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Abstract

This thesis presents the results of a study aimed at investigating important fabrication aspects of
reel-to-reel processing of metal substrates for coated conductors and identifying a new substrate
candidate material with improved magnetic properties.
The effect of mechanical polishing on surface roughness and texture in Ni-5at.%W tapes in the
cold-rolled condition was studied as a function of polishing grade. The surface roughness of the
tape in the polished and annealed condition, and after subsequent coating with a Gd2Zr2O7

buffer layer was investigated taking grain boundaries into account. It was observed that the
initial mean surface roughness decreased after annealing except after very fine polishing. Addi-
tionally, the roughness of the buffer layers were found to increase slightly for the fine polished
substrates. Grain boundary grooving was observed to impose a lower limit for the mean surface
roughness. Fractions of cube texture within deviations of 5o from the ideal cube orientation,
in the annealed substrates, were found to be very sensitive to the surface roughness before
annealing.

Microstructure, texture and topography were studied in a strongly cube-textured Ni-5at.%W
substrate before and after an additional annealing (condition A1 and A2, respectively) simulating
a buffer layer crystallisation heat treatment. Condition A1 was characterised by a high fraction of
cube texture, a high fraction of low angle grain boundaries and a low fraction of Σ3 boundaries.
A strong correlation was observed between the grain boundary groove depth and boundary
type. Coherent twin boundaries and low angle grain boundaries were characterised by the
smallest average groove depth while significantly deeper grooves were observed at other boundary
types. A similar correlation was observed between the inclination angle at groove walls and the
boundary type. The microstructure was slightly coarser in condition A2 and it was accompanied
by a cube texture strengthening and an increase in the fraction of low angle grain boundaries.
The average depth of grain boundary grooves increased considerably at boundaries characterised
by large misorientation angles, except for coherent twin boundaries. Significant changes were
observed between the groove depth at stationary boundaries which generally increased in depth
and the grooves at migrating boundaries which typically became shallower compared to condition
A1. Furthermore, migrating boundaries were found to abandon grooves and generate grooves
at new positions. Despite the observed changes in the extent of grain boundary grooving, the
mean surface roughness was almost identical before and after the additional annealing.

Microstructure, texture, hardness and magnetic properties have been studied in a series of
new Ni-Cu-W substrates. Adding 5 at.% copper to Ni-5at.%W was observed to substantially
decrease the Curie temperature and the saturation mass magnetisation without significantly
modifying the microstructure and texture compared with Ni-5at.%W. The hardness of this Ni-
5Cu-5W substrate was only slightly less than the hardness of the reference Ni-5at.%W substrate.
Further increasing the Cu-content was observed to result in a great decrease in the Curie tem-
perature and saturation mass magnetisation values, but also a significant decrease in the fraction
of cube texture and the fraction of low angle grain boundaries. Finally, a Ni-5Cu-5W substrate
may be a good candidate material as a substrate in future coated conductors.
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Resumé

Afhandlingen præsenterer et forskningsarbejde med det form̊al at undersøge vigtige problemstill-
inger i forbindelse med fremstilling af metalb̊and med en stærk krystallografisk terningtekstur.
Disse b̊and anvendes til superledende coated conductors og forsøgene er udført med valsede
og varmebehandlede (rekrystalliserede) Ni-5at.%W b̊and, der er p̊aført et keramisk Gd2Zr2O7

bufferlag. Overfladeruhed og krystallografisk tekstur er karakteriseret for prøver i henholdsvis
kolddeformeret og rekrystalliseret tilstand og indflydelsen af poleringsbetingelser er kortlagt. En
detaljeret undersøgelse af overfladen har omfattet indflydelsen af korngrænse-fordybninger, der
opst̊ar under varmebehandlingen. Det blev endvidere konstateret at graden af terningtekstur,
indenfor en 5o afvigelse fra den ideelle krystallografiske terningorientering, var særdeles afhængig
af overfladeruheden efter valsning.

Mikrostruktur, krystallografisk tekstur og topografi blev undersøgt, i et Ni-5at.%W b̊and med
en stærk terningtekstur, før og efter en varmebehandling (henholdsvis tilstand A1 og A2), der
simulerede en varmebehandling af et bufferlag. Mikrostrukturen i tilstand A1 var karakteriseret
ved et højt antal lavvinkel korngrænser og følgende begrænset andel af korngrænser med højere
misorienteringsvinkler, inklusiv Σ3 korngrænser. En klar sammenhæng blev observeret mellem
dybden af korngrænse-fordybninger og typen af korngrænse. De mindste fordybninger blev
observeret ved kohærente tvillingkorngrænser og lavvinkel korngrænser, mens store korngrænse-
fordybninger blev registreret ved højvinkel, inkohærente samt ikke-tvilling Σ3 korngrænser. En
lignende tendens blev observeret mellem den gennemsnitlige inklinationsvinkel ved korngrænse-
væggene i fordybningerne og korngrænse-typen. Tilstand A2 var karakteriseret ved en lidt gro-
vere mikrostruktur samt en skarpere terning tekstur og højere andel af lavvinkel korngrænser.
Den gennemsnitlige dybde af fordybninger ved højvinkel korngrænser steg markant, undtagen for
kohærente tvilling-korngrænser. Store forskelle blev ogs̊a observeret mellem (i) fordybninger af
korngrænser karakteriseret som stationære, der typisk udviklede dybere grøfter, og (ii) fordyb-
ninger ved grænser karakteriseret som migrerende var betydelig reduceret. Migrerende korn-
grænser efterlod fordybninger i overfladen af materialet n̊ar de flyttede til en ny position, hvor
de dannede nye korngrænse-fordybninger. Der blev ikke observeret nogen signifikant ændring
i den gennemsnitlige overfladeruhed p̊a trods af disse lokale topografiske forskelle. Mikrostruk-
tur, krystallografisk tekstur, h̊ardhed samt magnetiske egenskaber blev studeret i en ny type
Ni-Cu-W metalb̊and. En legering med 5 at.% Cu i Ni-5at.%W viste en stærkt reduceret Curie
temperatur og mætnings-masse-magnetisering, uden nogen væsentlige ændringer i mikrostruk-
tur og tekstur sammenlignet med Ni-5at.%W. Kun en lille reduktion blev observeret i h̊ardheden
som funktion af kobberindholdet. Et forøget kobberindhold (10-15 at.%) resulterede i en fortsat
reduktion af Curie temperaturen og af mætnings-masse-magnetiseringen, men ogs̊a en stærkt
forringet terningtekstur, samt en forøget andel af højvinkel korngrænser. Konklusionen p̊a denne
undersøgelse er at stærkt teksturerede Ni-5Cu-5W metalb̊and er et muligt kandidatmateriale til
brug i fremtidige superledende coated conductors.
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Chapter 1

Introduction

1.1 The global energy production perspective

The global energy demand is expected to nearly double by 2050 compared with the present level
of about 15 TW [1]. Meanwhile global climate changes render a great need for reductions in
emission of green house gases, such as CO2, caused by heavy utilisation of fossil energy sources
for energy production [1,2]. It is apparent that an increasing global energy demand and a
reduction of CO2 emissions require up-scaling of present sustainable solutions and development
of new sustainable energy production technologies as suggested by the Intergovernmental Panel
on Climate Change (IPCC) [1].

Wind turbines are considered a mature sustainable energy production solution and the global
capacity of wind farms was 160 GW by the end of 2009 while the total investments in wind energy
amounted to 57 billion USD. IPCC estimate that the global contribution to energy production
from wind power is only 1.8 % and that this could be increased to 20 % by 2050 if ambitious
efforts are made [1].

A very ambitious Danish long term governmental strategy against climate changes includes
an energy system independent of fossil energy sources and a 80-95 % reduction in CO2 emis-
sions in Denmark by 2050 [3] which may be achieved by increasing the fraction of electric power
produced by sustainable power sources such as wind, sun and wave power. The Danish Commis-
sion on Climate Changes Policy (DCCCP) proposes [3] that the national wind power capability
should amount to at least 10 GW by 2050 which is more than double the current installed capac-
ity (3951 MW) in 2011 [4]. As suggested by both IPCC and DCCCP advances in the size and
number of particularly off-shore wind turbines are needed to meet this demand for an increased
sustainable energy production.

Wind turbines and superconductor technology

The size of presently installed off-shore wind turbines ranges from 2 to 5 MW. A high fraction
of the installed capacity suffers from problematic gearboxes [5] and a design that makes future
up-scaling of new wind turbines difficult. The latter is mainly due to the size and weight of
copper-based generators when increasing capacity and torque [1,6].

High technology solutions based on superconductors, such as high performance cables and
generators, constitute major research areas and are being investigated and developed world wide
[7]. For example, 10-20 MW off-shore wind turbines based on direct drives with generators util-
ising superconductor wires enable a design with no problematic gearbox system and up-scaling
with less size and weight difficulties compared with present copper-based generator technology.

Practical superconductor systems, such as generators with coils wound using superconductor
wire, include a cooling system where a coolant is circulated in a closed system. Liquid nitrogen

13



14 CHAPTER 1. INTRODUCTION

can be used as a coolant for a so-called coated conductor (CC), i.e. the second generation of high
temperature superconducting wires, and enables a high critical current density in high magnetic
fields. This coolant is considered cost effective compared with standard coolants, e.g. helium
used typically for low temperature superconductors [8]. Current prices for commercial available
CCs is about 50 USD/kAm [9] which is still too high compared with competing technologies, e.g.
permanent magnet systems [6]. The latter technology is however utilising large amounts of rare-
earth materials and therefore not considered a long term cost effective alternative due to material
costs. Intense research and resulting optimisation of cost/performance for CCs have significantly
reduced the price/kAm in recent years [7,9]. Abrahamsen et al. [6] estimated that the price of
CCs should be further reduced by one order of magnitude to be a cost competitive alternative to
existing technologies in order to obtain a market penetration with superconductor-based wind
turbines. One of the major production costs of commercial available CCs are the physical vapor
deposition techniques applied for preparation of buffer layers and/or superconducting layers.
Production of CCs using more cost efficient techniques, such as chemical solution deposition,
are therefore currently being investigated with the aim of lowering the production costs and thus
the price/kAm of CCs [9].

1.2 Subject and aims of this thesis

This Ph.D. project is part of a larger research project aiming at developing a new, scalable reel-
to-reel production technology in view of continuous manufacturing of superconducting wires
with competitive production costs and improved performance based on chemical dip coating.
The key point of this technology is a simultaneous coating process of first buffer layers and then
superconducting layers on both sides of textured metal substrates.

Strongly textured metal substrates thus form the basis for CCs in this larger research project.
The aims of the present thesis are to identify and investigate important aspects of the textured
substrate in view of a reel-to-reel fabrication and to develop new a substrate with optimised
magnetic properties for CCs used in alternating current applications.

1.3 Structure of the thesis

The thesis is divided into three parts.
Part I - Background, is a review of the different topics relevant to the experimental

work presented in the thesis. Chapter 2 includes a brief introduction to historical milestones
and relevant concepts of superconductivity. Coated conductors and strongly textured metal
substrates are discussed in chapter 3 which also includes aspects relevant to the substrate during
CC production. An introduction to ferromagnetism and alternating current losses in CCs are
included in chapter 4. The chapter is concluded with the research hypothesis’ of the thesis.

Part II - Materials and Experimental techniques, is an introduction to the materials
and experimental techniques applied in the thesis. Chapter 5 covers preparation of ingots,
cold rolling and annealing treatments. Experimental techniques used for characterisation of the
prepared samples are presented in chapter 6.

Part III - Results, Discussion and Conclusions includes the different results obtained
in the present work and a discussion of the findings. Chapter 7 is a presentation of the different
results and discussions of the findings in relation to work conducted by other groups. Finally,
conclusions and an outlook are given in Chapter 8.
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Chapter 2

Superconductivity

This chapter gives a brief introduction to superconductivity and superconductor materials rele-
vant to the topics of this thesis. More comprehensive surveys can be found in textbooks e.g. by
Fossheim and Sudbø [10] and Goyal [11].

2.1 Review of superconductor milestones and theory

Onnes [12] discovered in 1911, that the electrical resistivity of mercury dropped abruptly to zero
below a critical temperature (TC) when cooling with liquefied helium (4.2 K). Accordingly, no
energy dissipated as heat for an electrical current in the material which contradicted the existing
theory for resistivity of pure metals predicting a steady decrease to a finite resistivity at 0 K.
This new phenomenon was termed Superconductivity. It depends on three restricting parameters;
TC , the critical magnetic field (HC) and the critical current density (JC), all three interrelated
as shown schematically in Fig. 2.1. Note that JC is defined as the maximum current per
cross-sectional area of a superconducting wire in the zero resistivity state.

HC

H

J

T

TC

JC

Figure 2.1: Schematic relationship between the three critical parameters, TC , JC and HC . The super-
conducting state is obtained below the grey surface.

Superconductivity is, according to the famous BCS1 theory [13], caused by pairing of a
fraction of the conduction electrons (ns) into a bound state (Cooper pairs) mediated by crys-
tal lattice vibrations resulting in a phase, where the pairs experience no effective scattering,
(conserved total momentum) resulting in zero electrical resistivity for these electrons.

A superconducting phase has been observed for numerous metals and alloys (for example
Pb, Nb, Nb3Sn, V3Si and CeCu2Si2), but generally at very low transition temperatures. Such
materials are therefore classified as Low Temperature Superconductors (LTS).

1Formulated by Bardeen, Cooper and Schrieffer in 1957.
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18 CHAPTER 2. SUPERCONDUCTIVITY

Most industrial production of superconducting wire for magnets used in e.g. magnetic
resonance imaging for medical purposes and high energy physics research, is made using LTS
materials such as Nb3Sn and NbTi [10,14]. One of the reasons for the success of these
particular materials is their high critical current density in high magnetic field. This means that
by cooling with helium and using a relatively small amount of material very strong electromag-
nets can be constructed compared with magnets made using copper coils and iron cores [15].
The very expensive helium limits the usage of LTS materials. These materials are therefore
mainly applied in research and for medical use [8,9].

Another 75 years had passed, after Onnes’ discovery, before synthesis of the ceramic La-Ba-
Cu-O system with a transition temperature of 35 K was reported by Bednorz and Müller in
1986 [16]. It was a substantially higher TC compared with the former record of 23 K for the
metallic Nb3Ge and this system was therefore termed High Temperature Superconductor (HTS).
The year after, in 1987, Chu et al. [17] synthesised the cuprate YBa2Cu3O7−δ (YBCO), an
anisotropic ceramic superconductor with an impressive TC = 93 K for δ∼0.07.

The ideal atomic crystal structure of crystalline materials is characterised by a finite number
of unit cells repeated over the entire material volume. Accordingly, the unit cell is a representa-
tion of the crystal structure and there are several different crystal structures. An example of the
body-centered-cubic crystal structure of the more symmetric Nb-47wt.%Ti and the orthorhom-
bic structure of anisotropic YBCO are shown Fig. 2.2.

c

a

b

(a)

(b)

Nb-Ti

Cu

O

Ba

Y

Figure 2.2: Example of a body-centered-cubic (a) and an orthorhombic (b) crystal structure for Nb-
47wt.%Ti and YBCO, respectively.

It is important to note that the crystal structure of undoped YBa2Cu3O6 is tetragonal and
that a subsequent oxygenation at ∼450 oC increases the oxygen content, to a δ-value below 0.65,
resulting in YBCO’s superconducting orthorhombic structure.

TC for some HTSs is above the boiling point (77 K) of cost effective liquid nitrogen which
could then be used for cooling the superconductor. Additionally, a very high JC (> 1 MA/cm2)
in magnetic fields of 1 T were obtained for YBCO compared with other HTS materials [10]. The
superconducting properties could therefore be retained even at liquid nitrogen temperatures ren-
dering it very useful for various power applications. This was a major breakthrough for applied
superconductivity. The highest TC ever observed is for HgBa2Ca2Cu3O8+δ with impressive 134
K at ambient pressure and 164 K at ∼30 GPa [18]. This material is however difficult to synthe-
sise, toxic and thus unsuitable for most technical applications. Bi2Sr2Ca2Cu3O10+x (Bi-2223)
with TC = 110 K was the first HTS material to reach a commercial stage. Wires made using
this material are classified as the first generation (1G) HTS wires. Some of the major differences
between these ceramic HTS materials are the atomic structures (e.g. CuO2 planes and CuO
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donor chains/planes) coherence lengths, penetration depths, resulting level of anisotropy and
the effect on TC , JC and HC . These aspects will be reviewed and discussed in relation to HTS
wires fabricated utilising HTS materials in the following.

Superconducting properties and anisotropy

Two characteristic length scales

By extending Maxwell’s equations F. and H. London [10] established in 1935 two very basic
relations for a superconductor. The first London equation describes the frictionless acceleration
of superconducting electrons due to an electric field near the superconductor surface. The second
London equation specifies how a superconductor will screen an external magnetic field within
the London penetration depth, λ, from the surface due to the superconducting surface currents.
This phenomenon is known as the Meissner effect. Estimates of λ ∼ 50 nm for various metals
are in good agreement with experiments [10].

Another important length scale, the coherence length, ξ, over which the superconducting
order parameter changes was derived in the very successful Ginzburg-Landau theory formulated
in 1950 [10]. An alternative definition of the coherence length originates from the BCS theory
[13] where ξ0 is the characteristic size of the Cooper pairs. It should be stressed that the two
coherence lengths are interrelated but qualitatively different since ξ is temperature dependent.

Mixed state and vortices

An appropriate magnetic field applied to a superconductor causes a rotational flow of the super-
conducting electrons either at the surface (Meissner effect) or as an additional flow inside the
material screening a quantised magnetic flux, known as the the mixed state. In the latter state,
it may become energetically favourable (depending on λ and ξ) to include and trap quantised
magnetic flux inside the superconductor [19].

Abrikosov [20] proposed in 1957 the existence of two types of superconductors depending on
the Ginzburg-Landau parameter κ = λ/ξ.

The ratio between the penetration depth and the coherence length relates to the ability
(depends on the surface energy) to form an interface between a normal and a superconducting
region in the presence of an appropriate magnetic field. As a consequence, superconductors are
divided into two types:

Type I with κ < 1/
√

2

Type II with κ > 1/
√

2.

For example, κ = 0.03 and 0.47 for aluminum and lead (type I), respectively, while κ = 34 and
87 for Nb3Sn and YBCO (type II), respectively [10]. Type I materials exhibit only the Meissner
state and superconductivity is completely suppressed at fields H ≥ HC1 and the material becomes
normal conducting. HC1 (both type I and II) is usually in the low mT range and type I materials
are therefore unsuitable for power applications [9,10].

The situation is very different for a type II material where the magnetic flux can partially
penetrate the interior of the superconductor and thus retains the superconducting state. A
schematic of the critical fields as function of temperature for both type I and II superconductors
are shown in Fig. 2.3(a).

The magnetic field penetrates in confined flux regions, or vortices, that may form different
structures, as for instance a hexagonal flux pattern, see inset in Fig. 2.3(a). Vortices are
quantised in units of Φ0=h/2e, where h is Plank’s constant and e is the electron charge. The
so-called Abrikosov vortex (AV) is schematically shown in Fig. 2.3(b). It consists of a normal
state core, with a size ∼2ξ and the applied magnetic field decaying over the distance λ into the
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Figure 2.3: Schematic drawings of (a) the critical fields (HC1 and HC2) as function of temperature and
resulting states, and (b) superconducting pair density (nS) as function of position (x) representing an
Abrikosov vortex. The inset in (a) represents a possible flux pattern. Reproduced after [19].

superconductor. By including the magnetic flux in the form of AVs superconductivity may be
retained until the normal cores completely overlap at HC2 and the material becomes normal
conducting, see Fig. 2.3 (a).

Anisotropy and the magnetic irreversibility field

HTS cuprates are characterised by a strong anisotropy, originating mainly from the complex
layered structure of the weakly coupled superconducting CuO2 planes [21], see Fig.2.2, and a
d-wave (dx2−y2) symmetry of the Cooper pairs [22]. As a result, ξ is different along various

directions of the unit cell, e.g. for YBCO, ξ⊥ = 0.5 nm and ξ‖ = 2.5 nm [15]. Significant

differences are therefore observed between H
‖
C2 and H⊥C2, i.e. parallel and perpendicular to the

CuO2 planes in the cuprates, with a ratio ∼ 5-7 and 50-200 for YBCO and Bi-2223 at 4.2 K,

respectively [15]. Note that H
‖
C2 is exceeding 100 T at 4.2 K for both YBCO and Bi-2223. This

implies that in order to obtain the highest field performance, all unit cells must be parallel and
well connected, i.e. conduction through parallel CuO2 planes [15]. Above 77 K both YBCO and
Bi-2223 have HC2 values similar to those of Nb-Ti and Nb3Sn below 20 K.

Practically, utilising the material in power applications means that a transport current, IT ,
will be applied. This current will generate a magnetic field which is typically perpendicular
to the current direction. This will affect the vortex lattice as the transport current interacts
with the vortices and the resulting Lorentz force (FL=JT×Φ0, where JT is the transport current
density) moves the vortices, see Fig. 2.4.

A pinning site is a confined region in the material where superconductivity is slightly or
completely suppressed, see Fig. 2.3(b). Producing an AV at this site is favourable and the
AV is pinned at this position. JC is defined as the point where vortices start moving. This
results in energy dissipation and eventually vortices leave the material at one edge of the wire
while new AVs enter at the opposite edge. Vortex pinning is therefore extremely important
in practical HTS materials to obtain the highest possible critical current. The force needed to
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Figure 2.4: Schematic drawing of a hexagonal vortex lattice in an equilibrium state before changes due
to the Lorentz force (FL). Reproduced after [19].

counterbalance the Lorentz force is named the pinning force, (FP ), and it depends on the origin
and size of the pinning site which can be e.g. grain boundaries, stacking faults, dislocations,
voids, atomic inclusions, secondary phases and preferably with an optimum size ∼ξ. The Lorentz
force becomes greater than the pinning force at sufficiently high applied fields (or transport
currents) and AVs start moving [10].

The practical upper limit of magnetic field, at which the zero resistivity state is lost, may
be substantially below the ideal upper value of HC2. This new limit is termed the irreversibility
field, HC1 <Hirr <HC2 and it imposes a practical limit for the critical current density, JC . Great
differences, largely due to anisotropy, are observed between HC2 and Hirr for the cuprates as
shown in Fig. 2.5.

Figure 2.5: Irreversibility fields (red lines) and upper critical fields, HC2 (black lines) as a function of
temperature for Nb-47wt.%Ti, Nb3Sn, MgB2, Bi-2223 and YBCO. Boiling points of helium, hydrogen,
neon and nitrogen are presented as vertical blue lines [15].

It is evident from Fig.2.5 that Hirr is strongly suppressed for Bi-2223 (∼0.2 T), compared
with YBCO (∼7 T). This is mainly due to a weaker coupling between the CuO2 layers and
a three times longer unit cell, compared with YBCO, resulting in a stronger anisotropy. The
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Bi2223 vortex system is therefore more 2D pancake-like, in contrast to the more 3D-like YBCO
vortex system [10]. The low Hirr limits the usage of Bi-2223 to power cables [10], while YBCO
is also suitable for high field power applications. In contrast, HC2 and Hirr nearly coincide (see
Fig.2.5) in LTS type II materials such as Nb3Sn and Nb-Ti due to a negligible anisotropy and
a lower operational temperature [15,23].

It is clear that a higher operational temperature will result in enhanced thermal fluctuations
leading to dissipation effects, such as thermally assisted flux flow (TAFF), flux creep or even
high current flux flow, which are well described by the Kim-Anderson model [24]. Note that the
threshold, at which TAFF may occur, depends on the thermal energy (kBT), the pinning force
and extent of collective pinning. Interestingly, even for a low transport current, where FL<FP ,
vortices may be thermally activated and jump from one pining site to another pinning site
leading to a finite electrical resistivity. To compensate for these effects, lowering the operational
temperature is one simple way to significantly improve the flux pinning ability (see Fig.2.5) of
the superconductor [10]. Another very successful alternative is the introduction of additional
stronger pinning sites which may significantly increase Hirr, e.g. doping YBCO with BaZrO3

nanoparticles [25].



