature. Direct measurements of By, above 20 T using very high
field and pulsed field magnet systems at international facilities will help to develop a
better understanding of By, in HTS materials. It will be no small feat to perform such
measurements, especially for composite tapes with metallic components, however they
are required in order to incorporate B;., into the scaling laws self-consistently.

One of the issues with the analysis of the REBCO data has been the wide variety
of values found in the literature for the intrinsic strain dependent properties of each
domain on what are nominally the same materials. Our current understanding of what
affects this is lacking, both experimentally and theoretically, suggesting further study
is required in this area to understand how variables such as oxygen content, rare earth
element composition and whether we are looking at a thin film or a bulk sample affect the
intrinsic strain dependent properties of the domains. Also, our current understanding
of the intrinsic strain dependent properties of A15 materials is also lacking. This thesis
clearly identifies that the strain dependence of polycrystalline NbsSn is the result of
competing domains, although there is not enough information in the literature to make
firm conclusions about the nature of these domains. The competing domains could

be due to grain boundaries where Poisson’s ratio causes some grain boundaries to
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widen and other to contract (as suggested in this thesis), however it is still entirely
possible that the source of the competing domains has its origins in different crystal
alignments of the grains themselves, or it could be that the strain dependence of the
grain boundaries is primarily determined by the strain dependence of the adjacent
grains rather than the boundary thickness. In order to investigate this fully, studies on
single crystals and on single grain boundaries of A15 materials under strain are required.
While such measurements will be extensive and demanding, particularly on individual
grain boundaries in A15 materials, they will give unique insight into the underlying
causes of the strain dependence of polycrystalline superconducting conductors. It may
also be possible to perform limited investigations of this using commercial wires without
the need and effort of single crystal investigations using experimental equipment similar
to that used in this investigation. While the NbsSn grains in the bronze-route wire
reported here are nearly randomly oriented [294], in Restacked Rod Processed (RRP)
and Powder In Tube (PIT) NbsSn wires, partial texturing in the (100) and (110)
directions respectively occur along the filaments [295]. Fabricating conductors that are
strongly textured will give a preferential crystal direction that the strain is applied in
and measuring wires with different twist pitches would go some way to providing some
control over this direction.

The bimodal model gives some clear insights into how the strain tolerance of
superconducting conductors can be improved. The challenge for conductor manufac-
ture is developing these insights into workable, cost effective solutions which can be

implemented into the production process. For REBCO conductors experiments into
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tuning the domain fractions of conductors are already underway [267,272,296] and
conductors with the [110] manufactured using the ISD technique are already in produc-
tion [161,162,201]. The ability to tune the domain fraction where the performance of a
tape improves under an applied strain provides a clear advantage over ISD tapes with
a flat strain response, however currently tuning the domain fraction is only possible on
short lengths of tape whereas ISD is an established manufacturing procedure. Another
possibility for improving the properties of REBCO tape under strain would be to
apply a strain in the direction orthogonal to the axis of the tape during operation.
Experiments applying strain in two dimensions have already been discussed and the
results of such experiments could help inform and drive forward advanced magnet
designs capable of applying an orthogonal strain during operation. For A15 materials
grain boundaries were identified as the likely source of the competing domains, with
the competition being caused by Poisson’s ratio and percolative current flow. One
potential way to improve the properties of A15 conductors under strain would be
to change Poisson’s ratio effectively changing «, while it is obviously impossible to
change the intrinsic Poisson’s ratio of the superconductor the effective Poisson’s ratio
of the composite conductor could be changed by changing the matrix materials and
conductor architecture. However, there are many considerations when choosing matrix
materials which restrict the choices and since all metals have similar Poisson’s ratios
it is unlikely such a strategy would lead to significant improvements in performance
under strain. While changing the matrix materials may not be an effective strategy for

improving performance of commercial conductors, it could be useful to experiment on
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such conductors in the context of the bimodal model to better understand the nature of
the competing domains. Grain boundary engineering also has the potential to improve
the properties of A15 conductors under strain. Thinner grain boundaries should result
in increases in J. across all of phase space and may lead to a reduction in the strain
sensitivity of J, across grain boundaries.

Conventional fusion reactors are designed at the limit of what is achievable with
LTS magnet technologies so giant fusion reactors are required to have any chance of
achieving break even. In fact, the only conventional LTS reactor with the chance of
achieving this goal is the gigantic ITER reactor currently under construction and over
a decade away from achieving its stated goal of producing at least five times more
fusion energy out than is required to maintain the reaction. As the largest experimental
scientific project in the world both in terms of investment and international cooperation,
ITER is a one time only reactor and for a long time has been a critical stepping stone
on the road to commercial fusion energy, the failure of which could lead to end of the
fusion dream. However, improvements in the critical current densities of HT'S tapes
are set to usher in a new age of fusion technologies. With fusion power scaling as the
forth power of the magnetic field the very high field magnets made possible by HTS
conductors have shattered the conventional wisdom that a fusion reactor needs to be a
behemoth to achieve a net energy gain. New designs of much smaller reactors using
HTS magnets, with the same aims as ITER, are now appearing [297,298|. Their small
size meaning they are far cheaper with timescales of the order of years not decades.

The plasma physics is not as certain in these very high field regimes as it is for ITER,
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however the high reward and comparatively cheap price tag have meant investors
have not been discouraged. And the lower cost shorter time frames also stimulate
development through a willingness to fund higher risk investments. Very high field HT'S
fusion magnets will produce enormous strains on the superconductor so understanding
the effects of strain are critical for the success of fusion (and other applications) using
HTS magnets. Fuelled by constantly improving HTS conductors, the next decade will
be an exciting time for both fusion and other very high field magnet technologies.
We currently stand on the cusp of a potentially bleak looking energy future; could
high temperature superconductivity be the key to producing a star on Earth which

will shine our way to a brighter future?
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