Chapter 3

Introduction to coated conductors

A brief description of the first generation HTS wires and the challenges encountered in fabri-
cating wires using HTS cuprates leading to the development of coated conductors (CCs) are
discussed in this chapter. Particularly, overcoming the problem of weak-links and large scale
wire manufacturing are addressed in relation to the performance of superconducting thin films.
The rolling assisted bi-axially textured substrate (RABiTS) technique is discussed and relevant
processing aspects are also included. Finally, the chapter is concluded with a discussion of
ceramic layer deposition and related metal substrate effects.

3.1 High temperature superconducting wires

The first generation of HTS wires was based on silver tubes filled with metal-oxide powders. This
is known as the powder-in-tube (PIT) method [10]. For example, Bi-2212 powders and other
reactants are loaded into chemically inactive silver tubes which then act as mechanical support.
The filled tubes are then extruded, drawn/rolled and heat treated at elevated temperatures in
an atmosphere to form superconducting textured polycrystalline Bi-2223 tapes. JC is limited to
about 5·104 A/cm2 for Bi-2223 tapes at 77 K and in self-field, i.e. with no external magnetic field
applied. This implies that these wires are suitable for power cables but not for high magnetic
field applications. It is apparent that the silver consumption in combination with a strong
magnetic field dependency of JC limits the potential of Bi-2223 PIT wires.

3.1.1 Grain boundary weak-links

Several attempts have been made to produce PIT wires based on YBCO [26] but JC has been
limited to values ∼ 3300 A/cm2. The poor performance of YBCO-based PIT wires resides in
the weak-link behaviour at grain boundaries (GBs) between the YBCO grains [27].

In general, GBs in YBCO may be viewed as superconducting regions separated by a strained
lattice due to dislocation cores and their associated strain fields [28]. Additionally, this super-
conductor is also characterised by a d-wave symmetry of the Cooper pairs and a very short
coherence length (∼1nm). The combination of the pair symmetry, coherence length and strain
fields result in a significant decoupling between the CuO2 planes depending on the boundary
misorientation. A discussion of texture and GB misorientation is included in appendix 10.

YBCO thin films grown epitaxially on bicrystalline substrates [29] enable a direct analysis
of JC across a boundary as a function of misorientation angle. Such thin films are for example
made using pulsed laser deposition (PLD). Their typical thickness is 200-300 nm and they may
be grown on single crystalline substrates, such as SrTiO3. It is important to note that the thin
film inherits both morphology and texture from the substrate during growth [28]. This fact will
be discussed in more detail in the last part of the chapter.

23
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Data obtained by Held et al.[30] for bicrystalline YBCO thin films clearly demonstrate the
misorientation effect on JC for various types of GBs, see Fig.3.1(a). The different types of GBs
are presented in Fig. 3.1(b).

(i) (ii)

(iii) (iv)

(a) (b)

77 K, 0T

J C
 (

A
/c

m
2 )

θ (o)

Figure 3.1: (a) Critical current density (JC) as a function of misorientation angle (θ) across grain
boundaries in YBCO bicrystals, and (b) various types of grain boundaries (i) [001] twist, (ii) [010] tilt
(valley), (iii) [010] tilt (roof) and (iv) [100] twist [30].

Interestingly, the greatest decrease in JC as function of misorientation angle θ, at 77 K and
zero applied magnetic field, is observed for [100]-twist GBs. JC is reduced by one order of
magnitude at θ ∼ 10o for this particular type of boundary. In contrast, JC of the [010]-valley
boundaries is less sensitive to an increase in θ and thus only reduced by a factor of 2 to 3 at θ ∼
10o, see Fig. 3.1(a). Furthermore, this effect has been shown to be relatively independent of the
preparation method of the films and thus reflects a more general misorientation dependency of
JC [10,27]. Dimos et al.[29] described the relation between misorientation angle and JC across
a GB as an exponential function:

JC ∼ JC · e−θ/θ0

where θ0 is the misorientation angle above which JC is significantly reduced. Multiple values of
θ0 have been reported by various authors. Following the work by Heinig et al.[31], θ0= 10o is
chosen in this thesis as the threshold misorientation angle between a strong and a weak coupling
at a GB.

It is evident that a HAGB with a very large θ strongly suppresses JC . Accordingly, such
boundary may be characterised as a Josephson junction due to the decoupling. Such junctions
only allow for quantum tunnelling currents as shown in Fig. 3.2 [10].

Importantly, a strong texture, both in-plane and out-of-plane (bi-axial texture) is needed
in order to produce small misorientations between adjacent grains and a correspondingly low
fraction of HAGBs [11]. YBCO films grown on single crystalline substrates such as SrTiO3

typically enables extremely high JC values ∼106 A/cm2 even at 75 K [32].

Finally, yttrium may be (partially) substituted by rare-earth (RE) elements, such as Gd,
Nd, Sm and Eu, while still obtaining similar high JC values [27, 33]. The superconducting thin
films will consequently be referred to as RE-BCO.
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Figure 3.2: Schematic presentation of a Josephson junction-like grain boundary and following quantum
tunnelling current.

3.2 Coated conductors - structure and fabrication techniques

It has been established that a RE-BCO polycrystalline film must have a strong bi-axial texture
to achieve its full current carrying capacity. However, single crystalline ceramic substrates as the
only substrates are obviously not suitable for production of km long CCs. The main requirements
for a practical substrate comprise (1) a strong bi-axial texture, (2) a lattice parameter similar
to the RE-BCO, (3) a smooth surface and (4) mechanical strength and flexibility.

Ni-based polycrystalline metal substrates with superior handling characteristics were early
established as basis for coated conductors since flat metal tapes (thickness < 100 µm) with a
sufficiently low surface roughness (SA<10 nm) could be obtained [9,11]. However, JC values
of YBCO films were significantly lower than what could be obtained on single-crystalline sub-
strates. Metal ions diffusing into the superconducting layer, HAGBs, and surface roughness
were identified as major obstacles for this new type of conductor structure. Intensive research
over the last two decades [9] has been made on optimising architectures based on metal tape
substrates coated with metal-oxide buffer layers, RE-BCO layer(s) and finally metal cap layers.
An example of such a layered architecture is shown see Fig. 3.3. This structure is known as a
coated conductor - the second generation HTS wire.

Copper stabilizer

Ni-W substrate

Solder
Ag cap
HTS layer
Buffer layers

Metallic substrate

Copper stabilizerBuffer layers
HTS layer

Ag cap

(a) (b)

Solder

Figure 3.3: (a) Schematic drawing of a CC structure and (b) optical micrograph of a CC cross-section
[34].

The buffer layers are multi-functional. They act as a diffusion barrier, decrease lattice misfit
and transfer the texture. Silver is typically deposited on top of the RE-BCO layer and provides
a chemical protection and a thermal quench protection. The final cap layer can be copper which
increases the electrical and mechanical stability that also enables soldering of joints between CC
tapes. Additional casing with stainless steel may be used to further increase the mechanical
strength and to improve of the handling properties [9,11]. A typical width of CCs is 4 mm
and the tape thickness is ∼100-200 µm, including the copper layer. Several different fabrication
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techniques and complex metal-oxide layered stack systems have been developed and employed in
order to obtain optimum conductor solutions with respect to current carrying capacity, quench
protection, performance after coil winding etc. for both cable and power applications. There
is therefore a great diversity of different CC structures depending on the final application.
Obviously, increasing the thickness of the substrate or the stabilisers will decrease the engineering
current density (JE). In contrast, increasing JC or the total cross-section area of superconducting
layer(s) will beneficially increase the critical current, IC . Such an increase in cross-section area of
RE-BCO can be accomplished by double-side coating of both buffer layers and RE-BCO layers.
However, this requires a substrate which enables the formation of strongly textured buffer and
superconducting layers on both sides of the substrate metal tape.

Strongly textured substrates

Three of the main techniques for producing a textured template for coated conductors are ion
beam assisted deposition (IBAD), inclined substrate deposition (ISD) and rolling assisted bi-
axially textured substrate (RABiTS) [11]. Two examples of possible architectures of a CC stack
using the IBAD and the RABiTS technique for producing a strong texture are shown in Fig.
3.4 (a) and (b), respectively.

(a) (b)

Figure 3.4: Coated conductor structures (a) using the IBAD technique, and (b) using the RABiTS
technique [28].

From the bottom; the IBAD-structure consist of a non-textured polycrystalline metal tape,
a nucleation layer(s), a bi-axially textured MgO buffer layer, a LaMnO3 buffer layer and finally
a superconducting YBCO layer. It is indicated that the grains in the ”Ni-alloy” are randomly
orientated in contrast to the well aligned grains/unit cells in the three upper layers. The metal
tape material could also be stainless steel or Hastelloy [11].

An example RABiTS structure is presented in Fig.3.4(b). It consists of a strongly textured
Ni-alloy substrate followed by a Y2O3 buffer layer, an yttrium stabilised zirconium (YSZ) buffer
layer, a CeO2 buffer layer and finally a YBCO layer. The square lattice in the metal substrate
represents the strong texture. Note that GBs (thick black lines) are transferred through the
entire CC stack.

There are two general limiting factors associated with the IBAD and ISD techniques. The
first factor is the use of complex and expensive vacuum chambers. For example, buffer layers
produced by PVD techniques accounts for more than 20 % of the total coated conductor cost
[35]. The second factor is the limitation to single-side coating. Accordingly, these techniques are
considered less relevant in respect to reducing production costs while simultaneously improving
the performance of CCs, i.e. increasing IC . A description of the IBAD and ISD techniques is
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therefore included in appendix B.
Double-side coating may be performed using chemical solution deposition (CSD) techniques

such as dip-coating. CSD is a cost effective wet-chemical approach with a greater potential for
scale-up due to simplicity and ex-situ epitaxial growth [36]. The process involves coating of
textured metal substrates with a metal-organic precursor solution at room temperature which
is then followed by a high-temperature annealing in order to obtain strongly crystalline phases.
Note that multiple homogeneous films can be produced by precisely controlling the composition
and stoichiometry [37]. Both the buffer layers and the RE-BCO layers should be coated on both
sides of a strongly textured metal substrate.

3.3 Rolling assisted bi-axially textured substrates

Strongly cube-textured Ni-5at.%W substrates are commonly applied for the preparation of CCs
[11]. This material is used for the following reasons: It can be strongly cube textured, annealed
in a protective atmosphere without oxidizing, the yield strength is sufficient at elevated tem-
peratures to be pulled through high temperature furnaces and the lattice misfit with YBCO is
suitable.

Thermo-mechanical processing (TMP) techniques, e.g. rolling and annealing, are well estab-
lished methods for altering shape, characteristics and properties of metal and alloys. RABiTS
consist of a strongly textured metal substrate coated with a buffer layer. An example of the
process steps is shown in Fig. 3.5.

(111) (111)(111)
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Figure 3.5: Schematic representation of the RABiTS technique and {111} pole figures. (a) rolling,
(b) annealing, (c) strongly cube-textured metal substrate, (d) buffer layer deposition, (e) buffer layer
crystallisation heat treatment and (f) final RABiTS tape. Reproduced after [38].

A Ni bar is cold-rolled multiple times (see Fig. 3.5(a)) applying a certain per pass reduction
(PPR) in order to obtain a homogenous deformation across the material. The final tape thickness
is typically 80-100 µm. Very high (> 90%) total thickness reductions (TTR) are generally needed
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in order to obtain a strong copper-type rolling texture in pure Ni [38]. Such a rolling texture
is apparent in the corresponding (111) pole figure in Fig. 3.5(b) after heavy cold rolling. This
texture generally contains the following components; Cu {112}<111>, S {123}<634> and Brass
{011}<211>. The heavily deformed nickel is subsequently annealed during a heat treatment at
an elevated temperature (e.g. 1000 oC for 4 hours in vacuum) and a strong cube texture with an
ideal {001}<100> orientation develops during recrystallisation. The strong texture is indicated
by the four spots in the {111} pole figure in Fig. 3.5(c). Recovery and recrystallisation is driven
by this release of stored energy accumulated during deformation and the microstructure is again
changed significantly upon annealing of the material as new strain-free grains grow. A buffer
layer is deposited and subsequently crystallised in a heat treatment, see Fig.3.5(d) and (e),
respectively. Finally, a strongly bi-axially textured and buffered technical substrate is obtained.

The RABiTS technique is particularly interesting from a commercial point of view since
well established large scale manufacturing methods such as rolling and annealing can be used in
order to obtain substrates with a very strong texture and sufficiently low surface roughness. The
out-of-plane and in-plane misorientations are typically characterised by FWHM values ∆ω ∼
5-7o and ∆φ ∼ 4-6o. This corresponds to ∼99 % area fraction of cube texture within a deviation
angle of 10o from the ideal {001}<100> orientation [11,40]. High quality RABiTS are currently
commercially applied for production of CCs by American Superconductors (AMSC) using the
Ni-5at.%W alloy. An IC ∼ 300 A/cm-width1 have been demonstrated in 500 m long CC tapes
prepared using MOD on this Ni-5at.%W substrate with a final width of 10 mm [41], while higher
IC values have been obtained in shorter lengths [42]. Note that these commercial available CCs
are characterised by single side coating and fabricated using techniques which are not considered
environmentally neutral.

Substrate surface roughness

The substrate surface roughness is significantly affecting the texture and thus JC of YBCO thin
films. For example, Obradors et al.[43] observed that c-axis orientation and JC of CSD-YBCO
films grown on SrTiO3 single crystalline substrates decreased when the root mean square (RMS)
surface roughness of the substrate increased as shown in Fig.3.6.
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Figure 3.6: (a) fraction of c-axis orientation, and (b) critical current density (JC), as a function of
substrate surface roughness [43].

1Note that A/cm-width corresponds to the IC measured in a 1 cm wide CC.
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A smooth substrate surface is necessary in order to obtain a high JC and the surface roughness
of such a single crystalline substrate should represent the surface roughness of a smooth metal
substrate.

Grain boundary grooving and grain boundary migration

Significant GB grooving of Ni-5at.%W is however apparent after annealing at elevated tem-
peratures, i.e. a deep profile develops perpendicular into the surface during the annealing. A
schematic example of a groove formed at a GB is shown in Fig. 3.7.

Figure 3.7: Schematic drawing of a GB groove defining the depth and the dihedral angles β1 and β2,
which differ for an asymmetric groove.

An accumulation of material is indicated by the small peaks on each side of the groove wall
and is considered to be a result of surface diffusion [44].

In this thesis, the depth is defined as the vertical height difference between the groove root
and top of the highest groove wall, see Fig. 3.7. The thermal grooving mechanism is related to
the GB plane area which is reduced in order to reduce the associated free energy of the plane.
The grey rectangle in Fig. 3.8 represents the reduced area of the GB plane between two adjacent
grains.

Grain 1 Grain 2

Grain boundary planeXY-profile after grooving

Figure 3.8: Schematic drawing of a grain boundary, before (solid line) and after (dotted line) thermal
grooving.

In general, a surface groove will develop at a GB in a metal when the temperature is high
enough to allow for appreciable surface diffusion [45,46].

The width and depth of grooves depend on the annealing temperature, annealing time, the
GB energy, the surface energy and the diffusion coefficients of the GB [47,48]. For example,
using the same annealing time, deeper grooves have been observed for pure nickel annealed at
1000 oC compared to grooves developed during annealing at 600 o [49]. Furthermore, the surface
roughness increased to a level above that induced by cold rolling of a pure nickel tape when GBs
were grooved during annealing.

The GB energy is e.g. related to the misorientation and the material composition [39,50].
Typically deep grooves develops with increasing θ as observed in strongly cube-textured Ni-
10at.%Cr substrates annealed in vacuum at 900 oC for 4 h [48].

These grooves may negatively influence the formation of a homogeneous buffer and RE-BCO
layer. For example, Fig. 3.9 shows GB grooves that are transferred from a Ni-5at.%W substrate
to a LZO buffer layer. Additionally, substrate surface defects such as pin-holes are also apparent
in the buffer layer.
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5 µm

Figure 3.9: Scanning electron microscopy image of a LZO buffer layer on a Ni-5at.%W substrate [51].

Several authors [52, 53] have suggested that the groove associated with the GB is the main
problem in relation to growth of a homogenous buffer and superconducting layers.

Substrate boundary migration

A long annealing time promotes grain growth and the GBs therefore move. GB grooves may
effectively limit GB migration at the surface. Such an anchoring effect has been observed in
pure copper [46]. The boundary is anchored at the groove and the effectiveness of the groove as
an anchor depends mainly of the dihedral angle (β). However, thermal grooving progresses with
time and the groove profile develops. The initial position of the GB at the surface is changed
as β exceeds a certain critical angle (βC) due to further thermal grooving at the GB. Boundary
surface migration may therefore occur in a spasmodic mode since the boundary on the surface
moves only when β > βC . A critical angle ∼ 3o has been reported for pure copper annealed at
980 oC [46]. Accordingly, GBs are expected to develop grooves while the GB is anchored and it
will then move to a new position and develop a new groove.

A very smooth substrate surface with an overall surface roughness < 3-4 nm (including GBs)
can be obtained by polishing [54]. However, polishing the substrate after recrystallisation using
mechanical polishing will induce a deformation layer and, possibly, undesirable deformation
texture. Accordingly, mechanical polishing of the substrate should be performed before the
recrystallisation annealing.

Inevitably, substrate temperature and oxygen control at elevated temperatures are central
parameters for all deposition techniques. It is very important to notice that while substrate
temperatures ranges from about 400 to 900 oC for thin films grown using PVD techniques [55]
even higher temperatures of 1000-1150 oC are needed for some buffer layers in order to form the
correct crystallographic phases using CSD techniques [56, 57, 58]. Meanwhile, recrystallisation
heat treatments of Ni-5at.%W are performed at 950-1200 oC and the crystallisation temperature
is thus equal to, or higher, than this temperature [40,59]. The increased annealing temperature
is expected to result not only in deeper thermal grooves but also migration of grooves [45].
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Substrate oxidation

Obviously, annealing a metal alloy substrate at elevated temperatures in an oxygen atmosphere
will produce an oxide layer. Even for a buffered substrate, i.e. substrate with one or more
buffer layers, cations or oxygen may diffuse through the layers, during RE-BCO deposition or
subsequent oxygenation, resulting in Ni-oxides being formed on the substrate surface. This can
affect the texture formation in the subsequent buffer layers, increase surface roughness or even
result in delamination of the stack when applied in technical installations, such as a generator.
Diffusion of Ni-ions into the RE-BCO layer may have a detrimental effect on the superconducting
layer.

For RABiTS materials such as Ni-5at.%W, Ni diffusion by growth of NiO is effectively
limited by a YSZ layer [51,60] while W diffusion is limited by a Y2O3 layer [11]. Importantly,
GBs in the substrate material was reported to constitute a channel for oxygen diffusion due
to higher concentration of crystalline defects in the buffer layer at the substrate GB grooves
[52]. Consequently, substrate GBs do not only suppress the superconducting properties in the
RE-BCO layer due to the weak-link behaviour but may additionally act as oxygen path which
may lead to an overall devastation of the superconducting property of the above deposited
superconducting layers. It is apparent that a substrate with a strong texture, limited lattice
mismatch and sufficient mechanical strength are not the only requirements. Control of the
substrate surface quality is also of great importance.

Percolation path and GBs

A possible effect of the GB grooving and oxidation is related to the general performance of
the CC. An example SEM micrograph of a YBCO-YSZ-CeO2 film architecture deposited on a
Ni-based RABiTS with PLD is shown in Fig. 3.10.

3 µm

Figure 3.10: Scanning electron microscopy image showing a LZO buffer layer on a Ni-5at.%W substrate.
Arrows indicate positions of a HAGB and LAGB in the metal substrate [47].

The crucial effect of the HAGB and associated groove in the substrate (see Fig. 3.9) results
in discontinuous regions in the YBCO layer as shown in Fig. 3.10. JC is therefore reduced
at these boundaries in the RE-BCO layer. The GBs may therefore constitute a network with
limited JC which can result in a so-called percolation path in the CC. An example magneto
optical picture of a RABiTS based CC is shown in Fig. 3.11(a).
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(a) (b)

Figure 3.11: (a) Magneto optical measurement of a RABiTS-based coated conductor tape with an
applied transport current equal to IC at 77 K and self-field [15] and (b) drawing of the grain boundary
network in the strongly textured substrate of the RABiTS-based coated conductor in (a). The red line
indicates a percolation path along the grain boundaries in the substrate.

A lower JC enables a moving vortices that forms along these boundaries and this part of the
GB network therefore constitutes the ”weakest link” in the CC and a percolation path is clearly
observed from one side of the CC to the other. The path corresponds directly to the boundaries
in the metal substrate which is schematically drawn in Fig. 3.11(b).



Chapter 4

Magnetism and alternating current
losses

A ferromagnetic (FM) metal substrate will cause energy losses in the superconducting RE-
BCO layer when a CC is operated in alternating current (AC) applications. Ni-5at.%W is a
ferromagnetic material with a Curie temperature, Tcu ∼ 335 K. It is therefore also ferromagnetic
at typical operation temperatures of coated conductors (< 77K) [61]. Alloying of Ni with non-
ferromagnetic elements is a well known technique for reducing Tcu of Ni-based metal tapes and
thereby reducing energy losses caused by the FM substrate [47].

This chapter will introduce definitions of magnetic properties relevant to the results obtained
in this thesis. Additionally, the concept of ferromagnetism and energy losses in superconducting
wires when alternating currents are applied is also included. More elaborate introductions to
magnetism are found in Blundell [62] and Bozorth [63] while an introduction to energy losses in
superconductors can be found in Fossheim and Sudbø [10].

4.1 Magnetic moment

Magnetisation is the sum of individual atomic magnetic moments, µ, i.e. M = µ·N, where N is
the number of atoms. The magnetisation of a material is related to the magnetic induction (B)
and the magnetic strength (H) as follows:

B = µ0(H + M) (4.1)

where µ0=4π·10−7 Hm−1 is the permeability of free space. The atomic magnetic moment, µ,
from a single electron orbiting the nucleus of a hydrogen atom is defined as the Bohr magneton,
µB = e~

2me
= 9.274·10−24 Am2 and is typically used as a reference value when measuring magnetic

moment of different materials.
In general, the magnetic moment of an isolated ion with many electrons depends on how

the electronic orbitals (or shells) and sub-shells are filled and therefore on the total angular
momentum (J=L+S), where L and S are the orbital and spin angular momentum, respectively.
The latter depends on the electron spin state and is associated with a quantum number (ms)
which for an electron takes on a half integer value (±1

2) and is usually described as either spin
up (↑) or down (↓). The effective magnetic moment of an ion can be written as

µeff = gL · µB
√
J(J + 1) (4.2)

where gL is the Landé g-factor1 and J is the total angular momentum quantum number that
can take on integer or half-integer numbers (0, 1

2 , 1, 3
2 ,...) [62].

1The gL-factor is related to specific values of L and S and is generally equal to 2 when considering only spin
in a ferromagnet [63].
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Hund’s rules

The orbital filling in the isolated ion is dominated by electron-electron Coulomb interactions
followed by interaction between the resulting electron spin and its orbital angular momentum
(spin-orbit coupling). Hund’s three rules describe how, in a decreasing order of importance, one
should first maximise S, then L and finally combine them to the total angular momentum J,
when ”filling” electrons into the individual sub-shells of the ion [64].

Orbital quenching

Significant differences (∆) between µeff and µexp are observed for most of the 3d ions. For exam-
ple, ∆∼44% for Ni2+ ions. The great discrepancy for this class of ions is related to electrostatic
interactions (crystal fields) between the specific surrounding ions in a lattice which is neglected
in the isolated ion approximation. In contrast to e.g. the 4f ions, the electronic configuration
in 3d ions is dominated by electron-electron interaction followed by the crystal field interac-
tions, i.e. static electric fields that strongly depend on crystal symmetry and originate from the
charge distributions of the neighbouring atoms. An orbital quenching effect results (L=0) and
spin-orbit coupling may consequently be ignored for the ground state to a first approximation.
Interestingly, estimates of the ground state using only S gives much better estimates for most
of the 3d ions (including Fe2+ and Co2+) and deviates with less than 10% from experimental
values of µ for Ni2+ ions [62]. It is evident that the electron spins play a dominating role for the
magnetisation of these particular materials. In contrast to the orbital energy levels in isolated
ions or atoms, electronic states in a crystalline metal are generally described by energy bands
[64]. Fig. 4.1 shows how the 3d and 4s energy bands of Fe, Ni and Cu metals are filled.
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Figure 4.1: Schematic drawing of the electron filling of the energy bands in iron, nickel and copper [63].

As can be seen in Fig. 4.1 both Fe and Ni have uncompensated electrons in the partially
filled 3d band while the 4s band is also partially filled. Note that the energy level of the highest
occupied state is known as the Fermi level [64]. The 3d band is the most important energy band
for the ferromagnetic materials Fe, Co and Ni due to a relatively large peak in the density of
states at the Fermi level compared with e.g. the 4s band [63].
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4.2 Ferromagnetism

Ferromagnetism refers to a spontaneous magnetisation in the absence of applied magnetic field.
The magnetisation tends to lie along a so-called easy axis and may depend on e.g. crystal
structure and magneto-crystalline anisotropy [62]. The spontaneous magnetisation vanishes
above a critical temperature known as the Curie temperature (Tcu).
The Heisenberg 3D model is commonly applied when evaluating Tcu of ferromagnetic substrates
for CCs [65]. The magnetisation just below Tcu is in this model is well described by a power
law:

M ∼ (Tcu − T )α (4.3)

where α ∼ 0.33 [64].
An ideal ferromagnet is characterised by a quantum mechanical ground state where all

magnetic moments are parallel, i.e. a long range order is apparent at low temperatures. This
is due to a so-called exchange energy which tends to align all spins parallel. The FM order is
progressively destroyed as the temperature increases and vanishes at Tcu as shown in Fig. 4.2.

(a) (b) (c)

Figure 4.2: (a) Long range parallel electron spin order, T<<Tcu, (b) thermal fluctuations result in
lower order T<Tcu and (c) no long range order at T≥Tcu.

Obviously, this is an oversimplified description of the FM state and real materials, such
as nickel, have magnetic domains that divide the material into smaller volumes each with an
uniform saturated magnetic moment.

Magnetic hysteresis and domains

A FM domain is a small region in the material where the local magnetisation is saturated.
Domains are separated by so-called domain walls and the spin direction is changed only inside
the wall. Formation of domains wall is a balance between the formation energy related to the
rotation of spins and the energy associated with the so-called demagnetisation energy. These
walls move when a magnetic field is applied since domains with a favourable aligned magnetic
moment are growing on expense of domains with moments aligned different from the applied
field. Additionally, at large applied fields rotation of domains may also occur. Domain walls
can be pinned by e.g. strain fields, surfaces, and impurities and therefore, in general, depend on
the metallurgical properties of the material. The coercivity field (Hco) is defined as the applied
field necessary to completely demagnetise a FM material after saturation has been obtained.
Hco increases as domain walls are pinned with increasing strain and a heavily strained Ni-tape is
therefore a so-called ”harder” ferromagnet than an annealed Ni-tape [62]. The recrystallisation
annealing is therefore an extra beneficial factor for Ni-5at.%W since the strain state is the
lowest possible and the ferromagnet is thus magnetically ”softer”. This in turn has a small
positive effect on the energy losses encountered when utilising such FM substrate in CCs for AC
applications [65].



36 CHAPTER 4. MAGNETISM AND ALTERNATING CURRENT LOSSES

Application of an external field below the Curie temperature aligns a fraction of the domains
along the axis of the field direction. Fig. 4.3(a) shows a typical magnetisation curve for a FM
material below the Curie temperature.

M (A/m)

µ0H (T)

Hco

Ms

Mr
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b c

B = 0

B ~ µ0Ms

(a) (b)

Figure 4.3: (a) schematic presentation of the magnetisation as function of applied magnetic field (M-
H loop) of a ferromagnetic material. Arrows on the loop indicate the ramping direction of the applied
magnetic field, and (b) changes in a schematic domain structure with increasing applied field. Reproduced
after [66].

The magnetisation first follows line (a), then (b) and finally (c) in Fig. 4.3(a). A schematic
of the domain structure as function of applied field typical for line (a) is shown in Fig. 4.3(b).
All the magnetic moments may initially sum to zero net moment and after saturation this
situation is changed, i.e. the magnetisation does not vanish at zero applied field but a remanent
magnetisation (Mr) is present. Furthermore, the magnetisation saturates at Ms as the applied
field increases thus aligning all available spin. However, no further increase is observed with
increasing applied field which is in contrast to e.g. a paramagnet. Hysteresis is observed as the
area enclosed by the M-H loop and is caused by the domains which tend to oppose the applied
field. A FM hysteresis loss is therefore causally related to the irreversible motion of domain
walls [66].

Saturation mass magnetisation

The modified Weiss theory of FM describes a linear relation between Tcu and Ms as

Tcu = K ·Ms (4.4)

where K is a constant that depends on J, gL and a molecular field constant [63]. Accordingly,
a decrease in Tcu will also result in a decrease in Ms, which is directly related to the effective
magnetic moment of the material.
µeff can be calculated from the saturation mass magnetisation, Msat (Am2g−1):

µeff =
Ω ·Msat

NA
(4.5)

where Ω (g/mol) is the atomic weight and NA=6.022·1023 mol−1 is Avogadros number. For
example, Ni is characterised by MNi

sm=5.75·10−2 Am2g−1 and ΩNi = 58.69 g/mol. Accordingly,
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µNieff = 0.6µB which is directly related to the total band electron vacancy in nickel, i.e. the

uncompensated 3d-spins, that results in a net magnetic moment. Note that Ω = m·NA
N , where

m (g) is the sample mass and N is the number of Ni ions, was used for calculating µeff in this
work.

The magnetic susceptibility, χm ' M
H is typically very large for FM materials. Accordingly,

M >> H and the saturation flux density BS∼µ0Ms. It is therefore, in general, not necessary
to apply magnetic fields much higher than ∼0.6 T in order to measure the saturation mass
magnetisation of a Ni-based metal tape. Note that both B and H is changed due to the so-
called demagnetisation field (Hd) of a FM material in an applied field depending on the sample
geometry. However, the saturation mass magnetisation value is not affected by Hd. A discussion
of Hd for a tape geometry is included in appendix B.

4.3 Alternating current losses

There are several types of energy loss in a CC. The loss (QAC) encountered in AC applications
include hysteresis losses in the superconducting RE-BCO layer itself (Qs) and losses due to a
FM substrate (QFM ):

QAC ∼ Qs +QFM . (4.6)

Importantly, the direction of an applied magnetic field has a great effect on which type of loss
is the dominating loss in a CC. In general, the AC losses are dominated by losses originating
from the superconductor itself for fields perpendicular to the CC plane while the losses of a
FM substrate is dominating for fields parallel to the plane of the CC [67]. It should be noted
that there are also general cryogenic losses and eddy current losses due to magnetic coupling to
metallic parts (such as the metal substrate and copper layers).

Superconductor hysteresis losses

The superconducting hysteresis loss (Qs) in the RE-BCO layer itself depends in general on the
frequency of the alternating current, the width (w) of the superconducting layer, JC and the
amplitude of the magnetic field. The loss per field cycle can be estimated as

Qs ∼ B · JC · w · n. (4.7)

where n is a demagnetisation factor [10]. Alternatively, the theory by Norris [68] provides a direct
estimate of the superconducting loss (QN ) for a long isolated conductor with JC independent
of field and is commonly used for estimating AC losses of the CCs [69]. The loss per cycle per

meter in this theory is given by QN =
µ0I20
2π , where I0 is the AC peak current.

An interesting method for decreasing hysteresis losses in the RE-BCO layer itself is narrowing
the width of the CC. Simply viewed, vortices travel a shorter path between entering and exit
of the CC from the side in a narrow CC compared to a broader CC. Stripping and narrowing
techniques are therefore commonly developed with the aim of producing CCs with closely packed
RE-BCO strands with a suitable width.

An important outcome of this Ph.D.-project is a patent application related to ”AC applica-
tion optimised CCs” which has been registered at the European Patent Office in May 2012 with
the author as inventor.

Hysteresis losses and ferromagnetic substrates

The FM substrate generates an energy loss in the superconducting layer when the CC is applied
in AC applications. A simple example is an alternating transport current which generates an
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alternating magnetic field in a CC. This field will then interact with the FM substrate material
and thus the domains and the domain walls [70]. Obviously, handling such as bending and
cutting of the CC will introduce strain to the material and thus increase Hco slightly. It is
however assumed that Hco is at a minimum due to the recrystallisation annealing of the substrate
and therefore not considered further here.

The classical ferromagnetic hysteresis loss per cycle scales as

QFM ∼ B2 (4.8)

and is in good agreement with experiments and for a wide range of frequencies [71]. Additionally,
QFM have been observed to be nearly proportional to the frequency in CC. The loss can be
completely avoided by decreasing Tcu of the Ni-based substrate below the operation temperature
of the CC which is typically < 77 K [9,10]. Alternatively, decreasing Ms to a level so that QFM ≤
Qs would also be beneficial since further decreasing QFM would not affect the total loss [65,73].

The maximum loss encountered due to the FM substrate scales with the maximum flux
density equal to Bs

2. Accordingly, reducing Ms and thus Bs by a factor of 10 reduces the loss
by a factor of 100 [73]. An estimation of this energy loss can thus be made by either measuring
Msat or calculating the area enclosed by the M-H loop [69].

Studies of YBCO deposited on RABiTS based on pure Ni substrates showed an increase
in total AC loss by a factor ∼100 compared to YBCO films deposited on SrTiO3. This was
measured within a frequency range of 22-256 Hz and current densities up to JC of the respective
YBCO thin films at 77 K [74]. Consequently, this additional loss must be attributed to the FM
Ni substrate. Ms of a suitable metal substrate should therefore be reduced with a factor of 10
compared to pure Ni (Msat = 57.5 Am2/kg) [69]. It is therefore beneficial to reduce Msat to ∼5
Am2/kg, since the FM substrate will not impose any additional loss to the CC compared to the
loss of the superconducting layer itself [65, 73].

FM loss example

An example of the AC loss due to the superconductor and the FM substrate was made by
Thompson et al. [69]. They estimated the loss of a RABiTS-based coated conductor operated
at 60 Hz assuming the width was 8 mm, the YBCO layer thickness was 2.5 µm with a JC =
1·106 A/cm2 at 77 K and the substrate was 50 µm thick. Consequently, QN = 0.46 mJ/m in
the case of I0 = IC/2 = 100 A for the AC loss of the superconducting layer. The commonly
applied figure-of-merit (FOM) is the power loss per kA-m. It is obtained by multiplying with
the frequency and the current ratio (1kA/I0) and consequently FOM = 0.27 W/kA-m for I0 =
IC/2 at 60 Hz. However, it should be mentioned that the loss calculated for the superconductor
according to the Norris model is very sensitive to e.g. the tape geometry and I0.

The corresponding loss due to the FM substrate was estimated to be 0.43 W/kA-m for pure
Ni and 0.043 W/kA-m for Ni-7at.%Cr [69]. Accordingly, the FM substrate added a significant
loss to the total loss in the case of a pure Ni substrate which is in good agreement with that
observed by Kerchner et al. [74]. Adding 7 at.% Cr to the Ni significantly decreased the FM
loss. The increase in the total loss due to the substrate for this alloy is therefore ∼ 16 % for
these particular conditions [69]. Note that Msat = 23.1 Am2/kg for Ni-7at.%Cr and that the
loss based on equation 4.8 compared to pure nickel is also about 16 %.
Accordingly, in this thesis, the FM loss is estimated by comparison with the reference value of
the saturation mass magnetisation of pure Ni.
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Ni-based alloys with low Curie temperature

Solid solution alloying of Ni with non-FM elements is a well known technique to decrease Tcu

and Msat of Ni-alloys. Comprehensive studies were conducted by de Boer et al.[47] on macro-
alloyed Ni-based strongly textured substrates. They demonstrated a significant decrease in Tcu

of these binary alloy tapes by adding non-FM elements such as Mo, V and Cr to Ni, as shown
in Fig. 4.4.
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Figure 4.4: Curie temperature as function of added element in nickel [47]. The ”tungsten”-line is
extracted from Sarma et al. [61].

Clearly, additions of W, Mo, V and Cr are a very effective way for decreasing Tcu and thus
Msat. Note, that the tungsten data presented in Fig. 4.4 is not the original data by de Boer et al.
[47] but extracted from [61] and presented here in order to compare the effect of W on Tcu with
the other elements. Adding W to Ni is clearly the best candidate for decreasing Tcu followed
by Mo, V and Cr. Unfortunately, extensive alloying with e.g. W results in a lower fraction of
recrystallisation cube texture. This may be explained by a rolling texture that is different from
the copper-type and accordingly related to a typically lower SFE of the alloy [75]. Ni-9at.%W is
one example of extensive alloying with W. The resulting substrate has superior properties with
respect mechanical strength, Tcu = 25 K and Msat ∼ 4 Am2/kg and is thus below 5 Am2/kg.
However, the fraction of cube texture within 10o from the ideal cube orientation is generally
decreased compared with Ni-5at.%W substrates [76].

Alternatively, solid solution ternary alloys with combinations such as Ni-W-Cr, Ni-Cu-W,
Ni-Cu-Co have also been investigated [72,73, 77, 78]. However, most of these ternary systems
suffered in general from a low mechanical strength and/or undesired oxides on the substrate
surface. Note that composite substrates have also been developed with the aim of reducing AC
losses due to the ferromagnetic substrate [71,79].
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4.4 Research hypothesis’ of the thesis

Clearly, control of the substrate surface characteristics such as texture and surface roughness
are a basic necessity in production of CCs.

Based on the topics discussed in chapters 3 and 4, I have identified the following research hy-
pothesis’, which are important aspects that should be investigated to further improve RABiTS-
based substrates for CCs with respect to reel-to-reel fabrication and AC loss reduction.

1 - Effect of initial surface quality on texture and surface roughness after mechanical
polishing and annealing of Ni-5at.%W

Extensive cold-rolling of a hard Ni-5at.%W tape will eventually result in a poor surface quality
of the rolls characterised by a high surface roughness. The quality of the subsequently deposited
buffer and superconducting layers are very sensitive to the substrate surface quality. Preparation
of long CCs in a reel-to-reel system may therefore involve polishing of the metal substrate.
Mechanical polishing is a possible technique by which a smooth surface with a low tape surface
roughness can be obtained. However, this technique must be applied before the recrystallisation
annealing. It is therefore important to consider how the surface changes in the metal substrate
after the annealing and if there is an effect on a buffer layer deposited on such polished and
annealed metal substrates.

2 - Texture and topographic changes after an additional heat treatment of Ni-
5at.%W

Surface grooves on the substrate surface may have a significant influence on the epitaxial growth
of the subsequent ceramic layers. The delivery condition of annealed and recrystallised Ni-
5at.%W tape is typically characterised by a strong texture and low surface roughness. However,
changes may occur during further heat treatments, i.e. buffer layer and RE-BCO crystallisa-
tion. Additionally, the ceramic crystallisation temperature is typically higher compared to the
temperature used for substrate recrystallisation. It is therefore important to investigate changes
in the topography and the texture in the metal substrate material after an additional heat
treatment simulating conditions of e.g. buffer layer crystallisation.

3 - Strongly textured Ni-based substrate with optimized properties for CC applied
under AC conditions

Energy loss in CCs which is caused by a ferromagnetic substrate may be significant compared
to the total AC loss of the CC. The FM loss can be lowered by decreasing Tcu and Msat of
the substrate material. Alloying Ni with non-ferromagnetic elements is a known method for
obtaining such improved magnetic properties of the substrate. However, significant alloying of
Ni typically results in a decreased fraction of cube texture. Therefore, alloying with a non-FM
metal, which can also be strongly textured using the RABiTS technique, could improve the
magnetic properties while still enabling a strong recrystallisation cube texture. Accordingly,
starting with the Ni-5at.%W alloy (keeping the Ni-W ratio constant) additional alloying with
Cu should be investigated as a route for making a potential new candidate material for strongly
textured metal substrates applicable for CC under AC conditions.



Part II

Materials and Experimental
techniques

41





Chapter 5

Materials and fabrication techniques

5.1 Materials

High purity and large volume metal ingots can be obtained by induction melting or powder
metallurgy while the size of ingots produced using laboratory arc melting systems is limited
to smaller volumes (<100 g nickel). The latter ingots may however be of very high purity,
representable for ingots produced by large scale methods and cost effective with respect to
material usage for research purposes. A series of Ni-5at.%W ingots were produced, hot forged
and cold rolled into tapes and subsequently annealed by the author. The main criteria of the
substrate quality were a >98% fraction of cube texture within a deviation angle of 10o from the
ideal {001}<100> orientation evaluated by EBSD and a smooth homogenous surface evaluated
by atomic force microscopy for a tape thickness of 80-100 µm. After establishing a preparation
technique that would ensure a high substrate quality in Ni-5at.%W substrates a series of new
ternary substrates were prepared.

Three different solid solutions alloys of Ni-Cu-W were prepared, starting from the Ni-5at.%W
which can form a strong recrystallisation cube texture. The compositions were chosen according
to the solid solution region (grey rectangle) in the Ni-Cu-W phase diagram shown in Fig. 5.1.

Clearly, the solid solution region is relatively limited at 20 oC and it should be noted W is
generally considered insoluble in Cu [80].

5.1.1 Material impurity level

Importantly, very low concentrations (∼10 atomic part per million) of particularly sulphur is
known to negatively influence the formation of cube texture in Ni-based substrates [81]. In
contrast, micro-alloying with Mo, W or Ag has been demonstrated to significantly reduce the
effect from sulphur [82]. It has also been reported that the formation of a strong recrystallisation
cube texture in Ni is hindered if the purity is below 99.98 % [83] .

Thus, all starting materials used were of very high purity (99.99%) in order to limit uncon-
trolled changes in the microstructure and texture during recrystallisation.

5.2 Fabrication techniques

The following section includes the procedure developed by the author for producing metal tapes
and some important technical findings.
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Figure 5.1: Isothermal phase diagram for Ni-Cu-W at 20 oC [84]. The blue stippled line indicates the
5 at.% W level and the grey rectangle represent the region of solid solution for Ni-Cu-W with 5 at.% W.

5.2.1 Arc melting

A laboratory Edmund Bühler 2414 Arc melter system was used for producing small
(∼70 g) Ni-alloy ingots. The vacuum chamber was flushed (with Ar gas) and pumped at least
3 times until a pumping pressure of 10−4 mbar was obtained. An argon pressure of 0.5 bar was
applied during melting. A schematic of the system is shown in Fig 5.2.

A tungsten tip (1) was placed above the very pure starting materials (2) and an arc was
created in the Ar gas between the material and the W-tip. The applied current was between 80
and 100 A. Small pellets were typically melted six times and positioned vertical using the pliers
as indicated at (3) in Fig 5.2. These many re-melts and vertical turnings were performed to
ensure a high chemical homogeneity in the small pellets. Finally, three re-melts were conducted
melting all the small pellets into one larger ingot. Note that by controlling the current very
precisely it was possible to melt the material while avoiding significant vaporisation of material
and the mass loss was therefore below 1 %.

5.2.2 Homogenisation heat treatment

The final ingot was homogenised in a quarts tube placed in tube furnace with flowing nitrogen
(350 ml/min). It was heat treated at 1000 oC for at least 24 h.

5.2.3 Hot forging

A dendrite microstructure was obtained after melting and such microstructure is typical for cast
melted ingots. Hot forging on all facets of the ingot, was applied to decrease the grain size of
the material, remove the dendrite structure and shape the ingot into a bar suitable for rolling.
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Figure 5.2: Schematic diagram of the arc melting system. (1) tungsten tip, (2) small material pellets,
(3) large ingot, (A) current and (D) distance between the tip and sample.

The Ni-5at.%W ingots (section 7.1 and 7.2) were hot forged manually using a large hammer,
an anvil and heating with an acetylene burner. The ingot was heated until the ingot colour
became ”white-yellow” and without melting the surface of the ingot. The Ni-Cu-W ingots (7.3)
were prepared by heating to 1200 oC and hot forged using a pneumatic hammer machine. The
metal bars were water-quenched after the final forging pass and a few surface cracks typically
developed during the quench. The resulting oxide and cracks were removed mechanically by
cutting and grinding. Note that the removed surface layer was > 1 mm thick and the final bars
were typically 7-10 mm thick, 12-15 mm wide and 50-100 mm long.

Note that the microstructure was similar on all facets of the bar and that the average grain
size for all bars varied between 20 and 40 µm.

5.2.4 Cold rolling and annealing

The bars were cold-rolled applying a 5 % per pass reduction which should result in a homogenous
deformation across the material [85]. Two rolling mills with different radii (R1 = 37.5 mm and
R2 = 10 mm) were used for cold rolling and the rolls had a smooth mirror-finished surface.
No lubrication was applied during rolling and the thickness reduction was monitored between
each successive rolling pass. The tapes presented in section 7.1 and 7.2 were rolled on mill 1 to
thickness of 120-140 µm. The tapes in section 7.3 was initially rolled on mill 1 to a thickness
∼1 mm and then rolled to the final thickness (80 µm) on mill 2. Note that a slightly larger per
pass reduction (PPR) was applied for the first pass when switching to mill 2 to compensate for
the smaller roll radius while still achieving a homogenous deformation.

Furnaces and reel-to-reel simulation

All substrates were cleaned in an ultrasonic bath before annealing. First with acetone for 5 min
and then in ethanol for 5 min in order to remove any residues. The samples were dried using
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flowing nitrogen.
Two different furnace setups were applied in this thesis work. Furnace setup F1 was devel-

oped in order to simulate an annealing condition similar to that in a reel-to-reel system with
respect to gas flow, heating and cooling ramps for the samples prepared in section 7.1 and 7.2.
The samples prepared in 7.3 were annealed using a standard furnace setup (F2) that could heat
up to 1300 oC and therefore to higher temperatures than the former furnace, but consequently
also slower heating and cooling ramps. Notice, that no quartz tube is applied in F2 and that
the sample temperature has been calibrated using a thermocouple placed next to the sample.

The samples in section 7.1 and 7.2 were placed inside a quartz tube on the sample holder in
close proximity to a thermocouple as shown in Fig. 5.3.

Sample
AlO2 plate

ThermocoupleGas inlet

Gas outlet

Furnace

FurnaceQuartz tube

Figure 5.3: Drawing of the F1 annealing setup.

The general procedure for annealing ingots and cold-rolled tapes was to preheat the furnace,
pump and flush three times with the cleaned sample in position, keep a constant flow of 350 mL
and then insert the quartz tube into the hot furnace. The tube was removed from the furnace
without altering the furnace temperature and rapidly cooled. It is clear that the heat ramp
(heating/cooling) is not instant and that certain duration of time, 18 and 21 min, respectively,
at lower temperatures are unavoidable and similar to the heat profile of a reel-to-reel annealing
system.

A mixture of 5 % H2 in N2 protective gas was applied to prevent oxidation of the Ni-based
tapes. Interestingly, an annealing treatment using this gas will also remove any native oxide
formed on a Ni-5at.%W substrate. Notice, that the gas inlet in Fig. 5.3 (a) is positioned so
that the gas is flowing over the sample and out at the gas out-let. It is pertinent to mention
that the difference, between the furnace temperature and the temperature measured with the
thermocouple next to the sample, is significant as seen in Fig. 5.4.

Accordingly, measurement of sample temperature using the furnace thermocouple is not
appropriate. It is expected that the great difference (80-100 oC) is due to the continuous gas
flow which will act as a heat sink in combination with the heat capacity of the quartz tube.
Such differences should be compensated for by increasing the furnace temperature or altering
the furnace setup and clearly shows that monitoring the sample temperature close to the tape
at multiple positions in the reel-to-reel is a necessity.

An intermediate annealing is generally performed at a tape thickness ∼3 mm while the
necessary total thickness reduction of 97 % is practically achievable, i.e. final tape thickness ∼80
µm. In view of large scale manufacturing and reel-to-reel processing of >100 m long RABiTS,
intermediate annealing were avoided due handling of the bar at this intermediate stage. It was
considered a great practical challenge to handle such a long inflexible thick tape and excluding
an annealing step would shorten the fabrication process.

The samples presented in section 7.1 were annealed at 1020 oC for 75 min, the sample in
section 7.2 at 1000 oC for 2 hours. The samples in section 7.3 were annealed at 700 oC for 30
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Figure 5.4: Example of an annealing curve for recrystallisation of a Ni-5at.%W tape.

min and the ramped to 1050 oC and annealed for 2 hours at this temperature. The beneficial
two step annealing is described in appendix B. The samples in section 7.1 were mechanically
polished and coated with buffer layer as described below.

Mechanical polishing of Ni-5at.%W tapes

10×30 mm2 samples were cut from the longer tape after cold rolling. These samples were glued
onto a thick metal disk and all samples were polished simultaneous to ensure a similar polishing
of all tapes. Different Struers diamond polishing suspensions with a diamond grain size (DGS)
= 0.25, 3, 9 and 15 µm were applied for mechanical polishing of the Ni-5at.%W tapes. The
diamond suspension and a lubricant were sprayed onto a rotating polishing cloth. Polishing
started with a DSG = 15 µm, then 9, 3 and finally 0.25 µm. The polishing cloth was replaced
by a new cloth for each new DGS grade.

Gd2Zr2O7 buffer layer

The buffer layer was produced and deposited using dip coating by Dr. Zhao on Ni-5at.%W
metal substrates produced by the author.

A solution based on Gd (III) and Zr (IV) 2,4 pentadionate dissolved in propionic acid was
stirred for more than two hours at 60 oC until a fully reacted solution with a light yellow
colour was obtained. Gd and Zr were added in stoichiometric proportions and the total cationic
concentration was 0.6 mol/L. Strongly textured Ni-5at.%W metal substrates were then coated
using the dip coating technique applying a withdrawal speed of 20 mm/min. The coated buffer
layer was crystallised in a protective atmosphere (Ar/H2 : 95/5) at 1050 oC applying a heat
rate of 8 oC/min. The typical buffer layer thickness ranged between 30 to 50 nm as confirmed
by ellipsometry.
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Chapter 6

Characterisation techniques

The following chapter gives a short introduction to the various characterisation techniques ap-
plied in the present study.

6.1 X-ray diffraction

X-ray diffraction (XRD) was used for characterising the lattice parameter, a, and global texture
full width at half maximum (FWHM) values in the recrystallised substrate materials.

Lattice parameter determination

When a monochromatic beam of X-rays (with a wavelength λ) is focused onto a sample with an
incident angle θ constructive interference occurs and the X-rays are scattered elastically when
Bragg’s law is satisfied

nλ = 2 · d · sin(θ). (6.1)

Note that n is an integer and d is the lattice plane spacing. A schematic example of the diffraction
geometry is shown in Fig. 6.1.

θ θ

θ θ

λ

d

X-ray tube Detector

Figure 6.1: Schematic presentation of Bragg diffraction of X-rays by planes of atoms. Reproduced after
[86].

θ− 2θ scans were conducted on the substrate materials. The XRD system used in this work
was equipped with a monochromator and Cu anode which produced Kα1 and Kα2 radiation,
corresponding to X-rays with wavelengths λ1 = 1.5406 Å and λ2 = 1.5444 Å, respectively. The
time per step was 2 seconds and the scan step size was 0.04o.

The position of the Kα1 peak was used for determination of the (200) plane reflection in
the Ni-based substrate materials. The lattice parameter was calculated from the relationship
between d and a for a cubic system:

d =
a√

h2 + k+l2
(6.2)
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where (hkl) corresponds to the Miller indices of the lattice planes.

Texture analysis by X-ray diffraction

Texture can be divided into in-plane texture (φ) and out-of-plane texture (ω) and is discussed
further in appendix A. These values are included in section 7.3 in order to compare the new
alloys with standard substrates. The in-plane and out-of-plane texture can be evaluated by the
FWHM value. Gaussian curves were fitted to the diffraction data in this work and the FWHM
values (∆φ and ∆ω) were calculated from these curves.

A goniometer enabled diffraction conditions of the metal substrates at various rotations and
tilts of the sample. ω-scans were performed by rocking the samples around the <200> pole of
the Ni-based substrates with a total angular range of about 13o. Additionally, rocking curves
were measured both along the RD and TD directions in the RD-TD plane of the substrates. An
in-plane φ-scan was performed around the <111> pole of the substrates and the FWHM value
is a mean value of the four diffraction peaks.

6.2 Atomic force microscopy

Surface topography was characterised by contact mode atomic force microscopy (AFM). This
technique utilises a probe, which is brought into contact with the sample material and then
scanned across the sample surface. The probe consists of a cantilever mounted with a silicon
tip. The repulsion forces between the tip and the sample surface result in a cantilever deflection
of several nm’s which is recorded by the laser deflection system. The surface height (z) is thus
recorded for each position (x,y) on the surface. An example of the AFM setup is shown in Fig
6.2.

Figure 6.2: Schematic diagram of the AFM setup.
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An AFM operated in contact mode utilises the short range repulsive interactions which are
important for interatomic distances below 1 nm. The contact is defined as the repulsion forces
(typically 10−6 to 10−8 N) being strong enough to induce deformation on the surface or tip [87].
The material surface must therefore be relatively hard and great care was taken to prevent tip
wear and surface damaging during scanning.

The AFM setup used in this work was a Nanosurf Easyscan E-AFM 2 system which had a
16 bit data resolution. The system was equipped with a silicon point-probe-plus tip which had
a tip radius of curvature = 10 nm and a spring constant = 0.02-0.07 N/m. A so-called constant
deflection mode was applied in the present study since large areas (∼ 50x50 µm2) could be
scanned while minimising surface damage and tip wear.

Note that the spatial resolution was 0.2 nm and the height resolution was 1-2 nm [88]. A
step size of 200 nm was applied for all the AFM scans and a specially designed XY-stage enabled
a localisation of specific areas of interest on the substrate described in section 7.2.

Image resolution of the current technique is generally limited due to vibrational and thermal
noise, tip quality, sample preparation and scan rate. Artefacts and features not representing the
topography of the specimen surface were treated and corrected using standard correction tools
in the Image Metrology SPIP 6.0.2 software.

The arithmetic surface roughness (SA) was used to characterise the surface roughness in this
work. It is defined as

SA =
1

MN

M−1∑
k=0

N−1∑
l=0

|z(xk, yl)| (6.3)

where M and N are the total number of data points in the x-y grid, and k and l are index
numbers.

Grain boundary grooves were characterised by a groove depth and mean dihedral angle, see
section 3.3. Each reported groove depth corresponds to an average value of at least three line
scans performed perpendicular to the boundary.

6.3 Scanning electron microscopy

A Zeiss Supra 35 field emission gun scanning electron microscope (FEGSEM) was used for
microstructural investigations. The SEM technique utilises a focused electron beam which is
scanned in order to generate an image of the sample surface. The spatial resolution of this
technique is material, beam current and acceleration voltage dependent, and limited to ∼ 10
nm in Ni-based materials [89]. Two of the commonly used signals that are generated when an
electron beam interacts with a material are the secondary electrons (SE) and the backscattered
electrons (BSE). The contrast of SE imaging depends mainly on the sample topography while
the contrast in BSE imaging is highly dependent on the atomic number and the crystallographic
orientation of the sample. An acceleration voltage of 15 kV was applied for all SEM imaging.

6.4 Electron backscatter diffraction

The Zeiss Supra 35 FEGSEM was equipped with a HKL Technology Channel 5 electron backscat-
ter diffraction (EBSD) detector. The EBSD system was used to obtain statistical texture and
microstructural information from the annealed substrates. The principle of the EBSD technique
is illustrated in Fig. 6.3.

BSEs are diffracted from a specific area on the surface of the tilted sample. The tilt was
70o since it increases the fraction of BSEs diffracted towards the detector. The diffracted BSEs
generate a so-called Kikuchi diffraction pattern which is automatically analysed in the system
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Figure 6.3: Schematic diagram of the EBSD setup [39].

and the crystallographic orientation is determined. Beam scanning was used in this work since
this allowed for a more rapid data acquisition compared to stage scanning. The spatial and
angular resolution are about 10 nm and 1.5o, respectively, in this setup when utilising the
dynamical focus facility [89,90]. Orientation data is collected in a square grid applying a specific
step size and an acceleration voltage of 15 kV was applied for all EBSD mapping. All the EBSD
maps reported in this thesis were collected from the substrate surface parallel to the RD-TD
plane.

Statistical texture information

Large scans were applied in order to obtain statistical crystallographic texture information of
the annealed metal substrates. The scans were typically performed in different regions of the
substrate but not closer than 0.5 mm from the substrate edge. A typical map size was 1 mm2

and generally a total area of more than 5 mm2 was scanned using a step size of 10 µm. The
area fraction of cube texture was generally evaluated considering orientations deviating 5, 10,
and 15 o from the ideal {001}<100> orientation.

Local microtexture and microstructural analysis

Several smaller maps with a typical size of ∼0.2 mm2 was scanned applying a step size of 1-2 µm.
Such maps were used for characterising GB distributions, the GB network and grain sizes. The
latter was measured using line intersections and calculating the mean value from intersections
parallel and perpendicular to the RD direction in the maps.

The index rate in the EBSD maps was generally higher than 90% and the EBSD data was
post-processed using the HKL Channel 5 software to remove non-indexed data points. Due to
limited angular resolution of the EBSD technique some orientation noise was present in the
maps and consequently misorientations below 1.5o were ignored in the maps.



6.5. VIBRATING SAMPLE MEASUREMENTS 53

Stereological parameter length per unit area

Changes in the GB network due to grain growth, and changes in GB distribution, was analysed
considering the stereological parameter length per unit area, LA [91]. This parameter was moni-
tored considering only misorientations above 10o. LA is calculated by multiplying the number of
misorientations pixels (i.e. pixels constituting a GB) above 10o with the step size divided by the
scan area. A correction is introduced due to the stepped nature of the reconstructed boundaries
the EBSD map. Assuming an equal likelihood of all boundary inclinations the corrected value
LA = πLmapA /4 [91].

6.5 Vibrating sample measurements

The magnetic moment of the substrates was measured in a vibrating sample magnetometer
(VSM) in a cryogenic free measurement system. A sketch of the system is shown in Fig 6.4.
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Figure 6.4: Schematic presentation of the VSM setup.

The sample is placed on a solid rod and positioned inside the cryostat. The sample is then
mechanically vibrated in a constant magnetic field. This constant field aligns a fraction of the
domains in the ferromagnetic sample and a macroscopic magnetic field is generated in the sample
when the temperature is below the Curie temperature. This magnetic field, which corresponds
to the magnetic moment of the sample, is measured by the pick-up coils. The applied magnetic
field was perpendicular to the RD-TD plane of the substrate and the vibration frequency was
20.4 Hz.

The temperature dependence of the magnetic moment was measured by applying a constant
magnetic field µ0H = 50 mT and by ramping the temperature from 5 to 325 K and down to 5
K again with a rate of 2 K/min.

Magnetic hysteresis was recorded at 75 K by ramping the field from zero to 1 T, then to -1
T and back to 1 T. The field was ramped with 0.5 T/min.
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6.6 Vickers hardness measurements

Vickers microhardness tests were applied in the present study for characterising the hardness
of the recrystallised substrate materials. The hardness generally scales linearly with the tensile
strength of metals [92] and is used in this study to estimate changes in the mechanical properties
of the substrates. The Vickers microhardness is measured by pressing a diamond tip, shaped as
a pyramid, into the material surface. A schematic example of the test is shown in Fig. 6.5(a)
and the resulting indentation is drawn in Fig. 6.5(b).

d1

d2

136o

Sample surface

Diamond indenter

(a) (b)

Figure 6.5: (a) sketch of the Vickers hardness test and (b) a schematic example of an indentation mark
(b).

The Vickers microhardness can be calculated from the mean value (d) of the two diagonals
of the indentation as HV = 1.854·L/d2, where L (kg) is the load. A Struers Durascan Hardness
tester was used applying a load L = 200 g for 15 seconds on the RD-TD plane of the annealed
substrates. A multiple number of indentations were performed in random places on the substrate
with a distance of at least three times d between the indentations. The hardness values presented
in the thesis are mean values and the standard error was ∼0.33 HV.

6.7 X-ray fluorescence spectroscopy

Chemical compositions were analysed using X-ray fluorescence (XRF) spectroscopy. The tech-
nique utilises X-rays that are focused onto the sample surface. This irradiation generates so-
called secondary X-rays which are emitted from the irradiated material volume. The correspond-
ing wavelengths of these emitted X-rays are characteristic for the elements in the material.

An ARL 9400 XP sequential WD-XRF spectrometer was used in this work. The obtained
data was post-processed using the Uniquant 4 software and the experimental errors for this
technique were 0.5, 0.1 and 0.2 at% for Ni, Cu and W, respectively.
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Chapter 7

Results and discussion

This chapter presents the experimental results of the thesis which include results from Ref. A1-4
and additional results not published elsewhere. Section 7.1 and 7.2 describe results relevant to
production of long RABiTS-based coated conductors in general while the results presented in
section 7.3 are mainly related to optimisation of substrates for CCs utilised in AC applications.

7.1 Effect of initial Ni-5at.%W substrate surface quality

This work was motivated by research hypothesis 1 described in section 4.4. The experimental
details of the Ni-5at.%W substrates and buffer layer are described in chapter 5 while the applied
characterisation techniques are described in chapter 6.

7.1.1 Surface roughness analysis

A series of Ni-5at.%W tapes were mechanically polished after cold-rolling but before the re-
crystallisation annealing heat treatment. The mean surface roughness was analysed before the
annealing, and both roughness values and statistical texture information were obtained after
annealing using AFM and the EBSD technique. The recrystallised substrates were dip coated
with a Gd2Zr2O7 buffer layer and crystallised to investigate the effect of substrate roughness on
the buffer layer. Fig. 7.1 shows the surface roughness as a function of polishing diamond grain
size (DGS).
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Figure 7.1: Mean surface roughness (SA) as function of polishing grade for the different tape conditions.
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The error bars in Fig. 7.1 correspond to the measurement height uncertainty of the AFM
technique. Note that the mean surface roughness value (SA) reported in this work includes GBs
and that samples are referred to according to the DGS grade.

Interestingly, the surface roughness seems to be a linear function of the polishing grade for
DGS = 3 to 15 µm, see Fig. 7.1, except for a significant decrease to ∼ 4 nm for the sample
polished with DGS = 0.25 µm. The high mean surface roughness value of the samples polished
with high DGS grades is mainly due to scratches produced during mechanical polishing. Such
scratches are clearly apparent in the corresponding SEM micrographs of the sample polished
with DGS = 15 µm, see (1) in Fig. 7.2(a). Additionally, GB grooving is also apparent at (2)
in Fig. 7.2(a). The general decrease in surface roughness of the samples with DGS = 3 to 15
µm after annealing is caused by a flattening effect which is effectively reducing the roughness
by surface diffusion of the scratches [93].

(2)

(1)

(4)
(3)

(d)(b)

(a) (c)

20 µm

Figure 7.2: SEM micrographs of the polished and annealed Ni-5at.%W substrates. (a) DGS = 15 µm,
(b) DGS = 9 µm, (c) DGS = 3 µm and (d) DGS = 0.25 µm.

In contrast, the surface roughness increases to ∼ 8 nm after annealing of the very fine
polished sample with DGS = 0.25 µm as shown in Fig. 7.1. Trunchan et al. [49] observed a
similar increase of the surface roughness after annealing compared to the cold-rolled condition.
They explained the roughness increase as a result of considerable GB grooving. Such grooves
are clearly the dominating surface defect when evaluating the SEM micrographs in Fig. 7.2(c)
and (d). Furthermore, some boundaries seems to develop deeper grooves, see (3) and (4) in
Fig. 7.2(d), compared to other GBs. Such groove depth differences between different boundary
types have been observed previously in strongly textured Ni-Cr substrates [48]. A study of such
correlations in Ni-5at.%W substrates is included in section 7.2.

It is evident that smoothing of scratches is effectively reducing the surface roughness of the
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samples polished with high DGS grades. However, this effect is no longer counterbalancing
the surface roughening due to GB grooving in the sample polished with the finer DGS grade.
Note that the intra-grain surface roughness, i.e. not including GBs, of the annealed Ni-5at.%W
substrates was below 5 nm for both the DGS = 0.25 and the 3 µm samples. Furthermore, the
surface roughness including GBs was similar for these two samples after annealing. It is therefore
apparent that the very finest polishing is not further improving the surface quality since GB
grooving will increase the SA value to the same level as for the sample polished with DGS = 3
µm. An example AFM image of the sample polished with DGS = 0.25 µm after annealing is
shown in Fig. 7.3(a).
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Figure 7.3: (a) AFM image of the annealed DGS = 0.25 µm substrate and (b) line scan profile of the
position indicated in (a).

The dark areas in Fig. 7.3(a) correspond to small height values and the GB groove is clearly
deeper at (1) compared to the groove at (2). These grooves are observed to impose a lower limit
for the mean surface roughness ∼ 8 nm for the Ni-5at.%W substrates annealed at 1020 oC for 75
min. Multiple boundary grooves were identified and analysed in the AFM images. Note that no
distinction was made between different types of boundaries and more than three line scans were
performed perpendicular to each GB. An example line scan profile from Fig. 7.3(a) is shown
in Fig. 7.3(b). The groove depth ranged between 15 nm and 59 nm and is comparable to the
values obtained on commercial Ni-5at.%W substrates [53].

The buffer layer surface roughness generally increased slightly for low DGS grades and a
small decrease was apparent for the sample with DGS = 15 µm. An increase may be explained
by the further grooving of the GBs in the Ni-5at.%W substrate due to the additional annealing
at an increased temperature (1050 oC). The small decrease of the sample with DGS = 15 µm
may be explained by an effective filling of buffer layer material into the scratches on the tape
surface. Interestingly, scratches in the DGS = 15 µm sample were typically characterised by a
broader line scan profile (2-6 µm) compared to the GB grooves investigated in the finest polished
sample which was generally characterised by a width ∼ 1-3 µm. Accordingly, the extent of buffer
material filling may therefore be related to the width of a surface defect.
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7.1.2 Texture analysis

All the Ni-5at.%W substrates were characterised by a strong cube texture after the recrystalli-
sation annealing. Fig. 7.4 shows part of a larger EBSD map and the {111} pole figure of the
sample polished with DGS = 0.25 µm.

200 µm

(b) (c)

(a)

200 µm

Figure 7.4: Statistical texture information for the sample polished with DGS = 0.25 µm. (a) part of
a larger EBSD map where ∆φ is the deviation from the ideal {001}<100> orientation, (b) {111} pole
figure from the same region displayed in (a) and (c) the positions of the ideal orientation component of
the cube and twin-to-cube orientation in the pole figure in (b).
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Colors in the map represent the deviation angles (∆θ) from ideal cube {001}<100> orienta-
tion. It is evident that a major part of the area (∼ 60%) is characterised by grains with ∆θ ≤
5o from the ideal cube orientation. However, some twin-to-cube {212}<122> orientated grains
(blue pixels) are also observed in the EBSD map and the pole figure in Fig. 7.4(a) and (b),
respectively. The ideal positions of the {001}<100> and {212}<122> orientations are shown in
Fig. 7.4(c). It is significant that the total area fraction of cube texture amounts to more than 96
% for ∆θ ≤ 10o and that the area fraction of twins is lower than 1 %. Accordingly, this results
in a fraction (f ) of more than 99% of cube texture within a deviation angle of 15o.

Fractions of cube texture within deviations of 5, 10 and 15o are shown as function of the
DGS grade in Fig. 7.5.
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Figure 7.5: Area fraction of cube texture for the annealed Ni-5at.%W tapes as a function of DGS grade.

The fraction of cube texture within 10 and 15o is clearly not as sensitive to the DGS grade
as the fractions below 5o. For example, the change in f is less than 4 % between the samples
with DGS = 0.25 and 15 µm for ∆θ ≤ 10 and 15o. In contrast, a much greater difference is
observed within a deviation of 5o where the fraction of cube texture decreases by 21 % for the
same two samples. This clearly demonstrates an effect of the surface roughness in the cold-rolled
condition of the metal substrate on the strength of the cube texture after the recrystallisation
annealing. Furthermore, f is particularly sensitive to the DGS grade for low deviation angles.
Note that the fraction of twin related orientations increases only slightly from 0.9 to 1.3 %. The
fraction of cube texture within a deviation of 15o is however still above 98 % for all the samples
with different DGS grades.

Local deformations such as scratches are known to affect the recrystallisation process in
close vicinity of the scratch [94]. It may therefore be suggested that the successful range of
recrystallisation nuclei resulting in cube orientated grains is affected by an increase in the DGS
grade.

7.1.3 Summary

Ni-5at.%W tapes where polished, annealed and finally coated with a Gd2Zr2O7 buffer layer. It
was observed that the recrystallisation annealing heat treatment generally decreased the surface
roughness compared to polished condition after cold-rolling. However, GB grooves formed during
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the annealing in the Ni-5at.%W substrate was found to impose a lower limit ∼8 nm for the mean
surface roughness. The surface roughness of the buffer layer generally increased slightly for the
fine polished substrates while a small decrease in roughness was observed for the coarser polished
samples.

Furthermore, it was demonstrated that the fraction of cube texture within a deviation angle
of 5o from the ideal {001}<100> orientation was very sensitive to the DGS grade of the me-
chanical polishing after cold-rolling. In contrast, it was observed the fraction of cube texture
for deviation angles ≤ 10 and 15o were not appreciably affected by the different DGS grades
applied.
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7.2 Substrate changes during additional annealing

This work was motivated by research hypothesis 2 described in section 4.4. The preparation
details of the initial Ni-5at.%W substrate are described in chapter 5 and the applied character-
isation techniques are described in chapter 6.

7.2.1 Recrystallised condition A1

Four marks was made on the Ni-5at.%W substrate using a Vickers hardness indenter, after the
recrystallisation annealing at 1000 oc for 2 hours (condition A1). A SEM micrograph of the
enclosed area and the indent marks is shown in Fig. 7.6.

200 µm

Figure 7.6: SEM micrograph of the recrystallised Ni-5at.%W substrate with indent marks.

Several small areas, which contained different boundary types, were chosen on basis of an
EBSD map of the large area. These areas were analysed in detail using high quality SEM mi-
crographs, fine step size EBSD maps and AFM topographic scans. The reference marks enabled
a repeated localisation of the same areas. The substrate was accordingly investigated both in
condition A1 and after an additional heat treatment at 1025 oC for one hour (condition A2)
which was a higher temperature compared to the initial recrystallisation annealing temperature.

Texture and microstructural analysis

A very strong cube texture was apparent in condition A1 and the area fraction of cube texture
was 96 % within a deviation angle of 10o from the ideal {001}<100> orientation. The remaining
fraction of the microstructure was occupied by grains with a twin-to-cube {212}<122> orien-
tation (see Fig. 7.7(a)) and grains with slightly larger deviations than 10o from the ideal cube
orientation. For clarity, ideal positions of the {001}<100> and {212}<122> orientations are
again shown in Fig. 7.7(b). The obtained fraction of cube texture for ∆θ ≤ 10o is slightly lower
than the values for Ni-5at.%W substrates reported by Eickemeyer et al. [40, 98] but similar
to the fraction obtained by Chen et al. [95]. However, the very high fractions of cube texture
described in Ref. [40, 98] was either obtained after applying extremely high total thickness
reductions or using an intermediate annealing treatment. In contrast, the substrates produced
in this work was prepared using a smaller total thickness reduction (TTR) value and without
an intermediate annealing treatment.

The fraction of LAGBs in the EBSD maps was 68 % while the remaining part of the GB
network was occupied by HAGBs and Σ3 boundaries. Interestingly, even though the fraction of
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(a) (b)

Figure 7.7: (a) {111} pole figure of the Ni-5at.%W substrate in condition A1 and (b) schematic pole
figure showing the exact positions of the ideal {001}<100> and {212}<122> orientations.

{212}<122> orientations was very low, Σ3 boundaries still constituted 14 % of the fraction of
GBs. This may be explained by the GB morphology of the twin boundaries which comprised
10 % of the GB network. Note that a distinction was made between different types of Σ3
boundaries (see appendix A) according to Ref. 96 and 97. An example SEM micrograph and
corresponding EBSD map of an area including both LAGBs, general HAGBs, true twins and
non-twin Σ3 (NTΣ3) boundaries are shown in Fig. 7.8.

(a) (b) 20 µm

TG
TG

TG

TG

TG

Figure 7.8: Different boundary types in the microstructure in condition A1. (a) SEM image and (b)
EBSD map from the same region. LAGBS, HAGBs, TBs and NTΣ3 boundaries are drawn with grey,
black, red and blue lines, respectively.
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Fig. 7.8(a) demonstrates that twin grains (TG) are usually very narrow, but extended and
contains multiple facets along the twin boundaries which results in the significant total fraction
of Σ3 boundaries in the corresponding EBSD map as shown in Fig. 7.8(b). Note that the grain
size in condition A1 was 25 µm including twins. The microhardness was measured to be 142
HV, which is similar to values reported by other groups [99,100].

Topographic analysis

The topography was analysed by AFM scanning of areas corresponding to more than 17000 µm2

and the mean surface roughness was 10.7 nm in condition A1.
An example AFM scan of the centre area shown in Fig. 7.8 is presented in Fig. 7.9(a).
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Figure 7.9: (a) AFM scan of the centre of the area shown in Fig. 7.8 and (b) line scan profiles across
the boundaries marked with 1 and 2 in (a).

Line scans across the boundaries marked with 1 (CTB) and 2 (NTΣ3) in Fig. 7.9(a) are
shown in Fig. 7.9(b). The groove at the NTΣ3 boundary is much deeper than the groove at the
CTB, which reflects their different energies [50].

In total 72 boundaries were categorised according to their misorientation angle in the EBSD
maps while the groove depth and inclination angles were recorded using AFM scans. It was
generally observed that the average groove depths for HAGBs, NTΣ3 boundaries and incoherent
twin boundaries (ITBs) were larger than depths recorded for LAGBs and CTBs, see Fig. 7.10.

This is in contrast to the results reported by Gladstone et al.[48] on Ni-Cr substrates observed
a very broad range of groove depths for Σ3 boundaries. Importantly, no distinction was made
between different Σ3 boundary types in [48] and the broad range of grooves at Σ3 GBs in their
work could therefore attributed to a mixing of different types of Σ3 boundaries. Categorising
Σ3 boundaries according to Brandon’s criteria1[101] is particularly misleading in this material
when considering the extent of GB grooving of the different Σ3 boundary types. Both NTΣ3
boundaries and ITBs developed significantly deeper grooves while CTBs were characterised by
the most shallow grooves. It is therefore important to distinguish between the different types of

1See appendix A.
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Figure 7.10: Average groove depths. Note that the HAGBs does not include Σ3 boundaries.

boundaries, and in particular the Σ3 boundaries, in order to give an appropriate description of
the GB grooving as function of the misorientation angle.

Average inclination angles (βav) of the GB grooves were also considered for the 72 boundaries
in condition A1. A trend similar to that for the average groove depths is apparent as shown in
Fig. 7.11.
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Figure 7.11: Average groove inclination angles. Note that the HAGBs does not include Σ3 boundaries.

It was found that the LAGBs and CTBs developed a more narrow groove compared with
the grooves at HAGBs and NTΣ3 boundaries. The average groove width for all boundary types
was between 1 to 2 µm in condition A1.
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7.2.2 Additionally annealed condition A2

Texture and microstructural changes

The additional annealing simulating a buffer layer crystallisation heat treatment resulted in an
increase in the average grain size (GS) from 25 to 28 µm including twins. Migration of boundaries
with small misorientation angles and CTBs are generally restricted, while GBs characterised by
large misorientation angles may migrate over significant distances resulting in grain growth.
Note that the increased grain size did not affect the hardness as shown in Table 7.1.

Condition f cube(∆θ≤10o ) fLAGB fHAGB f TB fNTΣ3 LA(θ>10o)(µm
−1) GS (µm) Hardness (HV) SA (nm)

A1 96 68 18 10 4 2.0×10−2 25 142 10.7
A2 97 72 17 7 4 1.5×10−2 28 142 10.3

Table 7.1: Parameters describing the texture, microstructure, topography and hardness in condition A1
and A2.

Grain growth in the presence of a strong cube texture effectively reduces to area of grains
with orientations significantly different from the ideal {001}<100> orientation. Accordingly,
both the fraction of cube texture for ∆θ ≤ 10o (see Table 7.1) and the fraction of LAGBs
increased slightly after the additional annealing as shown in Fig. 7.12.
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Figure 7.12: Distribution of misorientation angles in condition A1 and A2.

Note that the fraction of general HAGBs decreased only slightly while the fraction of TBs,
represented by misorientation angles very close to 60o in Fig. 7.12, decreased by 3 % in condition
A2. Changes due to grain growth and changes in the overall GB network were also analysed
considering the boundary trace per unit area, LA for misorientations with θ ≥ 10o. It was
observed that LA decreased from 2.0×10−2 in condition A1 to 1.5×10−2 in condition A2 which
can be attributed to the grain growth in the presence of a strong cube texture. It is therefore
suggested that the additional heat treatment at 1025 oC would not have a detrimental effect
on the substrate texture and GB network. On the contrary, the fraction of LAGBs increases
in condition A2 and the boundary area able to reduce JC is therefore reduced compared to
condition A1.
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Boundary migration and topographic changes

EBSD boundary maps with a step size of 1 µm and high quality SEM micrographs were used for
boundary migration analyses. 24 out of 72 boundaries were classified as migrating boundaries
after the additional annealing. An example of a EBSD boundary map is shown in Fig. 7.13.

Figure 7.13: EBSD boundary map. LAGBs and general HAGBs are drawn with white and black lines,
respectively. Red lines correspond to TBs and blue lines show NTΣ3 boundaries. The letter A is a
reference label (see Fig. 7.14(a)).

It was further observed that migrating boundaries left a groove behind after migrating to a
new position. Example SEM micrographs which demonstrates such migration are shown in Fig.
7.14.

(1)

(2)

Figure 7.14: SEM micrographs of the area shown in Fig. 7.13. The microstructure in condition A1 (a)
and in condition A2 (b). The letter A is a reference label, see Fig. 7.13. (c) shows the microstructure
from (b) with GBs drawn for clarity. LAGBs, TBs and NTΣ3 boundaries are drawn with white, red and
blue lines, respectively. Grey lines are boundary positions in condition A1.
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The NTΣ3 boundary at (1) migrates from its original position in condition A1, see Fig.
7.14(a), to position (2) as shown in Fig. 7.14(b). The boundaries are drawn with different
colours according to the boundary type, see caption in Fig. 7.13. The grey lines indicate the
boundary positions in condition A1.

Depths of the all the analysed GB grooves as a function of misorientation angle in condition
A1 and A2 are shown in Fig. 7.15 and Fig. 7.15, respectively.
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Figure 7.15: Groove depths of the boundary grooves in condition A1. The letters S and M in the legend
refer to stationary and migrating boundaries, respectively. No distinction is made between stationary
and migrating ITBs.
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Figure 7.16: Groove depths of the boundary grooves in condition A2. The letters S and M in the legend
refer to stationary and migrating boundaries, respectively. No distinction is made between stationary
and migrating ITBs.

Differences are clearly apparent between the depths of the grooves in condition A1 and A2.
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The depth of stationary grooves is increased in condition A2 compared to the depth in condition
A1. In contrast, the depth of the groove decreases for the mobile boundaries as seen in Fig. 7.15
and Fig. 7.16.

These changes are more evident when considering the groove depth differences (∆d = dA2-
dA1) for the individual grooves. Fig. 7.17 shows (∆d) as a function of misorientation angles for
the stationary boundaries.
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Figure 7.17: Groove depth differences (∆d=dA2-dA1) between condition A1 and A2 at stationary
boundaries.

Groove depth differences for the migrating boundaries are shown in Fig. 7.18.
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Figure 7.18: Groove depth differences (∆d=dA2-dA1) between condition A1 and A2 at migrating
boundaries.
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Grooves at stationary boundaries were further developed and the depth of these grooves
increased. The greatest increase in groove depth was observed for boundaries with large mis-
orientations angles, except for CTBs. Grooves at low misorientation angles were less developed.
The groove depth for a small number of boundaries classified as stationary was unexpectedly
observed to decrease after the additional annealing by 1-5 nm, see Fig. 7.17. This may be due
to the positions where grooves were analysed before and after the additional annealing were not
identical.

A general decrease was observed in the depth of the migrating boundaries and it was appar-
ently independent of the misorientation angle. The decrease in depth is related to the shorter
time for developing a deep groove and the grooves therefore became shallower after the addi-
tional annealing. Note that grooves at two migrating LAGBs were unexpectedly observed to
increase (see Fig. 7.18) though these boundaries were clearly migrating. A possible explanation
for this is that these boundaries have migrated in the start of the additional annealing and they
therefore have had longer time to develop a deeper grove.

Average groove depth values for the stationary and migrating boundaries are shown in Fig.
7.19 and Fig. 7.20, respectively.
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Figure 7.19: Average groove depth values of stationary GBs. Note that the HAGBs does not include
Σ3 boundaries.

A significant increase is observed for the stationary NTΣ3 boundaries while the increases in
the average groove depth for the other types of boundaries are within the standard error.

Significant differences are however observed for all migrating boundaries. The greatest dif-
ference is recorded for general HAGBs while the smallest difference is observed for LAGBs. TBs
are not included as migrating GBs since these boundaries are generally classified as stationary
boundaries. Note that ITBs are not included since these boundaries consisted of very narrow
segments that were typically too short to unambiguously determine whether or not the boundary
had migrated.

Importantly, migrating boundaries are observed to leave a surface groove behind (see Fig.
7.14) while forming a new groove at a new position. The groove depth of these abandoned
grooves that are no longer associated with a misorientation angle was on average found to be
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Figure 7.20: Average groove depth values of migrating GBs. Note that the HAGBs does not include
Σ3 boundaries.

reduced with 25 % compared to the depth of the groove in condition A1. This decrease in depth
is caused by an effective flattening of the surface [93] which is no longer counteracted by the
grooving effect at such positions.

The mean surface roughness value was, despite of the topographic changes, observed to
be almost insensitive to additional annealing and found to decrease slightly to 10.3 nm. The
topography of the examined substrate was characterised by a further development of grooves
at stationary GBs while migrating boundaries left grooves behind and formed new GB grooves
at new positions. The combined roughening effect, from further GB grooving and additional
grooves left behind, must be effectively counterbalanced by the flattening effect and the mean
surface roughness is therefore unaffected.

7.2.3 Summary

Ni-5at.%W substrates have been examined in the initial recrystallised condition and after an
additional heat treatment at 1025 oC for 1 hour.

A very strong correlation was observed between the GB groove depth and the boundary
type. CTBs and LAGBs were characterised by the smallest depths while HAGBs developed the
greatest depths followed by NTΣ3 boundaries and ITBs. Furthermore, a similar trend was also
observed for the groove inclination angle as a function of boundary type. It was demonstrated
that it is necessary to distinguish between CTBs, ITBs and NTΣ3 boundaries in order to give
an appropriate description of the correlation between GB groove depth and boundary type.

A slight increase in the grain size after the additional annealing was accompanied by a
strengthening of the cube texture and increase in the fraction of LAGBs. The fractions of TBs
and HAGBs decreased accordingly. It was also observed that the total length of boundary trace
for misorientations greater than 10o in the EBSD maps decreased by 25 %.

A distinction was made between boundaries that did not change their position after the
additional annealing and boundaries that migrated to new positions. Most stationary boundaries
developed deeper grooves compared to before the additional annealing. In contrast, migrating
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boundaries were observed to leave a surface groove behind and develop shallower grooves at
their new positions. The depth of grooves left behind was on average reduced by 25 % compared
to the depth of the groove in the initial condition. The mean surface roughness was almost
unaffected despite of the topographic changes.
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7.3 New strongly textured Ni-Cu-W substrates

This work was motivated by research hypothesis 3 described in section 4.4. The experimental
details of the Ni-Cu-W substrates are described in chapter 5 while the applied characterisation
techniques are described in chapter 6.

7.3.1 The materials

The Ni-Cu-W substrates are referred to as sample C0, C5, C10 and C15 corresponding to 0, 5,
10 and 15 at.% Cu additions to the Ni-5at.%W alloy, i.e. the Ni-W ratio was kept constant. The
lattice parameter and chemical composition of the annealed Ni-Cu-W substrates were charac-
terised by XRD and XRF. It was observed that the lattice parameter increased linearly and only
slightly from about 3.54 Å for Ni-5at.%W to 3.55 Å when 15 at.% was added to the Ni-5at.%W
alloy.

The XRF analysis showed that the largest differences between the nominal compositions
and the measured compositions were 1.51, 1.27 and 0.3 at.% for Ni, Cu and W, respectively.
Note that a two-step annealing procedure, see chapter 5, was performed on these substrates to
evaluate the potential of these substrates.

7.3.2 Microstructure and topography

Example SEM images of the cold-rolled and annealed sample C0 and C15 are shown in Fig.
7.21(a) and (b), respectively. GB grooves are observed in both samples and marked as (1) in
Fig. 7.21(a) and (b).

20 µm
(a) (b)

(1)

(1)

(1)

(2)

Figure 7.21: SEM micrographs of sample C0 and C15. The numbers indicate positions of GB grooves
(1) and a groove left behind at (2).

The GB grooves are more pronounced in the samples with higher Cu-content but more
abandoned grooves (see (2) in Fig. 7.21(a)) were observed in sample C0 compared with sample
C15.

The microstructure of the annealed samples was characterised by an average grain size be-
tween 23 to 26 µm including twin boundaries. The slightly coarser microstructure is apparent
for samples with Cu-additions as shown in Fig. 7.22.

The grain size excluding twin boundaries increased from 23 to 27 µm between sample C0
and C15, respectively.
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100 µm

Figure 7.22: EBSD maps collected with a step size of 1 µm of the microstructure of the annealed
samples C0, C5 and C15. LAGBs, HAGBs (incl. NTΣ3 GBs) and TBs are drawn by grey, black and red
lines, respectively.
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Fig. 7.22 clearly demonstrates that the fraction of twins increases with increasing additions
of copper. The increase in twin boundaries is also apparent in the fraction of misorientations
angles with θ ∼ 60 as shown in Fig. 7.23.
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Figure 7.23: Distributions of misorientation angles in the annealed samples C0 to C15 in (a) to (d),
respectively.

7.3.3 Texture analysis

Sample C0 and C5 were characterised by a very high area fraction (99 %) of cube texture within
a deviation angle of 10o from the ideal {001}<100> orientation and the fraction of LAGBs was
93 % as shown in Fig. 7.24.

Note that for sample C10, the fraction of cube texture for ∆θ < 10o was still about 98 %
and the fraction of LAGBs is only decreased from 93 to 89 % compared with sample C0 and
C5. In contrast, sample C15 was characterised by an increased fraction of HAGBs (incl. NTΣ3
boundaries) and annealing twins (see Fig. 7.24). Accordingly, a significantly lower fraction of
cube texture was also apparent in this sample.
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Figure 7.24: Fraction of cube texture (f cube) and fraction of boundaries with misorientations greater
than 10o (f θ>10o) as a function of Cu-content.
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Figure 7.25: Total length of boundary trace, LA, for boundaries with misorientation angles greater
than 10o, as a function of Cu-content.

The total length of boundary trace (LA) of GBs with misorientation angles greater than 10o

was evaluated in order to analyse the combined changes of the misorientation angle distribution
and the coarsening of the microstructure with increasing Cu-content. LA values for the different
samples are presented in Fig. 7.25.

Fig. 7.24 and Fig. 7.25 clearly demonstrates that the microstructure of sample C5 is very
similar to the microstructure of sample C0. Furthermore, the LA value is in fact slightly lower
for sample C5 compared to sample C0. The decrease in the LA value can be explained by a
slightly greater grain size of the ternary alloy with 5 at.% Cu addition compared to the binary
Ni-5at.%W alloy. A significant increase in LA is however observed for both sample C10 and C15
due to the increase in both HAGBs and TBs.
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7.3.4 In-plane and out-of-plane texture

The texture of the annealed Ni-Cu-W samples was also characterised by XRD in order to compare
these new substrates with FWHM values typically reported for Ni-5at.%W substrates. Both in-
plane (φ-scan) and out-of-plane (ω-scan) textures were analysed in the annealed substrates and
evaluated by their corresponding FWHM values as shown in table 7.2.

Sample ∆φ (o) ∆ω-TD (o) ∆ω-RD (o)

C0 7.6±0.3 5.4±0.1 8.3±0.1
C5 6.9±0.3 5.4±0.1 7.8±0.1
C10 8.1±0.3 5.3±0.1 8.2±0.1
C15 8.5±0.2 5.7±0.1 10.1±0.2

Table 7.2: FWHM values for the different Ni-Cu-W substrates obtained by XRD.

Interestingly, the FWHM value of both the in-plane and out-of-plane measurements around
the RD direction are slightly lower for sample C5 compared to sample C0. Furthermore, the
out-of-plane FWHM values of sample C10 is also lower than the values observed for sample C0.
However, the in-plane texture is characterised by a lower FWHM value in sample C10 compared
to C0. Sample C15 is characterised by the greatest FWHM values for both the in-plane and
out-of-plane scans. Conclusively, sample C5 is characterised by a sharper texture compared with
the other samples when evaluated by the FWHM values.

However, ∆φ in sample C5 is however still slightly larger compared to value (6.5±0.2o)
obtained by Hühne et al.[102] in strongly textured Ni-5at.%W substrates. Note that the ∆ω
values are smaller for both sample C0, C5 and C10 compared to the FWHM values
, ∆ωTD = 5.5±0.5o and ∆ωRD = 8.3±0.6o, of the Ni-5at.%W substrate reported in [102].

7.3.5 Hardness analysis

The mechanical properties of the new Ni-Cu-W substrates were evaluated by a Vickers micro-
hardness measurement and the results are shown in Fig. 7.26.
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Figure 7.26: Hardness as a function of Cu-content. Error bars correspond to the standard error.

Increasing the Cu-content decreases the hardness of the Ni-Cu-W as expected due to the
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addition of a softer metal compared with the hardness of pure Ni and W. However, the change
in hardness is relatively small for these Ni-Cu-W alloys and it decreases only from 128 to 124
HV when adding 5 at.% Cu. Importantly, the hardness is still similar to the value obtained for
Ni-5at.%W and significantly higher than values reported for Ni-Cu-W alloys with about 50 at.%
Cu [77]. The hardness and yield strength of metals are typically linear related and the yield
strength of sample C5 to C15 should therefore only be slightly reduced compared with the yield
strength of Ni-5at.%W substrates.

7.3.6 Magnetic properties

The magnetic properties are, in contrast to the hardness, more sensitive the additions of Cu.
The magnetic moment was measured as a function of temperature for all the Ni-Cu-W samples
in order to calculated the Curie temperature. An example of the temperature scan for sample
C5 is shown in Fig. 7.27.
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Figure 7.27: Magnetic moment of sample C5 as a function of temperature in a constantly applied
magnetic field µ0H = 50 mT.

A small difference is apparent between the two curves due to hysteresis. A mean curve
was calculated from the two curves and the Curie temperature was calculated according to
the Heisenberg 3D model as described in chapter 4. The effect of Cu additions on the Curie
temperature of the Ni-Cu-W material is shown in Fig. 7.28.

A linear fit of the data in Fig. 7.28 showed that the slope was -12.1±0.6 K/at.%Cu and this
value is in good agreement with results on binary Ni-Cu alloys [47]. Note that Tcu = 334±8 K
for sample C0 and this corresponds well to reported Curie temperatures of Ni-5at.%W [65,73].
Reducing Tcu of the Ni-5at.%W below 77 K therefore corresponds to alloying with ∼ 22 at.%
Cu. Comparing such a Cu-content with the copper concentration in sample C15 it is expected
that it will drastically reduce the fraction of cube texture and increase the fraction of HAGBs
and TBs, which is not considered beneficial.
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Figure 7.28: Curie temperature as a function of Cu-content.

Magnetic hysteresis was measured in applied magnetic fields between -1 and 1 T and the
resulting hysteresis loops are shown in Fig. 7.29.
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Figure 7.29: Hysteresis loops of sample C0 to C15 performed at 75 K.

Linear horizontal fits were performed on the saturating parts of the hysteresis loops and the
saturation mass magnetisation values presented in Fig. 7.30(a) are therefore mean values of
the intersections with the magnetisation axis. The addition of copper is effectively reducing the
saturation mass magnetisation values compared to Ni-5at.%W. The effective magnetic moment
(µeff ) in units of Bohr magnetons for the samples with increasing Cu-content is shown in Fig.
7.30(b).

It is important to note that the µeff values were calculated from the saturation mass mag-
netisation values considering only the magnetic moment contribution from the Ni ions. The
slope of a linear fit made for the curve in Fig. 7.30(b) shows that the effective magnetic moment
of the alloys are reduced by 0.01µB for each at.% Cu. Adding 60 at.% Cu to Ni has been
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Figure 7.30: Effect of Cu-additions on the saturation mass magnetisation (a) and on the effective
magnetic moment (b).

observed to completely suppress ferromagnetism in Ni [47] and the obtained reduction in µeff
as a function Cu-content is therefore in good agreement with the effective magnetic moment of
pure Ni (0.6 µB).

It is evident from Fig. 7.31 that the saturation mass magnetisation is a linear function of
Tcu which consistent with the modified Weiss theory of ferromagnetism [63].
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Figure 7.31: Saturation mass magnetisation as a function of the Curie temperature.

Based on the reduction in effective magnetic moment as a function of Cu-content in Fig.
7.30 and the linear relation between Msat and Tcu it is suggested that each additional Cu atom
adds an electron to the unfilled 3d band of the Ni-W matrix. Accordingly, this will decrease the
fraction of uncompensated electron spins and therefore reduce the magnetisation and Tcu.
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Comparing the fraction of cube texture, fraction of LAGBs and the magnetic properties it
is suggested that a Ni-Cu-W composition similar to sample C5, and maybe also C10, would be
potential candidates for the use as substrates in CCs with reduced AC losses. A rough estimate
of the reduction in AC loss is based on the saturation mass magnetisation values as described in
chapter 4. Msat = 20.5 and 16.5 Am2/kg for sample C5 and C10, respectively, which correspond
to an extra loss of about 13 and 8 % for the CC. Consequently, these FM losses are 6 and 11
% lower for sample C5 and C10, respectively, compared with the FM loss due to a Ni-5at.%W
substrate for the particular conditions described in chapter 4.

7.3.7 Summary

A series of new Ni-Cu-W substrates with different concentrations of Cu, i.e. 0, 5, 10 and
15 at.%, was investigated. It was demonstrated that an addition of 5 at.% Cu to the Ni-
5at.%W alloy significantly reduced the Curie temperature and the saturation mass magnetisation
value. The hardness of all the annealed Ni-Cu-W substrates were only slightly affected by Cu-
additions compared to the hardness of Ni-5at.%W substrates. The microstructure, fraction of
cube texture and the fraction of LAGBs of the sample with 5 at.% Cu were similar to that of the
Ni-5at.%W substrate. Further increasing the Cu-content was observed to result in even lower
Curie temperatures and saturation mass magnetisation values. However, increasing to 10 at.%
Cu resulted in a small reduction in the fraction of cube texture and a lower fraction of LAGBs
due to an increased fraction of HAGBs and annealing twins. Further increasing the Cu-content
resulted in a significant reduction of the fraction of cube texture and LAGBs.

Comparing the different samples, a Ni-5Cu-5W substrate is suggested as an appropriate
candidate material for the use as a substrate in coated conductors with reduced AC losses.



Chapter 8

Conclusions and outlook

8.1 Conclusions of the thesis

There were two aims of this thesis: One; to investigate important aspects of reel-to-reel pro-
cessing of strongly textured metal substrates for coated conductors, and two; to investigate a
new candidate substrate material for use in coated conductors applied under alternating current
conditions. The following are conclusions based on the research presented in chapter 7.

The effects on surface roughness and recrystallisation texture after mechanical polishing of a
Ni-5at.%W tapes prior to the annealing recrystallisation heat treatment were studied by dif-
ferent experimental techniques. The cold-rolled Ni-5at.%W tapes were mechanically polished,
annealed and finally coated with a Gd2Zr2O7 buffer layer which was subsequently crystallised.
The results obtained have lead to the following conclusions:

• The mean surface roughness was generally observed to decrease after the recrystallisation
annealing of the polished Ni-5at.%W tapes compared with the as-polished condition except
for very fine polished tapes. Grain boundary surface grooving was observed to impose a
lower limit of about 8 nm on the mean surface roughness of the Ni-5at.%W tape after
annealing even if the tape was very finely polished. The surface roughness of the buffer
layer was found to increase slightly for very fine polished tapes while a small decrease was
observed for coarser polished tapes.

• The fraction of cube texture formed in the annealed tapes was very sensitive to the surface
roughness before annealing within 5o from the ideal cube orientation.

Microstructure, texture and topography were studied in a strongly textured Ni-5at.%W tape in
the initial condition and after an additional heat treatment simulating a buffer layer crystalli-
sation at 1025 oC for one hour. Several different techniques were applied to monitor changes
in specific positions on the substrate before and after the additional annealing. The following
conclusions were drawn from this study:

• A strong correlation between boundary type and average grain boundary depth was ob-
served in the initial condition. Coherent twin boundaries and low angle grain boundaries
(θ < 10o) were characterised by the smallest groove depths while grooves at other bound-
aries were significantly deeper. A similar correlation was observed between the boundary
type and the average inclination angle of the groove wall.

• It is important to distinguish between different types of Σ3 boundaries when analysing
grain boundary grooves at such boundaries since coherent twins are characterised by
much shallower grooves compared with both incoherent twin boundaries and none-twin
Σ3 boundaries.

83



84 CHAPTER 8. CONCLUSIONS AND OUTLOOK

• The additional annealing resulted in a slightly increased grain size, a sharper cube texture
and a resulting increased fraction of low angle grain boundaries. The total boundary trace
of boundaries with misorientation above 10o was observed to decrease by 25 % after the
additional annealing.

• Some grain boundaries remained stationary while other boundaries migrated during the
additional annealing. The majority of the stationary boundaries were found to develop
deeper grooves while the grooves at migrating boundaries typically became shallower. The
migrating boundaries were also observed to leave grooves behind in the grain interior as
they moved to a new position. The depth of these abandoned grooves was reduced by
25 % compared to the depth of the groove prior to the additional annealing.

• The mean surface roughness was almost unaffected.

A series of strongly cube-textured Ni-Cu-W tapes were prepared and investigated with respect
to microstructure, texture, hardness and magnetic properties. Starting from Ni-5at.%W, alloys
with additions of Cu (5, 10 and 15 at.%) were prepared keeping the Ni-W ratio constant. The
following conclusions were drawn from this investigation:

• Adding 5 at.% Cu to the Ni-5at.%W was observed to substantially reduce the Curie
temperature, the saturation mass magnetisation without significantly modifying the mi-
crostructure, texture and hardness of the recrystallised substrate.

• The Curie temperature and saturation mass magnetisation were observed to further de-
crease with increasing Cu-content. However, a decrease in the fraction of cube texture was
also observed when increasing the Cu-content to 10 and 15 at.% as a result of an increased
fraction of annealing twins.

• The strongly cube-textured Ni-5 at.%W with 5 at.% Cu addition, appears to be a good
candidate material as a substrate material for RABiTS-based coated conductors.

8.2 Experimental outlook

This section presents some recommendations, thoughts and ideas for future experiments.

Based on the topographic changes in the Ni-5at.%W substrate during additional annealing it is
recommended that the temperature used for buffer layer crystallisation is as low as possible to
avoid extensive grain boundary grooving and boundary migration in the metal substrate mate-
rial.

The effect of abandoned surface grooves in Ni-5at.%W substrates with a full coated conduc-
tor layer stack should be investigated using magneto optical microscopy. Using such a test it
may be possible to characterise if such defects contributes to the GB network and acts as a
possible percolation path.

Finally, Ni-Cu-W substrates with both 5 and 10 at.% Cu should be coated with buffer lay-
ers and a YBCO layer to test finally the suitability of these substrates for coated conductor
usage.

Additional tests, with increased amount of W in the Ni-Cu-W substrates should be inves-
tigated since W is more effectively reducing the Curie temperature and the saturation mass
magnetisation compared to Cu. Adding Cu should ease the cold rolling process while reduc-
ing the recrystallisation temperature which may be beneficial for such substrates with a high
tungsten content.
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Chapter 9

Abbreviations

AV - Abrikosov vortex, Φ0 = h/2e = 2.0678·10−15 Tm2

B - Magnetic induction (T)
Bi-2223 - Bi2Sr2Ca2Cu3O10

CC - Coated conductor
CC - Crystal coordinate system
CS - Sample coordinate system
CSD - Chemical solution deposition
CTB - Coherent twin boundary
DGS - Diamond Grain Size (µm)
e - The electron charge = 1.6022·10−19 C
FL - Lorentz force (N)
FCC - Face centered cubic
g - orientation matrix
GB - Grain boundary
gL - Landé g-factor
H - Magnetic field strength (Am−1)
h - Plank’s constant = 6.626·10−34 Js
HAGB - High angle grain boundary
HC - Critical magnetic field (Am−1)
HTS - High temperature superconductor
IBAD - Ion beam assisted deposition
IC - Critical current (A)
ISD - Inclined substrate deposition
IT - Transport current (A)
ITB - Incoherent twin boundary
J - Total angular momentum (kg·m/s2)
JC - Critical current density (A/cm2)
JE - Engineering current density (A/cm2)
JT - Transport current density (A/cm2)
L - Orbital angular momentum (kg·m/s2)
LA - Stereological length per unit area (µm−1)
LAGB - Low angle grain boundary
LTS - Low temperature superconductor
M - Magnetisation (Am−1)
MOD - Metal organic deposition
MOCVD - Metal organic chemical vapour deposition
ms - Spin quantum number
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Ms - Saturation magnetisation (Am−1)
Msat - Saturation mass magnetisation (Am2/g
N - Number of atoms
NA - Avogadro’s number = 6.022·1023 mol−1

ND - Normal direction
ns - Density of superconducting electrons
PIT - Powder in tube
PLD - Pulsed laser deposition
PPR - Per pass reduction (%)
PVD - Physical vapor deposition
RABiTS - Rolling assisted bi-axially textured substrate
RD - Rolling direction
RE-BCO - (Rare earth)-Ba2Cu3O7

RMS - Root mean square
S - Spin angular momentum (kg·m/s2)
SA - Arithmetic surface roughness (nm)
TB - Twin boundary
TC - Critical transition temperature (K)
Tcu - Curie temperature (K)
TD - Transverse direction
TMP - Thermo-mechanical processing
TTR - Total thickness reduction (%)
V - Volume (m3)
XRD - X-ray diffraction
XRF - X-ray fluorescence
YBCO - YBa2Cu3O7

YSZ - Yttrium stabilised zirconium
θ - Misorientation angle (o)
∆θ - Deviation angle (o)
µ - Atomic magnetic moment (Am2)
µB - Bohr magneton = 9.274·10−24 Am2

µ0 - Magnetic permeability of free space = 4π·10−7 Hm−1

µeff - Effective magnetic moment (µB)
χm - Magnetic susceptibility



Chapter 10

Appendix - A

The concept of crystallographic texture is essential to coated conductors and a description of
relevant aspects of texture is therefore considered a prerequisite. This appendix introduces
crystallographic orientation and texture in a polycrystalline material. A brief presentation of
methods commonly applied for evaluating texture is also included.

10.1 Crystal structure and orientation

The Ni-based material considered in this thesis has a face-centered cubic (FCC) structure. A
crystal plane in a FCC structure is represented by the three Miller indices (hkl) while a direction
is represented by a vector [uvw]. A specific crystallographic orientation can thereby be described
by (hkl)[uvw].

Cubic crystal systems have a high symmetry and there are 24 equivalent descriptions of
the same orientation. Accordingly, these orientations are grouped into families of planes and
directions, and then denoted as {hkl} and <uvw>, respectively. An orientation can therefore
also be represented as {hkl}<uvw>. The cube {001}<100> orientation is an example of such
a representation.

A polycrystalline material, such as nickel, consists of grains separated by grain boundaries
(GBs). Each grain has an unique orientation which is different from orientations of adjacent
grains.

A reference frame is required when evaluating the orientations of individual grains in the
sample. An example of such a reference frame is the sample coordinate system (Cs) of a rolled
material defined by the normal, rolling and transverse directions. The corresponding axes are
named ND, RD and TD, respectively, and are shown in Fig. 10.1. The grey cube in Fig. 10.1
represents the orientation of a single grain located inside the rolled sample that is shown as the
transparent box. The crystal directions of the grain corresponding to the crystal coordinate
system (Cc) are drawn for clarity.

Consequently, orientation can also be represented by a 3×3 rotation matrix, g, which is
directly related to the Miller indices and describes the rotation of Cc with respect to Cs [89].

Cc = g · Cs. (10.1)

The so-called Euler angles (φ1,Φ, φ2) defines the three necessary rotations needed to transform
Cs onto Cc and is often used for presenting orientations in a specific reference orientation space,
the Euler space [89].
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Figure 10.1: Crystal coordinate system, Cc, with the [100], [010] and [001] directions and sample
coordinate system, Cs, given by the ND, RD and TD axes.

10.2 Texture and misorientations

Crystallographic texture is defined as a preferred orientation and is a distribution of orientations
in a polycrystalline material. A strong texture with a single dominant component develops if
the majority of grains in a sample have similar orientations. However, a strong texture can also
consist of several different orientation components, such as a rolling texture produced in FCC
materials by cold rolling. In contrast, a material with randomly orientated grains has a weak (or
random) texture. The strength of texture components can be measured as a frequency of grains
with orientations within a certain angle from the ideal orientations describing this component
[89].

The orientation distribution does not include information about boundary misorientations
which are the orientation differences between adjacent grains in a polycrystalline material.
Boundary misorientation, M, is defined by the smallest rotational angle θ, obtained by choosing
a common axis for two grains and then performing the smallest possible angular rotation about
this axis. In this thesis, low angle grain boundaries (LAGBs) were defined by θ<10o, while high
angle grain boundaries (HAGBs) were defined by θ≥10o.

There can also be special grain boundaries in the microstructure which are usually repre-
sented by a Σ-value. This value is defined as the reciprocal of the ratio of coincidence lattice sites
to the total number of lattice sites [39]. For example, the Σ3 boundaries are formed between a
twin-to-cube {212}<122> orientated grain that is produced in a cube {001}<100> orientated
grain during annealing. Twin grains are typically extended throughout the cube orientated
grain. The Σ3 boundary misorientation corresponds to a 60o rotation about the <111> axis.
Fig. 10.2(a) shows a two dimensional sketch of annealing twins (TW and TW’) formed in a
cube orientated grain (the matrix grain) which is then divided into two grains (W1 and W1’).

The sketch also illustrates the Σ3 boundaries: W1-TW, TW-W1’ and W1’-TW’ that are
formed between twin grains and the matrix grain. Such twin boundaries (TBs) have an almost
exact 60o <111> misorientation (<3o) and therefore termed ”true” TBs [96]. In contrast, the
following boundaries: W2-TW, W6-TW, W4-TW’ and W5-TW’ are formed between twin grains
and non-matrix grains, that are slightly disoriented from the matrix grain (W1, W1’). The
misorientation at these Σ3 boundaries is larger than the misorientation at true TBs though it
may still satisfy the allowable deviation ∆θ=8.66o for a Σ3 boundary [101].

A distinction is therefore made between true TBs with deviations ∆θ <3o and ”non-twin
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Figure 10.2: (a) Sketch of annealing twins and possible Σ3 boundaries in a strongly cube-textured FCC
material. W and TW refer to grains with the cube orientation and its twin component, respectively
[97]. (b) Mirror-imaged crystal lattices at a twin boundary indicating the coherent (CTB) and incoherent
(ITB) segments [39].

Σ3” boundaries (NTΣ3) with deviations ∆θ=3-8.66o in this thesis. It should be noted that
TBs may consist of straight coherent and incoherent segments. The coherent TB segments are
generally immobile and parallel to the mirror-axis as shown in 10.2(b). In contrast, incoherent
TB segments are mobile and inclined to the coherent segments [89].

FCC materials, such as Ni, with a high stacking fault energy (SFE ∼200 mJ m−2), typi-
cally forms a recrystallization cube {001}<100> texture after appropriate thermo-mechanical
processing [89].

Texture evaluation

Texture is evaluated in the present work by means of pole figures, rocking curve scans and area
fractions of cube texture. The following is a brief introduction to pole figures, in-plane and
out-of-plane texture.

Pole figures

The normal vector of a plane can be described as a reference point (pole) on a unit sphere as
shown in Fig. 10.3(a) for the {001} planes.

(100)
(001)

(010)

RD

TD

ND

(010)

(100) (001)

RD

TD

ND
(a) (b)

RD

TD

{212}<122>
{001}<100>(c)

Figure 10.3: (a) Cubic crystal in the unit sphere with the {100} poles, (b) {100} poles of a cubic crystal
in the stereographic projection onto the equator plane [89]. Schematic {111} pole figure in (c) showing
the positions of the ideal {001}<100> and {212}<122> orientations [97].
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A stereographic projection can be made from that reference point onto the equator plane
(see Fig. 10.3(b)). This enables a simple two dimensional orientation representation known as a
pole figure. A schematic {111} pole figure is presented in Fig. 10.3(c) and includes the positions
of the ideal {001}<100> and {212}<122> orientations.

In-plane and out-of-plane texture characterization

The in-plane texture can be measured using XRD and detecting the diffraction intensity during
an in-plane rotation, φ, about a certain pole (e.g. <111> for nickel) as shown in Fig. 10.4(a).
The resulting diffraction intensity typically follows a Gaussian distribution at the pole and
reflects the variation in alignment between the crystallographic planes of the grains in the sample.
The pole figure represents the in-plane texture. XRD φ-scans of two poles, (111) and (200), are
typically used in order to evaluate in-plane cube texture [11].

Pole

φ

Pole

ω

(a) (b)

θ
θ

Figure 10.4: (a) In-plane texture measurement using a pole figure scan (b) out-of-plane texture mea-
surement using a rocking curve scan.

Out-of-plane texture is a measure of how well the directions normal to the planes are aligned
in a polycrystalline material. This can be measured by rocking the sample along a pole perpen-
dicular to the planes (e.g. <200> for nickel) as shown in Fig. 10.4(b). The strength of both
in-plane and out-of-plane textures are evaluated by the full width at half maximum (FWHM)
values, ∆φ and ∆ω, respectively. A strong texture is characterized by a small FWHM value
[89]. A qualitative evaluation of misorientations cannot be obtained using the XRD technique.
Such information may however be obtained using the EBSD technique, which can probe the
local microtexture in a material [89,103].
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This appendix contains additional information on specific topics discussed in the thesis.

11.1 Intermediate and two-step annealing

An intermediate annealing step may be inferred before the material is cold-rolled to the final
thickness and typically at a thickness of 3 mm. This annealing step is for example performed
on Ni-5at.%W tapes using an annealing temperature of 850 oC for 45 min [40]. This heat
treatment promotes a partial release of the energy stored in the material during rolling which
results in a partial recovery and following decrease in strain of the tape. The Ni tape is thus
softer and easier to cold-roll to the final thickness while the grain size is refined [104]. Note
that the final rolling from 3 mm to 80 µm result in a total thickness reduction, TTR > 97%,
which is sufficient in order to obtain a strong recrystallisation cube {001}<100> texture during
annealing in Ni-5at.%W [40].

Several authors [61, 99] have reported an increased fraction of cube texture in Ni-based
substrates when applying a two-step annealing, e.g. 700 oC for 30 min and then ramping to
1000 oC and annealing for 30 min compared with a single heat treatment at 1000 oC for 2 hours.

11.2 IBAD and ISD textured templates

The main purposes of buffer layers (in the RABiTS approach) are to prevent chemical reactions
between the metal substrate and the RE-BCO layer, to transfer or even improve morphology
and texture, and to accommodate lattice misfits [11,28]. Buffer layers are generally metal-oxides
and many different buffer layer systems have been developed [11,56].

Opposite to the buffer layers formed on textured metal tapes, where texture is transferred, a
strong bi-axial texture must be formed in the buffer layer(s) in both the IBAD and ISD technique.
Such buffer layers are produced using vacuum chambers and physical vapour deposition (PVD)
techniques.

Ion Beam Assisted Deposition

Pulsed laser deposition, ion-beam or magnetron sputtering, is used in the IBAD technique to
deposit buffer layer material (e.g. YSZ, MgO or TiN) on a smooth metal tape simultaneously
with a heavy ion (Ar+) bombardment of the substrate surface [11,55] as shown in Fig.11.1(a).

During growth of the thin film, molecules arrive at the substrate material and combine
into unit cells with various orientations. Simultaneously, the ion beam removes unit cells with
undesired orientations and only unit cells with a preferred (e.g. {001}<100>) orientation remain
on the substrate material. This selective grain growth mechanism generates a strong bi-axial
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Figure 11.1: Drawing of the IBAD technique (a) and the ISD technique (b).

texture in the buffer layer and is characterised by low FWHM values ∆φ=5-7o and ∆ω=7-15o,
even though the substrate is randomly oriented. Very high JC values, >1·106 A/cm2, have been
achieved in YBCO films deposited by PLD on such IBAD templates [11].

Of course, the process description given hear is very schematic and the IBAD technique is
inevitably very sensitive to growth parameters such as ion-to-molecule arrival ratio, the ion beam
incident angle and the substrate temperature. Some of the main challenges, in terms of large
scale production, are in-situ texture monitoring, metal tape surface roughness and production
time/output ratio. However, advantages such as a very strong texture and small grain size (∼50
nm) are unique for the IBAD technique. Furthermore, Groves et al. [105] reported that the
time/output ratio could be improved remarkably by utilising MgO instead of standard YSZ,
since a significantly thinner layer (few nanometers) is needed in order to form a strong cube
texture in MgO compared with micrometers in YSZ thus drastically reducing deposition times.

It is encouraging that IBAD is being employed commercially by Superpower Inc [41] produc-
ing kilometer lengths of coated conductors with a minimum IC = 300 A/cm-width using IBAD
and Metal-Organic Chemical Vapour Deposition (MOCVD), for MgO buffer layers and YBCO
layer, respectively.

Inclined substrate deposition

An alternative geometry is used in the ISD technique as compared with the deposition geometry
of a standard PLD setup, see Fig.11.1(b). Generally, e-beam evaporation is applied for MgO
layers while PLD is used to deposit YSZ in the ISD technique. By tilting the substrate at a
certain angle with respect to the target, a ∼1µm layer bi-axially textured is readily grown with
one axis tending to be parallel to the path of the plasma and one axis tending to be perpendicular
to the substrate surface (see arrows in Fig. 11.1(b)). A columnar morphology is apparent in
the buffer layer due to this tilting, which may be explained by a self-shadowing effect [11]. The
columns in e.g. MgO, are tilted with an angle of 25o with respect to the substrate normal. High
growth rates (∼ 500 nm/min) are a requirement since more than 1 µm thick buffer layers are
needed to form a sufficiently strong texture.

Balachandran et al. [106] reported a JC ≈ 2·105A/cm2 at 77 K and self-field for YBCO layers
deposited on an ISD-MgO buffered Hastelloy tape. The buffer layer stack was characterised by
an in- and out-of-plane misorientation with ∆φ=9.2o and ∆ω=5.4o, respectively.
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11.3 Demagnetisation

A ferromagnetic material in an applied magnetic field will produce a demagnetisation field (Hd)
that is related to the divergence of M and it depends on the material geometry. The divergence
of M is given by ∇·H = -∇·M and the magnetisation therefore stops abruptly at the surface
as if magnetic monopoles are present [62]. For example, in the case of a flat plane with the
magnetisation parallel to the plane, see Fig. 11.2(a), no magnetic monopoles are created as they
are supposed to be infinite distance away.

M M Hd

+++++ ++ +++++ ++

----- -- ----- --

z

x
y

Figure 11.2: (a) Ferromagnetic sample with the magnetisation lying in the plane, (b) the magnetisation
perpendicular to the plane which produces positive and negative magnetic poles at the surface and (c)
the resulting demagnetisation field, Hd [62].

However, when the magnetic monopoles are closer they due produce an appreciable magnetic
field, see Fig. 11.2(b) and (c). The resulting H-field is thus given by Hi=Ha-NM, where N is
the demagnetisation tensor which for a plane is equal to Nx = Ny = 0 and Nz = 1.

11.4 Reel-to-reel chemical solution deposition

Long strongly textured metal tapes are to be coated on both sides simultaneously in a reel-to-
reel system using a cost effective deposition technique in the larger research project as shown in
Fig. 11.3.

Reel-box

RABiTS-recrystallization

Furnace

Furnace

Crystallization

Dip coating

Furnace

Pyrolyzis

Figure 11.3: A reel-to-reel system for annealing of the RABiTS and deposition of buffer or supercon-
ductor layers using dip coating.

Two different CSD techniques are currently being investigated in the larger research project;
metal-organic decomposition (MOD) and polymer-based Sol-Gel, which have previously been
successfully applied to produce single side coated >1·106 A/cm2 YBCO films on RABiTS [11].
Simultaneous double-side coating with MOD, or Sol-Gel, can be performed using dip coating. An
example of a reel-to-reel buffer layer coating cycle is; The cold rolled metal tape is recrystallised
at ∼1000oC, dip coated with buffer layer material at room temperature, pyrolysed at ∼500oC
and the buffer layer is finally crystallised at 1025oC in well controlled atmospheres, such as
argon.
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Abstract Surface roughness of Ni-5at.%W tapes in cold-
rolled and annealed conditions after subsequent deposition
of a Gd2Zr2O7 buffer layer has been studied as a function
of the polishing grade, taking grain boundary grooving into
account. It is found that annealing decreases the initial mean
surface roughness achieved by mechanical polishing of the
cold-rolled material, except after very fine polishing. Fur-
thermore, compared to the surface of the tape annealed after
fine polishing, the mean roughness slightly increases after
the deposition of the buffer layer. Grain boundary groov-
ing was found to impose a lower limit for the mean surface
roughness. In the annealed tapes, the fraction of orientations
within 5◦ from the ideal cube orientation was observed to be
very sensitive to the surface roughness before annealing.

Keywords Ni-5at.%W substrates · Gd2Zr2O7 buffer layer ·
Mechanical polishing · Surface roughness · Cube texture

1 Introduction

In the past decade, there have been a lot of efforts to increase
production efficiency for the second generation of high-
temperature superconducting (HTS) coated conductors [1–
4]. The reel-to-reel production of ceramic superconducting
layers, e.g., YBa2Cu3O7−δ (YBCO), on top of a buffered
textured metal substrate is one of the promising methods for
efficient and low-cost production of long HTS tapes [5–8].

A.C. Wulff (�) · Y. Zhao · O.V. Mishin · J.-C. Grivel
Materials Research Division, Risø National Laboratory
for Sustainable Energy, Technical University of Denmark, 4000
Roskilde, Denmark
e-mail: anwu@risoe.dtu.dk

To enable high critical currents, the microstructure of
the highly anisotropic superconducting YBCO layer should
consist of grains with as small misorientations as possible,
i.e., the material should be strongly textured. Therefore, a
strong cube {001}<100> texture is initially generated in the
Ni-based substrate by a combination of heavy rolling and
annealing, and subsequently transferred via a buffer layer to
the superconducting YBCO layer. In this architecture, the
buffer layer is introduced to prevent the diffusion of metal
ions from the substrate into the YBCO layer and to decrease
the lattice mismatch between the substrate and the YBCO
layer [9]. The resulting quality of coated conductors fabri-
cated using the Ni-alloy substrate technique is highly depen-
dent on the microstructure and surface quality of the buffer
layer that, in turn, are affected by the surface quality of the
substrate [10–12]. Therefore, it is important to consider how
the surface roughness of the substrate tape changes during
processing.

Since the processing of very long tapes may involve pol-
ishing of the substrate before annealing, we have chosen to
monitor changes of the surface roughness of a Ni-5.at%W
tape mechanically polished using different polycrystalline
diamond suspensions. It is pertinent to mention that al-
though substrate polishing is not necessary when rolls are
well polished [13], additional polishing of the cold-rolled
tape may be required when rolls become somewhat worn.
Furthermore, the roughness of both the annealed tape and a
coated Gd2Zr2O7 buffer layer is also analyzed in the present
work. Thus, surface requirements for the given substrate be-
fore annealing and the resulting surface roughness of the
coated buffer layer can be established. Such surface require-
ments are of great importance for the reel-to-reel produc-
tion of coated conductors. In addition, the effect of differing
surface roughness of the cold-rolled tape on the fraction of
the cube texture formed during annealing is investigated in
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this work using the electron backscatter diffraction (EBSD)
technique.

2 Experimental

2.1 Material

2.1.1 Ni-5at.%W Substrate

A Ni-5at.%W ingot was prepared by arc melting of 99.99%
pure metals. The obtained ingot was homogenized at
1050 ◦C for 65 hours and hot forged into a rectangular shape
of 10 × 17 × 50 mm, applying 0.5-mm thickness reductions
per stroke. At least 1-mm-thick surface layer containing ox-
ides was removed mechanically. The material was then cold
rolled using mirror-finished rolls, with reductions of <5%
per pass to a final thickness of 140 µm, thus giving a total
thickness reduction of 98%. Four 10 × 30 mm specimens
cut from the metal tape were mechanically polished using
different Struers polycrystalline diamond suspensions with
a diamond grain size (DGS) of 15, 9, 3, or 0.25 µm. The
tapes were subsequently annealed in a quartz tube furnace
with 350 mL/min flow of 5% H2 in N2 at 1020 ± 20 ◦C
for 75 min. This annealing treatment resulted in recrystal-
lized microstructures with an average grain size of ∼20 µm
(including twins).

2.1.2 Gd2Zr2O7 Buffer Layer

Gadolinium (III) 2,4-pentadionate and zirconium (IV)
2,4-pentadionate with stoichiometric proportions, as start-
ing reagents, were dissolved in propionic acid (CH3CH2

COOH). A fully reacted solution with a transparent light
yellow color was obtained after stirring the solution on a hot
plate at 60 ◦C for more than two hours. The total cationic
concentration of the precursor solution was 0.6 mol/L. The
annealed Ni-5at.%W tapes were coated using the dip coat-
ing technique with a withdrawal speed of 20 mm/min. The
coated films were crystallized in a quartz tube furnace at
1050 ◦C with a heating rate of 8 ◦C/min and with a reduc-
ing atmosphere of 5% H2 in Ar. The thickness of the buffer
layer was characterized by ellipsometry to be between 30
and 50 nm.

2.2 Characterization

Crystallographic orientations of the grains were measured
using the EBSD technique. In each annealed sample, sev-
eral different regions with a total area of 4–6 mm2 were
mapped to obtain statistical texture information. Surface to-
pography and roughness were characterized by atomic force
microscopy (AFM) in contact mode. At least two regions,

Fig. 1 Arithmetic surface roughness of the tapes as a function of DGS.
The error bars correspond to the experimental uncertainty of the mea-
surement technique (see Sect. 2.2)

each with an area of 30 × 30 µm, were scanned by AFM
in the middle of each specimen. Nonlinear artefacts due to
the AFM scanner exceeding its linear scanning regime were
treated using the standard data correction as described by
Bonnell and Huey [14]. The arithmetic surface roughness
(Ra) was used in this work to characterize the mean rough-
ness since the former parameter is less susceptible to height
variations in the inspection plane compared with the root
mean square roughness and thus also reducing effects from
residual nonlinear artefacts [14, 15]. For the setup used in
the present experiment, the experimental uncertainty of the
measurement technique is 1–2 nm [16].

3 Results and Discussion

3.1 Surface Roughness

Surface roughness of the cold-rolled tapes polished using
different polishing suspensions are shown in Fig. 1. The
roughness appears to be directly proportional to the DGS
in the range 3–15 µm. The roughness is however reduced
drastically reaching ∼4 nm for DGS = 0.25 µm.

Annealing made the surface of the DGS = 3–15 µm tapes
smoother (see Fig. 1). For example, the surface roughness
of the tape polished using the greatest DGS decreased from
19 nm to ∼15 nm after annealing. A similar reduction in
roughness caused by surface diffusion [17] is seen for the
DGS = 3 and 9 µm tapes. However, for the tape polished us-
ing the finest DGS, the roughness increased after annealing.
The different effects of annealing can be rationalized con-
sidering the microstructure of the annealed samples. SEM
images (Fig. 2) show evidence of thermal grain boundary
grooving in these samples [17–19]. Apparently, in the sam-
ples with significant roughness, smoothening of scratches
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due to surface diffusion was more effective than roughen-
ing due to boundary grooving. In the sample with the lowest
mean roughness, effects of grain boundary grooving were no
longer counterbalanced by the smoothening effects, which
resulted in increased surface roughness, compared to that
in the rolled and polished condition. In fact, the roughness
of the annealed DGS = 0.25 µm sample became similar
to that in the annealed DGS = 3 µm sample (see Fig. 1).
Thus, it is evident that the finest polishing of the cold-rolled
substrate tape is not beneficial, with respect to the surface
roughness after annealing, because boundary grooving dur-
ing subsequent annealing degrades the quality of the finely

Fig. 2 SEM images showing the surface of the Ni-5at.%W tapes an-
nealed after mechanical polishing using different DGS: (a) 15 µm;
(b) 9 µm; (c) 3 µm; and (d) 0.25 µm

polished surface. To illustrate the detrimental effect of the
boundary grooving, several AFM line scans (Fig. 3) were
conducted on the annealed DGS = 0.25 µm sample, where
grain boundary depths were found to range from 15 to 59
nm. This range is similar to that reported by Zhu et al. [12]
for commercial Ni-5at.% substrates.

As follows from the data in Fig. 1, an average roughness
of about 8 nm may be the lowest obtainable roughness value
for a mechanically polished Ni-5at.%W tape annealed at
1050 ◦C, as grain boundary grooving imposes a lower limit
for the surface roughness.

The roughness of the buffer layer is not significantly dif-
ferent from that of the annealed tapes (see Fig. 1). Some
increase in the mean roughness of the buffer layer on the
DGS = 0.25 and 3 µm tapes could, for example, be caused
by further thermal etching of the substrate grain boundaries
in the buffer layer [9].

3.2 Cube Texture in the Annealed Samples

Strong cube {001}<100> textures were obtained in the an-
nealed tape samples. A fragment of a large EBSD map from
the annealed DGS = 0.25 µm tape is shown in Fig. 4a,
where different colors correspond to orientations with dif-
ferent deviations from the ideal {001}<100> orientation (see
Fig. 4b, c). In this sample, almost 60% of all orientations de-
viate by less than 5◦, and 99% are within 15◦ from the ideal
cube orientation. Orientations, represented by blue pixels in
Fig. 4a, belong to the {212}<122> component and are thus
twin-related to the {001}<100> component [20, 21] (see
Fig. 4c).

Fig. 3 Example of AFM image and a line scan profile: (a) an AFM image of the annealed DGS = 0.25 µm tape. A scan along the gray line (green
in the online version) is made to sample the height profile shown in (b). It is seen in (b) that the profile changes dramatically at a grain boundary
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Fig. 4 Example of EBSD data for the annealed DGS = 0.25 µm tape:
(a); fragment of a big EBSD map used for texture analysis; (b) {111}
pole figure showing orientations from the region in (a); and (c) po-
sitions of the ideal {001}<100> and {212}<122> orientations in the
{111} pole figure [21]

Changes in the area fraction of the cube texture compo-
nent for different deviations �θ from the ideal {001}<100>
orientation are quantified for each sample in Fig. 5. These
results show that whereas the fraction of the cube texture
component for �θ ≤ 15◦ does not appear to depend on the
surface conditions before annealing, the fraction of orienta-
tions very close (�θ ≤ 5◦) to the ideal cube orientation is
remarkably sensitive to the DGS value. The absolute differ-
ence in the area fraction of such orientations between the
DGS = 0.25 and 15 µm tapes is 21% (see Fig. 5). This re-
sult demonstrates the importance of the surface roughness
in the cold-rolled condition on the sharpness of the cube
texture developed during subsequent annealing. Considering
the fact that the decreased fraction of the nearly ideal cube
orientations well correlates with the greater surface rough-
ness of the tapes before annealing (Fig. 1), it is reasonable
to suggest that deep scratches may have affected the orienta-
tion range of successful recrystallization nuclei in the heav-
ily rolled material.

4 Conclusions

1. A series of heavily cold-rolled Ni-5at.%W tapes were
polished, annealed and subsequently coated with

Fig. 5 Area fraction of the cube texture in the annealed Ni-5at.%W
tapes as a function of DGS and deviation �θ from the ideal
{001}<100> orientation

a Gd2Zr2O7 buffer layer. For cold-rolled samples that
were polished using suspensions with a diamond grain
size of at least 3 µm, annealing considerably reduced
the mean roughness of the tapes. Finer polishing using
DGS = 0.25 µm was not beneficial, because boundary
grooving during annealing deteriorated the quality of the
finely polished surface. A lower limit of the mean surface
roughness of the given Ni-5at.%W tapes after annealing
was found to be ∼8 nm.

2. The sharpness of the cube texture formed in the annealed
tapes was sensitive to the surface roughness before an-
nealing. The fraction of orientations within 5◦ from the
ideal cube orientation increased with decreasing DGS
and, hence, with decreasing surface roughness obtained
by mechanical polishing of the cold-rolled substrate.
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Abstract 

Topographic changes have been studied in an annealed Ni-5at.%W substrate with a strong cube texture before and 
after additional annealing reproducing conditions of buffer layer crystallization. It was found that during this 
additional annealing the microstructure slightly coarsened and that the average depth of grain boundary grooves 
increased considerably for certain boundary types. Grooves at general high angle boundaries and Σ3 boundaries with 
large deviations from the ideal twin relationship were found to be more sensitive to the additional heat-treatment than 
grooves at low angle and true twin boundaries. Average groove widths increased for all boundary types. Despite the 
observed changes in the extent of grain boundary grooving, the mean surface roughness was almost identical before 
and after the additional annealing. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
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1. Introduction 

Over the past decade, significant efforts have been made to increase the efficiency and quality of the 
coated conductors, also known as the second generation of high temperature superconductors. These 
conductors are fabricated using strongly textured Ni-based substrates coated with a number of ceramic 
buffer layers (e.g. Y2O3/ YSZ/CeO2) and a superconducting YBa2Cu3O7-  layer. The surface roughness of 
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the substrate is an important parameter that should be controlled to enable good surface quality of the final 
superconducting tape. The mean surface roughness of the annealed substrate does not only depend on the 
surface roughness of the tape in the cold-rolled condition [1], but is also affected by thermal grain 
boundary (GB) grooving [2]. Whereas the roughness of the substrate is measured in the delivery 
condition, topographic changes may occur during further processing used to fabricate superconducting 
tapes. For example, crystallization of the buffer layers [3,4] usually involves temperatures higher than 
those applied for recrystallization annealing of the heavily rolled material, which can modify the surface 
conditions of the substrate. The aim of this work is to characterize topographic changes during annealing 
that reproduces the heat-treatment used for buffer layer crystallization. In the present experiment, atomic 
force microscopy (AFM) is combined with the electron backscatter diffraction (EBSD) technique to relate 
grain boundary grooving to crystallographic characteristics of grain boundaries.  

2. Experimental 

2.1. Material and processing 

A Ni-5at.%W ingot was prepared by arc melting of 99.99% pure metals. The obtained ingot was 
homogenized at 1025°C for 87 hours and hot forged into a rectangular shape of 8 12 97 mm, using 0.5 
mm thickness reductions per stroke. The resulting oxide formed on the surface was removed 
mechanically. The material was then cold-rolled using mirror-finished rolls, applying < 5% reductions per 
pass. The final thickness of the rolled tape was 120 μm, which corresponds to a total thickness reduction 
of 98 %. The tape was then recrystallized during annealing in a protective atmosphere of 5% H2 in N2 at 
1000°C for 2 hours. Several samples were further annealed in the protective atmosphere at 1025°C for 
1 hour, i.e. under conditions that are frequently used for crystallization of a ceramic buffer layer [3,4]. 

2.2. AFM characterization 

The surface topography was investigated using both AFM and scanning electron microscopy (SEM). 
AFM characterization was conducted in contact mode scanning over ~17,000 μm2 in several regions, 
where scans were made after annealing at 1000°C and again after annealing at 1025°C in the same 
regions. Non-linear artifacts due to the AFM scanner exceeding its linear scanning regime were treated 
using the standard data correction [5]. The arithmetic surface roughness was used in this work to 
characterize the mean roughness taking grain boundary grooving into account. When considering the 
geometry of GB grooves, the groove depth was defined as the distance from the groove root to the 
maxima and the groove width was measured between the maxima on either side of the groove root [6]. 
The depth and width of GB grooves were compared before and after the additional annealing at 
boundaries that did not migrate during this additional heat treatment. Analysis of GB grooves at other 
(migrating) boundaries that did not only create new GB grooves, but also left grooves behind in the 
interior of coarsened grains, will be presented elsewhere. 

2.3. EBSD analysis 

The EBSD technique was used for analyzing misorientations across grain boundaries and for 
measuring the average grain size. High angle grain boundaries (HAGBs) were defined as boundaries 
between grains with misorientations greater than 15°. Low angle grain boundaries (LAGBs) were defined 
as boundaries between grains with misorientations 1.5  15°. Based on a previous work on copper [7], 
twin boundaries were classified as Σ3 boundaries with a deviation from the ideal 60°<111> 
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misorientation, Δθ < 3°. These twin boundaries could also be clearly identified in the microstructure 
based on their morphological features. Boundaries formed between twins and non-matrix cube-oriented 
neighbors [8], and satisfying Brandon’s criterion [9] for the Σ3 misorientation with large (Δθ = 3 - 8.66°) 
deviations from the ideal twin relationship are termed “other Σ3 boundaries” in this work. 

3. Results 

The microstructure obtained after annealing at 1000°C is characterized by a small average grain size, 
25 μm (including annealing twins), and a very strong cube {001}<100> texture. Narrow annealing twins 
within cube-oriented grains belong to the {212}<122> component. The fraction of LAGBs identified by 
EBSD in this microstructure was above 80%.  

An SEM image and a corresponding EBSD map from a small region are shown in Fig 1. In the EBSD 
map (Fig 1b), LAGBs and HAGBs are shown by gray and black lines, respectively. Red lines correspond 
to twin boundaries, and blue lines show other Σ3 boundaries with large deviations from the ideal twin 
relationship. The latter boundaries are formed between twins and neighboring grains slightly disoriented 
from the matrix grain. This situation is typically observed when grain growth occurs in a strongly textured 
material containing annealing twins [8,10]. Inspection of Fig 1 reveals that grooves at coherent twin 
boundaries (CTBs) are less prominent than grooves at any other boundary type. Whereas very little 
grooving was also seen at boundaries with misorientations less than 5°, grooving at other LAGBs was 
more significant. Deep grooves typically developed at general HAGBs, incoherent twin boundary (ITB) 
segments and other Σ3 boundaries (see Fig 1a).  

 

 

Fig. 1. Different boundary types in the microstructure annealed at 1000°C for 2 h: (a) SEM image and (b) EBSD map from the same 
region. In (b) low angle (1.5 15°) misorientations and general HAGBs are shown by gray and black lines, respectively. Red lines 
correspond to twin Σ3 boundaries (Δθ < 3°) and blue lines show other Σ3 boundaries with larger deviations Δθ = 3  8.66° from the 
ideal twin relationship. 
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(a)                                                                               (b) 

Fig. 2. AFM data for the region in Fig 1: (a) AFM micrograph where the marks “1” and “2” correspond to CTB and other Σ3 
boundaries, respectively. (b) Profiles along line scans for these two boundaries.  

 
An AFM micrograph from the region sampled in Fig 1 is presented in Fig 2a. To illustrate the 

difference between two different Σ3 boundary types, GB profiles were analyzed across boundaries 
marked “1” and “2” in Fig 2a. These two boundaries are classified in our work as either coherent twin or 
other Σ3 boundaries. From Fig 2b it is apparent that GB grooves at these two boundaries are very 
different, i.e. that the groove at the CTB is shallower than the groove at the other Σ3 boundary.  

Average depths of grooves at 34 stationary boundaries in several regions are given in Fig 3a. It is seen 
that the smallest average groove depth was recorded for CTBs, followed by LAGBs. Other Σ3 boundaries 
and ITB segments demonstrated deeper grooves than the former two boundary types. Note that since ITB 
segments were very short, it was difficult to unambiguously determine, based on the available 
micrographs, whether short ITB segments were truly stationary, i.e. whether they stayed exactly in the 
same positions before and after the additional annealing. Therefore, parameters of grooves at ITB 
segments are not included in Fig 3. Considering all measured boundaries, general HAGBs were 
characterized by the greatest average groove depth.  

Additional annealing at 1025°C resulted in a slightly larger average grain size, 29 μm, compared to 
that in the initial recrystallized substrate. AFM analysis of GB grooving at the same boundaries before 
and after the additional heat treatment indicated that the average groove depth did not significantly 
change for LAGBs and CTBs. However, for other Σ3 boundaries and especially for HAGBs the average 
groove depths increased considerably (see Fig 3a). The additional annealing also resulted in increased 
groove widths for all boundary types (Fig 3b). 

The mean surface roughness of the substrate before and after additional annealing was found to be 
10.7 and 10.3 nm, respectively. 
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(a)                                                                               (b) 

Fig. 3. Average parameters of GB groove depths (a) and widths (b) recorded from AFM data for 34 stationary boundaries before and 
after additional annealing. 

4. Discussion 

The results obtained in the present experiment demonstrate that additional heat treatment at 1025°C for 
1 h alters the microstructure of the annealed Ni-5at.%W substrate. Although the additional annealing 
treatment was comparatively short and the temperature was only slightly higher than the temperature used 
for preparing the initial condition, the mean grain size has increased. Also, average depths of GB grooves 
at general HAGBs and other Σ3 boundaries increased considerably compared to those in the initial 
substrate (see Fig 3a). It is expected that such a substantial increase in GB grooving at these boundaries 
during additional annealing can be diminished either by reducing the annealing temperature below 
1025°C or by decreasing the duration of annealing to < 1 h. 

It is significant that in both annealed conditions HAGBs and Σ3 boundaries with large deviations for 
the ideal twin relationship, on average, developed deeper grooves than CTBs and LAGBs, which reflects 
differences in structural parameters of the different boundary types. It is therefore not surprising that a 
large scatter in the depth of groves at Σ3 boundaries has been obtained in several studies, where 
correlations between the extent of thermal grooving and GB misorientation (Σ-value) were studied 
[11,12]. Since boundary planes for coherent and incoherent twin boundaries are different and since other 
non-twin boundaries can also satisfy the generous Brandon criterion for the Σ3 misorientation, it is 
reasonable to distinguish between different kinds of Σ3 boundaries when linking the extent of various 
annealing phenomena to the boundary type.  

Interestingly, despite the fact that GB grooves at general HAGBs and other Σ3 boundaries became 
much deeper after the additional annealing, no significant increase was observed for the mean surface 
roughness. It should be noted that the summed fraction of boundaries within the two groups that 
demonstrated substantially increased groove depths after annealing at 1025°C for 1 h was only 7% and, 
therefore, deeper grooves at these boundaries could not appreciably increase the mean surface roughness 
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compared to that in the initial substrate. It can be suggested that for the given heat-treatment the 
roughening effects due to increased grooving at certain boundaries could effectively be counterbalanced 
by diffusional smoothening of the surface [2].  

5. Conclusions 

1. Different boundary types in the annealed Ni-5at.%W substrate were grooved to a different extent. 
The smallest average depth was recorded for coherent twin boundaries, followed by low angle grain 
boundaries. Incoherent twin boundary segments and Σ3 boundaries with large deviations from the ideal 
60°<111> relationship demonstrated deeper grooves than the former two boundary types. General high 
angle boundaries were characterized by the greatest average groove depth.  

 
2. Additional annealing at 1025°C for 1 h slightly coarsened the microstructure. Comparison of groove 

parameters before and after this additional annealing at 34 stationary boundaries revealed that the average 
depth increased substantially for grooves at high angle boundaries and Σ3 boundaries with large 
deviations from the ideal twin misorientation. Changes in the average groove depth recorded for the other 
boundary types were less significant. Average groove widths increased for all boundary types. Despite the 
observed changes in the extent of grain boundary grooving, the mean surface roughness was almost 
identical before and after the additional annealing. 
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a b s t r a c t

Microstructure, texture and topography have been studied in a recrystallized Ni–5at.%W substrate before
and after additional annealing at 1025�C for 1 h. The initial recrystallized material contained a strong
cube texture and a high fraction of low angle grain boundaries. R3 boundaries were also frequent in this
substrate, including both coherent and incoherent twin boundary segments as well as non-twin R3
boundaries formed between twins and non-matrix neighbors of the cube texture component. A strong
correlation between the boundary type and the average depth of grain boundary grooves was observed
in this material. The smallest average groove depth was obtained for coherent twin boundaries, followed
by low angle boundaries. Significantly greater average groove depths were found for the other boundary
types. A similar correlation was also observed between the boundary type and the average inclination
angle of groove walls. The additional annealing resulted in grain growth, texture strengthening and an
increase in the fraction of low angle boundaries. Also, changes were observed in the extent of thermal
grooving studied in the same regions before and after the additional annealing. Groove depths increased
for a large number of stationary boundaries, whilst the majority of migrating boundaries developed shal-
lower grooves compared to those before the additional annealing.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Significant efforts have been made in the past two decades to
increase the quality and efficiency of coated conductors, i.e. the
second generation of high temperature superconducting tapes
[1–8]. One method for manufacturing coated conductors utilizes
a rolling assisted biaxially textured substrate (RABiTS) process to
produce a strongly textured tape that is subsequently coated with
a series of ceramic buffer layers and, finally, with a superconduc-
ting layer. In particular, this method has been applied for produc-
ing strongly textured Ni–W substrates coated with appropriate
buffer layers and a superconducting YBa2Cu3O7�d (YBCO) layer
[2–11]. The quality of such superconducting tapes greatly depends
on the sharpness of the crystallographic texture, grain boundary
(GB) misorientation distribution and surface conditions of the sub-
strate material [2–13]. Since grain boundaries with misorienta-
tions greater than 10� dramatically decrease the critical current
density of the epitaxially grown YBCO layer [7], the fraction of such
boundaries in the substrate must be as low as possible. In the
RABiTS process, the latter is achieved by annealing of a heavily
rolled material to obtain a microstructure where most grains have

orientations of the cube {001}h100i texture. Surface roughness
can be minimized either through the use of well polished rolls or
by polishing of the substrate [12]. Excessive thermal grooving
[14] should also be avoided by selecting appropriate heat-
treatments.

It should be noted that the structural parameters and surface
conditions of the annealed substrate may change during further
processing. For example, crystallization of buffer layers [13,15]
may be performed at higher temperatures than those used to
anneal the substrate, which will likely increase the extent of GB
grooving and may also modify the microstructure and texture of
the substrate. These changes will inevitably affect characteristics
of the buffer layer and, eventually, of the YBCO superconducting
layer [8,13]. It is apparent that further optimization of the process-
ing parameters for coated conductors requires an improved under-
standing of these changes.

In a previous communication we reported our preliminary re-
sults describing topographic changes in a recrystallized Ni–
5at.%W substrate during additional annealing simulating condi-
tions of a buffer layer crystallization process [16]. In the present
work, these changes are considered in more detail, including anal-
ysis of groove depths for stationary and migrating boundaries.
Also, the effect of the additional annealing on the boundary popu-
lation and texture of the Ni–5at.%W substrate is characterized. A
number of different techniques including atomic force microscopy
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(AFM), scanning electron microscopy (SEM) and electron backscat-
ter diffraction (EBSD) are applied to monitor changes in the same
regions before and after additional annealing.

2. Experimental

2.1. Material

A Ni–5at.%W ingot was prepared by arc melting of 99.99% pure metals. The in-
got was homogenized at 1025 �C for 87 h and hot forged into a rectangular shape
with dimensions 8 � 12 � 97 mm3, applying 0.5 mm thickness reduction per
stroke. Following this hot deformation, the surface was polished mechanically to re-
move the oxide layer. The material was then cold rolled using mirror-finished rolls
and applying less than 5% reduction per pass to a final thickness of 120 lm (98% to-
tal reduction). The sample was annealed in a protective atmosphere of 5% H2 in N2

at 1000 �C for 2 h. This annealed condition is referred in the present work to as con-
dition A1. The sample was then additionally annealed in the protective atmosphere
at 1025 �C for 1 h (condition A2). This temperature is within the range of that fre-
quently used for buffer layer crystallization [13,15–18]. It is pertinent to mention
that no evidence of secondary recrystallization was found in the given sample even
when additional annealing was conducted at 1100 �C for 1 h. Vickers microhardness
was measured in the annealed samples using a load of 200 g with a 15 s dwell time.

2.2. SEM/EBSD analysis

A field emission gun scanning electron microscope Zeiss Supra 35 was used for
taking SEM images and for EBSD measurements (HKL Technology, Channel 5). Crys-
tallographic texture was measured using the EBSD technique with a step size of
10 lm and covering an area of at least 5 mm2 in the rolling plane. The fraction of
the cube texture component was determined considering orientations within 10�
from the ideal {001}h100i orientation. A step size of 1–2 lm was applied for col-
lecting smaller maps used for measuring grain size and GB misorientations. Because
of the limited angular resolution of the EBSD technique, misorientations less than
1.5� were ignored in the EBSD maps. A misorientation threshold of 10� was used
in the present work to distinguish between low angle grain boundaries (LAGBs) that
do not dramatically affect the critical current density in the YBCO layer and high an-
gle boundaries that substantially decrease it [7].

2.3. AFM analysis

Based on the features observed in the EBSD maps and corresponding SEM
images, several regions containing different boundary types were selected for
AFM analysis. The surface topography was characterized in these regions in contact
mode using a Nanosurf easyScan 2 system, scanning over more than 17,000 lm2

with a step size of 0.2 lm. Artifacts resulting from the AFM scanner exceeding its
linear regime were treated using the standard data correction [19]. GB grooves were
included in the roughness analysis and the arithmetic surface roughness was used
to characterize the mean roughness. Following the approach described in Ref. [20],
the groove depth d was measured as the distance from the groove root to the top of
the groove wall (see Fig. 1). For asymmetric grooves, for which the heights of two
walls were different, d was measured at the higher wall. To obtain a value charac-
terizing the depth of an individual groove, the data were averaged over several AFM
line scans across each groove. In addition, inclination angles b at the groove root
(see Fig. 1) were determined from the AFM data and it was typically found that
b1 and b2 were not identical.

3. Results

3.1. Annealed condition A1

The A1 condition contained a strong cube texture (see Fig. 2),
where the area fraction of the cube component fcube within 10�
from the ideal {001}h100i orientation was 96% (see Table 1). Most
of the remaining area was occupied by grains with slightly greater
deviations from the ideal cube orientation and by {212}h122i
twins in the cube-oriented matrix (Fig. 2). The microstructure
was fully recrystallized with an average grain size of 25 lm
(including annealing twins) and contained a high fraction of LAGBs,
see Fig. 3. The fraction of boundaries with misorientations h < 10�
in the EBSD maps was 68%.z

The total fraction of R3 boundaries was measured to be 14%.
This figure comprises true twin boundaries and non-twin R3
boundaries formed between annealing twins and non-matrix
neighbors with orientations similar to that of the matrix grain
(Fig. 4). Previous misorientation measurements in copper have
shown that true twin boundaries are always characterized by small
(Dh < 3�) deviations from the exact 60� h111i misorientation
[21,22], whereas a wide range of deviations allowable by Brandon’s
criterion [23] are obtained for R3 boundaries between {212}h122i
twins and non-matrix cube-oriented neighbors [22]. Therefore, in

Fig. 1. Schematics defining the depth d and inclination angles b of the groove.

Fig. 2. Texture in the A1 condition: (a) {111} pole figure, (b) positions of the ideal {001}h100i and {212}h122i orientations [22]. Note the low intensity (gray contour) of the
{212}h122i orientations in (a).
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the EBSD maps analyzed in our work a distinction was made be-
tween R3 boundaries characterized by either Dh < 3� or
Dh = 3 � 8.66� (see Fig. 4). The former included predominantly true
twin boundaries and a small number of non-twin R3 boundaries
with misorientations close to the exact 60� h111i relationship.

Inspection of the surface revealed grooves at grain boundaries
(see Fig. 5a). The smallest average values of the groove depth were
recorded for coherent twin boundaries (CTBs), followed by low an-
gle (h < 10�) boundaries (see Fig. 6a). Boundaries with misorienta-
tions greater than 10�, incoherent twin boundary (ITB) segments
and non-twin (NT) R3 boundaries had deeper grooves than the for-
mer two boundary types. A similar correlation was observed be-
tween the boundary type and angles characterizing inclinations
of groove walls (Fig. 6b). The mean surface roughness SA in the
A1 condition was 10.7 nm (Table 1).

3.2. Additionally annealed condition A2

During additional annealing at 1025 �C for 1 h the average grain
size increased from 25 to 28 lm, without affecting the hardness of
the material (see Table 1). Grain growth was accompanied by a
slight increase both in the area fraction of the cube texture and
in the fraction of LAGBs (Fig. 3 and Table 1). To evaluate the overall
change in the boundary network due to both the increased average
grain size and reduced fraction of low angle boundaries, we consid-
ered the length of boundary traces per unit area LA [24,25], taking
into account all boundary types with misorientations above 10�.
The LA(h>10�) values derived from the EBSD data were corrected
for a stepped nature of inclined boundary traces in the EBSD maps
[24]. It was found that LA(h>10�) decreased after the additional
annealing from 2.0 � 10�2 to 1.5 � 10�2 lm�1 (see Table 1).

By inspecting the same regions in the A1 and A2 conditions it
was possible to identify which boundaries migrated during the
additional annealing and which boundaries did not change their
surface positions (see Fig. 5). In the current study, these two groups
of boundaries are referred to as migrating and stationary
boundaries, respectively. No distinction between stationary and

migrating boundaries was made for ITB segments because these
segments were typically too short to determine unambiguously
whether their positions had changed during the annealing.

GB grooves were analyzed at 48 stationary boundaries and 24
migrating boundaries before and after the additional annealing
(see Fig. 7). Comparing the depths of individual grooves in the
two conditions, it is evident that for the majority of stationary
boundaries the groove depth increased during the additional
annealing (see Figs. 7 and 8), where the greatest changes were seen
for NT R3 boundaries (Fig. 8a). In contrast to the stationary bound-
aries, the migrating boundaries typically developed shallower
grooves in the new positions (see Figs. 7 and 8). These changes
are also reflected in the average values for the different boundary
types (Fig. 9).

The migrating boundaries not only formed new GB grooves, but
also left grooves in their previous positions (Fig. 5). On average, the
depth of these abandoned grooves was �25% less than the depth of
the corresponding GB grooves in the A1 condition. The mean sur-
face roughness was measured to be 10.3 nm in the A2 condition
(Table 1).

4. Discussion

The present experiment demonstrates that annealing of a
recrystallized Ni–5at.%W sample at 1025 �C for 1 h changes the

Table 1
Parameters describing the microstructure, texture, surface roughness (SA) and hardness (HV) of the Ni–5at.%W substrate in conditions A1 and A2.

Condition Grain size (lm) fcube (%) Fraction of boundaries (%) LA (h > 10�) (lm�1) SA (nm) HV

h < 10� h > 10� except R3 R3 Dh < 3� R3 Dh = 3 � 8.66�

A1 25 96 68 18 10 4 2.0 � 10�2 10.7 142
A2 28 97 72 17 7 4 1.5 � 10�2 10.3 142

Fig. 3. Distribution of misorientation angles in the A1 and A2 conditions.

Fig. 4. A boundary map representing the microstructure in the A1 condition. In this
map, 1.5–10� misorientations are shown by white lines. Boundaries with misori-
entations h > 10� (except R3) are depicted by black lines. R3 boundaries charac-
terized by small (Dh < 3�) and large (Dh = 3 � 8.66�) deviations from the exact twin
relationship are shown in red and blue, respectively. The letter A is a reference label
(see also Fig. 5). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 5. SEM micrographs and a sketch illustrating different boundary types from a region in the center of Fig. 4, where the microstructure was analyzed before and after the
additional annealing: (a) condition A1; (b,c) condition A2. In (c) superimposed lines indicate different boundary types. Low angle (h < 10�) boundaries, true twin boundaries
and non-twin R3 boundaries are shown by white, red and blue lines, respectively. Gray lines indicate positions of grain boundaries before the additional annealing. The
abandoned grooves in these positions can be distinguished in (b). The letter A is a reference label (see also Fig. 4). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 6. Average parameters of GB grooves at different boundary types in the A1 condition: (a) depths dav; (b) inclination angles bav (see Fig. 1). Note that the group ‘‘h > 10�’’
does not include any R3 boundaries. The error bars correspond to the standard error.

Fig. 7. Groove depths for different boundaries analyzed in the same regions of the A1 and A2 conditions. Letters ‘‘S’’ and ‘‘M’’ correspond to stationary and migrating
boundaries, respectively. No distinction between stationary and migrating boundaries is made for ITBs.
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microstructure, texture and topography of the sample. These
changes are considered in the following.

4.1. Evolution of texture and grain boundary network

A strong cube texture is frequently formed during recrystalliza-
tion of heavily rolled face centered cubic materials such as, for
example, copper, nickel and aluminum. In the present work, the
cube texture occupied approximately 96% of the total area of the
Ni–5at.%W sample in the A1 condition. This is slightly lower than
the fractions reported for the same alloy by Eickemeyer et al.
[3,6], but similar to the values obtained by Chen et al. [26]. It
should be noted that, in contrast to the substrates developed by
Eickemeyer et al. [3,6], who applied either an extremely large
(99.6%) total reduction or an intermediate annealing treatment in
their processing schedule, the very strong texture was produced
in the present work after a smaller total reduction and with no
intermediate annealing.

In agreement with many previous reports, most boundary mis-
orientations in our strongly textured material were very low. A sig-
nificant fraction of boundaries with misorientations greater than
10� was however still present in the A1 condition. Interestingly,
despite a very low intensity of the {212}h122i component in this

material (Fig. 2), R3 boundaries comprised a substantial fraction of
the boundary network (Table 1). Apparently, this is due to the mor-
phology of annealing twins seen in the microstructure. The twins
are usually very narrow, but extended and contain multiple steps
(facets) along twin boundaries, resulting in a significant total frac-
tion of R3 boundaries in the EBSD maps.

While migration of boundaries with very low misorientations is
restricted, boundaries with sufficiently large misorientations (ex-
cept for coherent twin boundaries) can migrate over significant
distances (see Fig. 5b), thus increasing the average grain size dur-
ing further annealing at 1025 �C. During this process, grains ori-
ented differently from the cube texture tend to shrink, increasing
the fraction of the cube texture component, and new low angle
boundaries are formed. The process of grain growth in the presence
of the strong texture reduces the initial LA(h>10�) value by 25% (see
Table 1). This suggests that an additional heat-treatment at
1025 �C of the investigated Ni–5at.%W substrate would not have
a detrimental effect on the texture and boundary network in the fi-
nal superconducting tape. On the contrary, as the microstructure
coarsens and the fraction of low angle boundaries increases, the
surface area of boundaries able to reduce the critical current den-
sity in the superconducting layer is expected to decrease compared
to that in the initial condition.

Fig. 8. The difference between depths of individual grooves at stationary (a) and migrating (b) boundaries in the A1 and A2 conditions (Dd = dA2 � dA1).

Fig. 9. Mean values of GB groove depths for stationary (a) and migrating (b) boundaries of different types. The group ‘‘h > 10�’’ does not include any R3 boundaries. The error
bars correspond to the standard error.
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4.2. Topographic changes

It is known that GB grooving may increase the overall surface
roughness of Ni-based substrates [27]. Since the extent of GB
grooving is sensitive to the boundary structure, special attention
in this work was paid to the analysis of grooves at different bound-
ary types. As expected, very shallow grooves were observed at low-
energy LAGBs, in agreement with the data for cube-textured Ni and
Ni–Cr substrates [28]. For these materials, Gladstone et al. [28] also
reported a wide range of groove depths for R3 boundaries, which
was attributed to mixing coherent and incoherent segments in
their data set. This bias is avoided in the present experiment,
where grooves at coherent and incoherent twin segments are ana-
lyzed separately along with a separate analysis of non-twin R3
boundaries. It is shown that grooves at both incoherent twin and
non-twin R3 boundaries are typically much deeper than those at
coherent interfaces, which reflects their different energies [29]. In
fact, the dav and bav values for grooves at the former two boundary
types approached the corresponding values for grooves at general
boundaries with misorientation angles greater than 10� (see Fig. 6).
It is therefore evident that for establishing a correlation between
the boundary type and the extent of grooving, it is not sufficient
to identify the boundary type solely based upon Brandon’s crite-
rion. The boundary plane and the presence of non-twin R3 bound-
aries should be taken into account to obtain an appropriate
description of such correlations.

Furthermore, by separating stationary and migrating bound-
aries we were able to describe the changes in groove depth for
these two groups of boundaries. We observed that for the majority
of stationary boundaries the depth of grooves increased due to the
higher temperature of the additional annealing. For a small num-
ber of boundaries in this group, the groove depth was found to
decrease slightly (by 1–5 nm, see Fig. 8a). The reason for this unex-
pected reduction is not very clear at present. One possible explana-
tion is that this reduction is due to the fact that locations, where
groove profiles were analyzed across individual boundaries, were
not absolutely identical.

Most of the migrating boundaries did not have enough time to
develop deep grooves in their new positions and therefore became
shallower after the additional annealing (see Fig. 8(b)). The average
groove depths for the migrating boundaries were therefore much
less compared to those before the additional annealing (Fig. 9b).
The abandoned grooves observed behind the migrating boundaries
(Fig. 5) also become shallower due to a healing process described
by Mullins [14]. In our experiment, this process resulted in a 25%
reduction in the average depth of the abandoned grooves.

Despite the changes observed in the extent of grooving, the
mean surface roughness was almost unchanged (Table 1). This sug-
gests that for the given heat-treatment the roughening effects due
to increased grooving at some boundaries and due to appearance of
new GB grooves were effectively counterbalanced by diffusional
smoothing of the intragranular surface [27].

5. Conclusions

Microstructure, texture and topography have been studied in a
strongly textured Ni–5at.%W substrate in the initial recrystallized
condition and after additional annealing at 1025 �C for 1 h. The fol-
lowing conclusions were drawn.

1. A strong correlation between the average depth of grain bound-
ary grooves and boundary type was observed in the initial con-
dition. The smallest average groove depth was recorded for
coherent twin boundaries, followed by low angle (<10�) grain
boundaries. Significantly greater average GB groove depths

were found for other boundary types. A similar correlation
was also observed between the boundary type and the average
inclination angle of groove walls.

2. The additional annealing resulted in a slight increase in the
average grain size, texture strengthening and, as a result of this,
an increased fraction of low angle grain boundaries. The total
length of boundary traces with misorientations greater than
10� decreased by 25% as evaluated from the EBSD data.

3. During the additional annealing some boundaries did not move
from their original positions, while other boundaries migrated.
For the majority of stationary boundaries the groove depth
increased compared to the values recorded before the addi-
tional annealing. In contrast, the migrating boundaries typically
developed shallower GB grooves than those in the initial condi-
tion. The migrating boundaries also left grooves behind in the
interior of the coarsened grains. The average depth of these
abandoned grooves was �25% less than the depth of the same
grooves at grain boundaries before migration. The mean surface
roughness was however almost unchanged.
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a b s t r a c t

The microstructure, texture, hardness and magnetization have been investigated in a series of strongly

cube-textured (Ni95W5)100–xCux samples with x¼0, 5, 10 and 15 at% Cu. It is found that the addition of

5 at% Cu to the Ni–5 at% W alloy results in a substantial decrease of the Curie temperature and in a

reduction of the saturation magnetization without significant modification of the microstructure and

the texture. This additionally alloyed material is only slightly softer than the Ni–5 at% W substrate.

Although the Curie temperature and saturation magnetization decrease in the samples with higher

concentrations of copper, increasing the Cu-content to 10 at% and 15 at% leads to increased frequencies

of annealing twins in the cube-textured matrix. It is suggested that the (Ni95W5)100–xCux alloy with

x¼5 at% Cu may be a good candidate material for using as a substrate for coated conductors.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ni-based alloys are widely used as substrates for coated con-
ductors, i.e. the second generation of high-temperature super-
conducting tapes. To provide high critical current densities in the
superconducting layer, the microstructure of a substrate should
consist of grains with predominantly low-angle grain boundaries
(LAGBs). In the so-called rolling assisted bi-axially textured sub-
strate (RABiTS) process [1], such a microstructure is obtained by
annealing of a heavily cold-rolled material, which results in the
formation of a strong cube texture and thus in a high fraction of
LAGBs. One of the commonly used substrate materials for the
coated conductors is Ni–5 at% W. After appropriate processing,
Ni–5 at% W substrates contain a very strong cube texture and have
a sufficient level of strength [2]. However, due to a high Curie
temperature (Tc¼330–340 K [3,4]) this material imposes signifi-
cant energy losses in the superconductor when utilized in alter-
nating current (AC) applications at temperatures below 77 K [5].

Binary Cu–Ni alloys with lower Tc and Cu–Ni alloys with small
additions of other metals have been considered as possible
alternatives to the Ni–W system aiming at reducing AC losses
[6–12]. However, large concentrations of copper in such materials
are detrimental to the mechanical strength [10], which can
complicate further reel-to-reel processing of annealed supercon-
ducting tapes. In the present work, the reduction of the Curie

temperature of the substrate material is achieved by adding small
amounts of copper to the Ni–5 at% W alloy. Several RABiTS-
processed Ni–Cu–W samples with different concentrations of
copper are investigated using the electron backscatter diffraction
(EBSD) technique, hardness and magnetization measurements.
Their microstructure, texture and properties are compared with
those in the Ni–5 at% W substrate.

2. Experimental

Four alloys with nominal compositions defined as (Ni95W5)

100–xCux, where x¼0, 5, 10 and 15 (samples C0, C5, C10 and C15,
respectively), were prepared by melting 99.99% pure metals. The
ingots obtained were homogenized and hot-forged into 9�15�
80 mm3 bars. The samples were cold-rolled using mirror-finished
rolls with no lubrication, applying o5% thickness reduction per
pass to a final thickness of 80 mm (a total reduction of 99%).
The cold-rolled material was first annealed at 700 1C for 30 min,
followed by subsequent heating to 1050 1C and annealing at this
temperature for 2 h. The heat-treatments were conducted in a
N2�5% H2 atmosphere.

The microstructure of the finally annealed samples was char-
acterized in the rolling plane by the EBSD technique applying a
step size of 1 mm. A coarser step size, 10 mm, was used for texture
studies covering a total area of at least 4 mm2 in each sample.
Since conventional EBSD analysis cannot reliably detect very low
misorientations, only misorientations 41.51 were considered
when calculating fractions of different grain boundary (GB) types.
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Vickers microhardness was measured using a load of 200 g with a
15 s dwell time.

The magnetization of the annealed substrates was investigated
using a vibrating sample magnetometer in a cryogenic-free
measurement system. The temperature dependence of the mag-
netic moment of the vibrating substrate (20.4 Hz) was measured
in a constant magnetic field of moH¼50 mT applied perpendicular
to the rolling plane of the substrate by ramping the temperature
from 5 to 325 K at a rate of 2 K/min. The Curie temperature was
determined from temperature-dependent measurements of the
magnetic moment, as described in [4]. The saturation magnetiza-
tion Ms values were recorded from magnetic hysteresis loops
produced at 75 K by ramping the field at a rate of 0.5 T/min
between [�1;1] T.

3. Results and discussion

Microstructure and texture: Microstructures of the annealed
samples with different concentrations of Cu, where sample C0
corresponds to the Ni–5 at% W alloy, are shown in Fig. 1. In every
sample, most grains are separated by LAGBs. In samples C0 and
C5, where the area fraction of grains within 101 of the ideal cube
orientation was �99%, the fraction of boundary misorientations
below 101 was 93%. Due to an increased frequency of annealing
twins, a weaker cube texture and greater fractions of GB mis-
orientations 4101 were obtained in samples C10 and C15 (Figs. 2
and 3a). Such high angle boundaries are likely to cause dramatic
reductions in the critical current density in the superconducting
tape [13].

Comparing the EBSD maps from the different samples (Fig. 1),
it is apparent that matrix grains are slightly coarser in sample
C15. The grain size, calculated excluding twin boundaries,
increases from 23 mm in sample C0 to 27 mm in sample C15.
The change in the average spacing between all boundaries, dall, is

however less appreciable (see Fig. 2) due to the presence of many
S3 boundaries in the microstructure of sample C15 (Fig. 1).

To analyze combined changes in the average grain size and the
boundary population, we determined the total length of GB traces
per unit area LA [16] for boundaries with misorientations 4101.
The LA(y4101) values calculated as described in [17] are plotted in
Fig. 3b, where it is seen that a small increase in the copper content
does not lead to an increased length of boundary traces between
grains with strongly undesirable misorientations. In fact, the
LA(y4101) value for sample C5 is even slightly smaller than that
for sample C0 due to a greater dall (Fig. 2). However, as the
concentration of copper increases from 5 to 15 at%, LA(y4101)

becomes significantly larger (see Fig. 3b). It is therefore evident
that a microstructure most closely resembling the microstructure
of the Ni–5 at% W substrate can be obtained if the maximum
concentration of copper in the (Ni95W5)100-xCux system is
restricted to 5 at%.

Hardness and magnetic properties: The influence of the
Cu-content on mechanical properties of the substrate was evalu-
ated in this work using Vickers microhardness measurements.
As expected, the addition of copper softened the Ni-based sub-
strate. The difference in hardness between the samples was
however small; with increasing copper content from 0 to 5 at%,
the hardness decreased from 128 HV to 124 HV. It is significant
that the minimum hardness of 122 HV recorded in sample C15 was
still considerably greater than the hardness of annealed Ni–Cu,
Ni–Cu–Co and Ni–Cu–W substrates containing �50% Cu [11,12].

Compared to the hardness, magnetic properties were found to
be much more sensitive to the Cu-content. As seen in Fig. 4, the
addition of Cu strongly reduces both the saturation magnetization
and the Curie temperature of the ferromagnetic Ni–5 at% W alloy.
The Ms and Tc values for the alloys investigated in our experi-
ments are also substantially smaller than the corresponding
values reported in a previous work on (Ni97W3)100–xCux sub-
strates [18]. The low saturation magnetization values for the
(Ni95W5)100–xCux substrates analyzed in the present study suggest

Fig. 1. EBSD maps showing the microstructure of the annealed samples C0, C5 and C15. The thin gray and bold black lines correspond to misorientations y¼1.5–101 and

y4101, respectively. S3 boundaries with deviations o31 from the ideal twin misorientation [14,15] are shown as bold gray lines (red in the online version).

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Distributions of misorientation angles. The numbers indicate the average spacing between all boundary types (including twin boundaries), dall, and fractions

of boundary misorientations below 101, f(yo101). Note an increased frequency of �601 misorientations in sample C15 caused by a large number of annealing twins.
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that coated conductors produced using these substrates will
benefit from reduced AC losses in the superconductor.

4. Summary

Strongly cube-textured Ni–Cu–W samples having different
concentrations of copper (0, 5, 10 and 15 at%) have been inves-
tigated in the present work. It is found that the addition of 5 at%
Cu to the Ni–5 at% W alloy substantially decreases the Curie
temperature and saturation magnetization without significant
modification of the microstructure and texture in the substrate
material and with only a small decrease in hardness. Although the
Curie temperature and the saturation magnetization decrease
with increasing Cu-content, increased frequencies of annealing
twins in the samples with 10 and 15 at% Cu may negatively affect

superconducting properties of the coated conductor. Comparing
the different samples studied in this work, the (Ni95W5)100–xCux

alloy with x¼5 at% Cu appears to be the most appropriate
candidate material for the use as a substrate for coated
conductors.
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Fig. 3. Variation of parameters describing the microstructure and texture as a function of Cu-content in (Ni95W5)100–xCux alloys: (a) fractions of the cube texture

and boundary misorientations 4101 (fCube and f(y4101), respectively); (b) total lengths of GB traces per unit area for boundaries with misorientations 4101.

Fig. 4. Effect of the Cu-content on the saturation magnetization Ms and Curie

temperature Tc for (Ni95W5)100-xCux alloys. The inset shows that for the alloys

studied Tc and Ms are linearly related.
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